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Abstract.

This thesis describes three apparently disparate chemical processes.
However, all are linked by the fact that they each formally involve unusual
oxidation reduction reactions made possible not by the oxidative power of the
trifluoromethanesulphonic acid solvent, but rather by its high acidity.
l,3-Dimethyl-2-chlorobenzene has been found to undergo an unusual
reaction with 1,4-dinitrobenzene in trifluoromethanesulphonic acid at 70 °C.
The principle products of the reaction after quenching with water are 4,4',4"trichloro-3,5,3',5',3",5"-hexamethyltriphenylmethanol and 1,4-diaminobenzene.
The reaction was shown to occur also with many aromatic nitro compounds in
place of the 1,4-dinitrobenzene, but not with nitromethane.

The overall

mechanism of the reaction is discussed in terms of a complex sequence of
oxidation reduction reactions, along with a number of forward and reverse
benzylation reactions.
show that it is the

0

Kinetic and acidity dependence studies were used to
-protonated form of the aromatic nitro compound that

facilitates the oxidation reduction processes, and protonated aromatic nitio
compounds are proposed to have previously unknown oxidative properties.
In light of the work described above, the mechanism of cyclisation of
2-alky Ini tiobenzenes to give 3-alkylanthianils in trifluoromethanesulphonic
acid has been reassessed. This reaction has also been shown to be initiated by
protonation of the nitro group, and the mechanism is discussed in terms of a
rate-determining intramoleculai* hydrogen shift from the benzylic carbon atom
to an oxygen atom of the protonated nitro group, followed by several rapid
steps.
2-Nitrobenzyl alcohol, 2-

benzylc/ibOc!:f, and 2-nitrosobenzaldehyde

have been found to react with tiifluoromethanesulphonic acid to give

Abstract 4

4-amino-3-carboxyphenyltriflate in good yield. The mechanism is discussed,
and a cyclic nitrenium ion intermediate is proposed. This work also led to a
brief study of the Bamberger rearrangement of N-phenylhydroxylamine in
trifluoromethanesulphonic acid.
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Chapter 1.
Introduction.

1.1 T rifluorom ethanesulphonic acid.

The synthesis of trifluoromethanesulphonic (triflic) acid (CF SO H) was
3

3

first reported in 1954 by Haszeldine and Kidd^ who obtained the acid by
oxidation of bis(trifluoromethylthio)mercury with aqueous hydrogen peroxide,
followed by treatment with barium carbonate in order to form barium
trifluoromethanesulphonate. The pure acid was then obtained by distillation
from a mixture of the barium salt and

CF3SSCF3

s

CF3SO3K H 2O + BaC0 3

1 0 0

% sulphuric acid (Scheme 1.1).

► (CF3ShHg

^

> CF3SO3H.H2O

------► (CF3S03h B a

— ► CF3SO3H

Scheme 1.1

An alternative synthesis involving the electrochemical fluorination (ECF)
o f alkylsulphonyl fluorides was also reported in 1954^ (Scheme 1.2).

™

_

CH3SO2F

3HF
—

aq. KOH

- H
3

100 % H,SO.

► CF3SO2F----------------► CF3SO3K------------ ^ .....-V

2

Scheme 1.2

CF3SO3H
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This ECF method is attractive since it results in a very high yield of
trifluoromethanesulphonic acid.
Trifluoromethanesulphonic acid is a very powerful acid, and is certainly
one of the strongest known monoprotic acids.^

Trifluoromethanesulphonic

acid and its conjugate base have great thermal stability and resistance to
oxidative and reductive cleavage. The fact that the acid itself does not cause
sulphonation, and is not a strong oxidising agent renders it a good solvent for
minimising side reactions that can intervene when other strong acids such as
perchloric acid and sulphuric acid are used.
Pure trifluoromethanesulphonic acid is a clear, colourless liquid with a
boiling point o f 162 °C (760 mm Hg) and a melting point of -43.5 °C. The
acid is very hygroscopic and fumes in moist air until it is converted to the
stable monohydrate, which is a solid with a melting point of 34 °C.
Trifluoromethanesulphonic acid has chiefly been used as a solvent or catalyst
for a large and diverse number of chemical reactions, and is a convenient
solvent for use in n.m.r., e.s.r., and u.v. spectroscopy for the study of
carbocations, radical cations, and protonated species.^

1.2 Protonation of nitro compounds in highly acidic m edia.

Nitro groups are very weakly basic and only become significantly
protonated in highly acidic media. The first quantitative measurements o f nitro
group protonation were made in 1937 by Hammett and Treffers,"^ who studied
the protonation of nitrobenzene in

1 0 0

% sulphuric acid using cryoscopy.

They found a van't H off / factor of about 1.2 for this system, and this was
proposed to arise from the presence of partial protonation o f the nitro group.

Introduction

12

The fact that such protonation of nitro compounds occurs on the nitro group
itself, and not on the ring, was later confirmed by other techniques such as
n.m.r. spectroscopy.^

The protonation of nitro groups was later used by

Gillespie^ for the determination of the H q acidity function for various superacid
systems. Using a series of aromatic nitro compounds o f varying basicity, and
taking measurements in highly acidic media such as HSO^F-SbF^-SOg,
Gillespie was able to determine H q for the superacid systems and P^bh+ for all
of the indicators.
Table 1.1 gives the pT^g^ values of some of the indicators used by
Gillespie along with their calculated percentage protonation in 99 %
trifluoromethanesulphonic acid

{H q

= -12.02).

Table 1.1
p ATbh+

values o f various nitro compounds and their percentage

protonation in 99 % trifluoromethanesulphonic acid.

% Protonation in 99 %

Nitro compound

CF^SO^H
4-Nitrotoluene

11.35

82

3-Nitrotoluene
Nitrobenzene

11.99

52

12.14

43
28
17

3 -Chloronitrobenzene

12.44
12.70
13.16

6 . 8

2,4-Dinitrotoluene

13.75

1 . 8

2,4-Dinitrofluorobenzene

14.52

0.32

2,4,6-T rinitrotoluene

15.60

0.026

1,3,5-Trinitrob enzene

16.04

0,0095

2,4,6-Trinitrochlorobenzene

16.12

0.0079

4-Fluoronitrobenzene
4-Chloronitrobenzene
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The data in Table 1.1 indicate that aromatic mononitro compounds are
significantly protonated by trifluoromethanesulphonic acid, and that polynitro
aromatic compounds are also protonated, but to a much lesser extent. Aliphatic
nitro compounds can also be protonated by strong acids, but are generally
unstable in highly acidic media, undergoing decomposition or the Meyer
reaction^ in which primary aliphatic nitro compounds are converted to
carboxylic acids. Gillespie, however, has been able to show, using cryoscopic
and conductivity measurements in

1 0 0

% sulphuric acid, that nitromethane is

more weakly basic than nitrobenzene.^

It appears that little else is known

about the basicities of aliphatic nitro compounds, particularly in the way of
quantitative measurements, and this is probably due to the instability o f these
compounds at the high acidities required to protonate them significantly.
Evidence has recently been given for diprotonation of certain nitro
compounds in trifluoromethanesulphonic acid. Most nitro compounds give a
cryoscopic i factor of

2

indicating that only monoprotonation is occurring

(Scheme 1.3).

ArNOj

+

CF3SO3H -------------------- ► A rN O iff

+

CF3SO3

(/=2)

Scheme 1.3

If diprotonation were occurring then an / factor of 3 would be observed
(Scheme 1.4).

ArNOj

+ 2CF3SO3H

► ArNOjH^^

Scheme 1.4

+ 2CF3SO3

(f = 3 )
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and

nitronapthalene

2

others^'have

shown

that

1-nitronapthalene

1,

14

2-

, (E)-p-nitrostyrene 3, and (Z)-p-nitrcstyrene 4 along with

various derivatives all give i factors of 3 in trifluoromethanesulphonic acid
which indicates the presence of diprotonation.

It is possible that one or both sites of the protonation are on the aromatic
ring of these molecules, but it was shown using
that
0

the

species

formed

in

and

n.m.r. spectroscopy

trifluoromethanesulphonic

acid

were

, -diprotonated dications where roughly one positive charge is delocalised
0

over the aromatic ring, and the rest is mostly localised on the nitrogen.

1.3

A cidity functions.

1.3.1 D efinition and m easurem ent.

In dilute aqueous solution the acidity scale normally used is the pH scale.
However, in concentrated or non-aqueous solutions pH is no longer a useful
measure of acidity and a different quantitative scale is required.

In 1932

Hammett and Deyrup^^ suggested that the spectrophotometric determination of
the extent of protonation of weakly basic indicators in acid solution could form
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the basis of a new scale of acidity. The relevant proton transfer can be written
as in equation . .
1

1

B+

1.1

The equilibrium constant for this reaction is commonly given as the ionisation
constant of the conjugate acid

[B H I

where Yq,

and Yq-^ are the activity coefficients of the base, the proton, and

the conjugate acid respectively.

The ratio [BH^]/[B] can be determined

spectrophotometrically, but the activity coefficients m concentrated acid media
are generally unknown.

Hammett and Deyrup^^ therefore proposed that the

acidity of the medium could be defined by

The negative logarithm of

was termed the Hammett acidity function H q

From equation 1.4, it is clear that in dilute aqueous solution, where the
activity coefficients tend to unity, the Hammett acidity function becomes
identical with pH (pH = -log

On the other hand, by making the

Introduction

fundamental assumption that the ratio
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is the same for different bases in

a given solution, Hammett postulated that the H q acidity function gave a
quantitative measure of the acidity of a solution which was independent of the
nature of the indicator base.

It is now generally recognised^^ that this

assumption only holds for a series of bases of similar structure; the H q acidity
function (often called the /fq'acidity function) being determined by the extent
of protonation of primary aromatic amines, while other acidity functions are
determined by the extent of protonation of other series of compounds.
In order to measure

H

q

over a wide range of acidity several indicators of

differing basicity are used, since weak bases will be insignificantly protonated
at low acidities while strong bases will be fully protonated at high acidities. A
method of stepwise overlap of indicator ratio curves is then normally used to
construct the full acidity function.

The weakest primary aromatic aminé

indicator base normally used is 2,4,6-trinitroaniline (pÆgH+= -10), however, in
solutions of higher acidity than about 99 % sulphuric acid, this compound is
essentially fully protonated and a weaker base is required. Gillespie was able
to extend the measurement of Hq into the superacidic region by using nitro
compounds as indicators. Gillespie s h o w e d t h a t the ionisation ratio data for
the most basic nitro compound that he used (4-nitrotoluene) overlapped the
data for 2,4,6-trinitroaniline in a satisfactory manner. The plots of ionisation
ratio against solvent composition were parallel and led to a constant value for
the pÆgH+ of 4-nitrotoluene. Gillespie therefore concluded that to a good
approximation nitro compounds behaved as Hammett bases, and could be used
to determine the Hq acidity function at very high acidities.
Acidity functions vary with temperature and are normally measured at
25 °C.

Unfortunately the full acidity function of trifluoromethanesulphonic

acid is not accessible at this temperature by the normal method o f stepwise
overlap since the system solidifies in the region of composition where the

Introduction

monohydrate (m.p. = 34 °C) is formed.

The

17

acidity function for

trifluoromethanesulphonic acid has been determined^"^ in the region of
85-100 % CF SO H by measuring [BH^]/[B] for 2,4,6-trinitroaniline and for
3

3

4-nitrotoluene, and by assuming that pÆgy+ for 2,4,6-trinitroaniline is -10.^^
The H q acidity function measured in this way is shown in Figure 1.1, along
with the H q acidity function of sulphuric acid determined by Ryabova.

Figure 1.1
Acidity functions o f triflic acid and sulphuric acid.
13
12.5

o

0 = Triflic acid
• = Sulphuric acid

12

11.5

c?

11

f

10.5

Q

10

9.5
9
8.5
8

85

90

95

100

Acid (%)

Figure 1.1 clearly shows the greater acidity o f trifluoromethanesulphonic
acid compared with that of sulphuric acid. The difference in H q between the
two

acids

when

99.5

%

pure

is

1.7

units,

or

in

other

words,

trifluoromethanesulphonic acid is about 50 times more acidic than sulphuric
acid at this composition.
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- the Z ucker-H am m ett

hypothesis.

Soon after the concept of acidity functions had been defined it was realised
that the rates of certain chemical reactions correlated with the acidity function
such that a plot of log k against -H q gave a straight line with slope of about .
1

For example, in 1934 Hammett and Paul found that the rate of hydrolysis of
sucrose showed this behaviour.

However, it was soon realised that not all

acid-catalysed reactions correlated with H q in this way. In 1939 for example,
Hammett and Zucker found that a plot of log k against log [HT] gave a straight
line o f slope

1

sulphuric acids.

for the iodmation of acetophenone in aqueous perchloric or
Zucker and Hammett proposed that the differing behaviour

of these and other reactions was due to a precise difference o f mechanism
between reactions for which log k follows -H q and for those for which log k
follows log [H^], and this concept has become known as the Zucker-Hammett
hypothesis. Mathematical expressions of the Zucker-Hammett hypothesis may
be derived from theory. Expressions have been derived using transition state
theory,

but the derivation shown below does not.

If the reaction mechanism for an acid-catalysed reaction involves a firstorder rate-determining reaction of the conjugate acid o f the substrate then it can
be written as in Scheme 1.5.

S + H+

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

SH^ ------------------ ►

SH+

(rapid)

products (slow)

Scheme 1.5.
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The experimentally observed rate of reaction is given by

- ^ = k,c,= k^[S U l
dt

where

is the observed first order rate-coefficient,

1.5

is the acid-independent

first-order rate coefficient for the rate-determining step, and Cg is the
stoichiometric concentration of substrate S, i.e.

= [S] + [SET^].

The

dissociation constant for the conjugate acid SH^ is given by

( s m s r ..
I S H - I ,.,

^

"

Substitution of equation 1.3 into this expression gives

"SH

Using equation 1.7, the stoichiometric concentration of substrate
written as

If it is now assumed that S behaves as a Hammett base, then y^ly^YÜ' ^
and equation 1.8 simplifies to 1.9

may be

Introduction
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1.9

This equation can now be rearranged to give an expression for [SH^]

Using this expression, the rate of reaction can now be written as

1.11

This now leads to the following expression for the variation of the observed
first-order rate coefficient with acidity

k*h

1.12

Finally, taking logarithms of 1.12 leads to equation 1.13

log A, = log k * - H q - log(^sH+ + /Iq)

1.13

At acidities where [BH^] « [B] it can be seen from equation 1.3 that Hq «
and equation 1.13 therefore approximates to

l o g = (log A,* - l o g ^ shO - 4

1T4
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against -Hq should therefore give a

straight line of slope 1. In a similar way it can be shown^^*

that log k for an

acid-catalysed hydrolysis with a bimolecular rate-determining step involving
SHT^ and H O is expected to follow log
2

The established fact that changes in indicator structure can lead to the need
for significantly different acidity fimctions^^ leads to the conclusion that the
Zucker-Hammett approach described above will not be generally applicable,
and this has been found to be the case.^^ However, some o f the chemistry
described in this thesis is thought to proceed by the rate-deternfining reaction
of protonated aromatic nitro compounds, and since that in the same region of
acidity the H q acidity fimction for trifluoromethanesulphonic acid was
determined from the protonation of similar aromatic nitro compounds, it should
therefore be likely that equation 1.13 will hold for such reactions.

1.4 R elevan t chem istry in strongly acidic system s.

1.4.1 A lkyl group m igrations.

The migration of alkyl groups

around an aromatic

ring

system

(isomérisation), or from one ring to another (transalkylation), is well known to
be catalysed by a c i d s . B o t h isomérisation and transalkylation normally occur
together except when R = CH , in which case the transalkylation is extremely
3

slow due to the low stability of the methyl cation.

The isomérisation of

xylenes can therefore be studied without complication from intermolecular
reactions. Sulphuric acid cannot be used since facile sulphonation o f xylenes
occurs. The isomérisation has been studied in HBr-AlBrg but was very slow
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and inconvenient to handle.^^ However, trifluoromethanesulphonic acid was
found to be a very convenient medium in which to study the xylenes, and the
isomérisations ortho—>meta and para-^m eta were found to proceed at a
convenient rate at 25 °C, and a detailed kinetic study was carried out?"^ The
suggested mechanism, which involves 1,2-methyl shifts in a Wheland
intermediate, is shown in Scheme 1.6. The xylenes are all largely protonated
in trifluoromethanesulphonic acid, and the driving force of the reaction was
said to arise from the greater stability of the protonated m-xylene
to the protonated o-xylenes 5a and 5b.

with respect

6

A similar scheme applies to the

para-^m eta isomerism.

ca

CH.
CH.

5a

5b

CH.

CH

CH

CH
CH.

CH.

slow

CH

CH

Scheme 1.6

CH.
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1.4.2 Transalkylation reactions.

Transalkylation reactions have been shown to be very facile processes in
trifluoromethanesulphonic acid/^ and are much more easily studied in this
medium than in Friedel-Crafts catalytic mixtures. Ethylbenzene for example
rapidly

disproportionates

to

give

benzene

and

diethylbenzenes

in

trifluoromethanesulphonic acid at 25 °C (Scheme 1.7).

Et
+
Et
Scheme 1.7

The reaction was considered to occur through a transfer of an ethyl cation
to a trifluoromethanesulphonate anion followed by alkylation of another
ethylbenzene molecule by the resulting ethyl trifluoromethanesulphonate.
Evidence in favour of this mechanism includes the facts that the reaction
follows pseudo first-order kinetics, and that skeletal rearrangements of alkyl
groups are never observed, indicating that free alkyl cations are not involved.
Also, the rate of formation of product increases on addition o f ethyl
trifluoromethanesulphonate, and lastly the reaction has a large negative value
o f AS* (-22.4 cal K'^ mol"^), which is inconsistent with a simple dissociative
mechanism, but is consistent with a bimolecular rate-deterniining step
involving attack by the trifluoromethanesulphonate anion on a protonated
ethylbenzene molecule (Scheme . ).
1

8

Introduction 2 4

H+
rate-determining

+ CFaSOjCHjCE^

+

CF3SO3H

Scheme 1.8

1.4.3 N itro group rearrangem ents.

Recent work has shown^^ that 1,3-dialky 1-2-nitrobenzenes (C H R NO ;
6

3

2

2

R = Me, Et, and Pi^) rearrange in trifluoromethanesulphonic acid at
temperatures of about
For example,

1 1 0

°C to give the corresponding 4-nitro derivatives.

1,3-dimethyl-2-nitrobenzene smoothly rearranges to

give

1,3-dimethyl-4-nitrobenzene in 93 % yield (Scheme 1.9). The product is stable
under the conditions o f the reaction.
The rate of the reaction increases in the order Me < Et < Pr^, and the
driving force for the reaction is thought to arise from steric relief - the nitro
group in the 4-position being more able to lie in the plane of the benzene ring.

NO

2

CH:
Scheme 1.9
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The reactions were found to follow good first-order kinetics, and the rate
coefficients were found to be very sensitive to the acidity o f the medium.
Double labelling experiments with
reaction was intramolecular.

and

were used to show that the

The most likely interpretation o f the strong

acidity dependence of the reaction was that the transition state involved the
protonated substrate, and the reaction was considered to involve the Wheland
intermediates 7 and

8

in Scheme .
1

1 0

.

NO

NO
-H +

cm

cm

Scheme 1.10

It was considered that there were four possible mechanisms for the
conversion of 7 to : (a) homolysis of the C-N bond to form a nitrogen dioxide
8

radical and an aromatic radical cation; (b) heterolysis o f the C-N bond to form
an aromatic molecule and a nitronium ion; (c) consecutive
the nitro group; and (d) a direct 1,3-shift.

1

, -migrations of
2

The first three of these possible

mechanisms were ruled out and the reaction was considered to proceed by
means o f a direct 1,3-shift which can be regarded as a typical [l,5]sigmatropic
shift.
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1.4.4 The formation of anthranils in trifluorom ethanesulphonic acid.

During the study of the rearrangement of l,3-dialkyl-2-nitrobenzenes in
trifluoromethanesulphonic acid (Section 1.4.3), it was found that with
1

.3 -diethyl- -nitrobenzene an unusual cyclisation reaction competed with the
2

nitro

group

migration.^^

Thus,

1

,3-diethy 1-2-nitrobenzene

gave

the

heterocyclic compound 9-ethyl-3-methylanthranil 9 in addition to the expected
1.3 -diethyl-4-nitrobenzene 10 on heating in trifluoromethanesulphonic acid at
90 °C (Scheme 1.11).

CF3SO3H
90 °C
30 %
Scheme 1.11

It was also found that 2-ethylnitrobenzene undergoes the cyclisation
quantitatively without the intervention of nitro group rearrangement when
heated at 100 °C in trifluoromethanesulphonic acid to give 3-methylanthranil
1 1

(Scheme .
1

1 2

).

CH
NO

100 °c
11

Scheme 1.12
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a high yielding

cyclisation

2
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-nitro

involving

an

unfunctionalised ethyl group is unusual, but does have some precedents in the
literature.

For example, 2-nitrodiphenylmethane has been found^^ to give a

low yield of 3-phenylanthranil on heating in liquid paraffin at 300 °C, and
2-nitrophenylacetic acid was found by Eckroth and Cochran^® to give a mixture
o f anthranil and anthranil-3-carboxylic acid on heating at 130 °C in
concentrated sulphuric acid (Scheme 1.13).

HO,C

CH^
NO
130 °C
31 %

34%

Scheme 1.13

Eckroth and Cochran did not carry out any mechanistic investigations on
this reaction, but they did suggest a speculative mechanism involving the
cyclisation of an equilibrium concentration o f the nitronic acid form o f the
2

-nitrophenylacetic acid, followed by elimination o f water to give the

anthranil-3 -carboxylic acid, or elimination o f water and carbon dioxide to give
the anthranil. Nitronic acids are tautomeric forms of nitro compounds and their
formation is discussed in Section 1.4.5.
A similar mechanism involving cyclisation o f the nitronic acid form of
2

-ethylnitrobenzene followed by elimination o f water was suggested^^ to be

operating in the reaction of
sulphonic acid (Scheme 1.14).

2

-ethylnitrobenzene with trifluoromethane

Introduction

28

O

N itro form

a

N tr o n ic acid
form
S ch em e 1.14

1.4.5 Nitronic acids and the M eyer reaction.

A feature of the chemistry of nitro compounds is the existence of
tautomeric species known as nitronic acids. The nitronic acid tautomers are
usually less stable than the corresponding nitro compound due to their higher
acidity, and their formation from nitro compounds is well known^^ to be basecatalysed (Scheme 1.15). An important consideration with respect to the work
in this thesis is the question o f the existence o f an acid-catalysed route to
nitronic acids, which has been claimed by some authors.^^’

o

0

B

+

RCHj— N'

^ = = = 5 5 ;

R C H =N ^

+

BH+

Nitro form

BH+ +

R C H =N

^ .....................— R C H =N
^

+

''OH

0

Nitronic acid form
Scheme 1.15

B
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Primary nitroalkanes are hydrolysed by strong mineral acid to the
corresponding carboxylic acid and the salt of hydroxylamine, a process known
as the Meyer^ reaction. Secondary and tertiary nitroalkanes do not undergo the
Meyer reaction, but often undergo decomposition. It has been claimed^^ that
the rate-determining step in the Meyer reaction is the acid-catalysed formation
of the nitronic acid form of the nitroalkane, followed by rapid further steps to
give the carboxylic acid and a hydroxylamine salt. Much of the mechanistic
argument surrounding this reaction centres around the issue of whether or not
there exists an acid-catalysed route from nitroalkanes to the corresponding
nitronic acids.
nitro-nitronic

Keto-enol tautomerism is formally a similar process to
acid tautomerism,

and

acid-catalysed

and base-catalysed

mechanisms are well known for this p r o c e s s . I t might therefore seem logical
that an acid-catalysed route to nitronic acids exists in addition to the well
known base-catalysed route, but assumptions like this should not be made
without good experimental foundation.
The intermediacy of the nitronic acids in the Meyer reaction was first
proposed by Junell,^^ who found a close similarity in first-order rate constants
for the bromination of nitroethane and for the Meyer reaction o f nitroethane,
which led to his conclusion that the reaction was taking place through the
nitronic

acid form,

the formation of which was

acid-catalysed

and

rate-determining. However, it was later pointed out by Pedersen that the rate
of bromination o f nitroethane measured in acid by Junell was very similar to
that o f the base-catalysed bromination o f nitroethane in water, and that Junell
had not observed acid catalysis.^^

It was later claimed in 1964^^ that

nitromethane was a much stronger base than had been previously thought, and
it was suggested that it was completely protonated at

<

- 2

(which must be

erroneous), and this led Cudall and Locke^^ to claim that there was an

Introduction

30

acid-catalysed route to the nitronic acid intermediate in the Meyer reaction of
nitromethane.
The work described in the previous paragraph led to some confusion as to
whether there is an acid-catalysed route to nitronic acids, until the exhaustive
work of Edward and Tremaine on the Meyer reaction of phenylnitromethane in
sulphuric acid.^^’^^’"*^ The possible rate-determining stages of the reaction were
written as in Scheme 1.16.

PhCHj— N

m» '

\

*1

' " '

*1

Nitro form

*2

PhCH = N

► Products

OH
Nitronic acid form
Scheme 1.16

The pseudo first-order rate coefficients

and

were measured from the

reaction of the sodium salt of phenylnitromethane with sulphuric acid.

The

pseudo first-order rate coefficient for the formation o f the nitronic acid form
(k{) was then calculated by application of the steady state approximation to the
nitronic acid tautomer in Scheme 1.16, which leads to the expression shown in
equation 1.15, where

is the observed pseudo first-order rate coefficient for

the disappearance of phenylnitromethane.

1.15
K

The values of

calculated by Edward and Tremaine"*® using equation 1.15 are

shown in Table 1.2.
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Table 1.2

Pseudo first-order rate coefficients^^ (k{) for the
formation of phenylmethanenitronic acid from
phenylnitromethane in sulphuric acid at
°C.
6 8 . 8

Cone. H^SO^/mol dm'^

lO^^i/s"^

0.85

16

1.54

1 1

2.56
3.23
4.20

8.5
4.6
3.3

5.69

1.7

7.18

1 . 2

These results clearly show that the tautomérisation of phenylnitromethane
to the corresponding nitronic acid is inhibited by increasing acidity, and is
therefore certainly not acid-catalysed. The fact that

increases with acidity

from 1-3 mol dm"^ sulphuric acid is not due to acid catalysis o f the
tautomérisation, but by acid-catalysis of the further reaction o f the nitronic
acid, which is rate-determining at these acidities.

At higher acidities

decreases with increasing acidity since the base-catalysed tautomérisation
becomes rate-deterniining in that region, and decreases in rate with decreasing
activity o f water. This conclusion that nitronic acid formation does not have an
acid-catalysed pathway is also shared by L e w i s , a n d will be o f some
importance

when the mechanism

of the

formation

trifluoromethanesulphonic acid is fully considered.

o f anthranils

in
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1.4.6 The Bam berger rearrangem ent and nitrenium ions.

The fact that N-phenylhydroxylamines

1 2

readily rearrange in aqueous

acid solution to give the corresponding 4-aminophenols 13 was established by
Bamberger in 1894"^^ (Scheme 1.17).

RNH

RNOH

H+
X

OH
13

12

Scheme 1.17

Bamberger carried out most of the early work on this rearrangement and
showed that the parent compound, N-phenylhydroxylamine, gave exclusively
4-aminophenol when the reaction medium was aqueous sulphuric acid,"^^
whereas the products in ethanolic sulphuric acid were mainly -ethoxyaniline
2

and 4-ethoxyaniline, and the products in ethanolic hydrogen chloride also
included 2-chloroaniline and 4-chloroaniline.'^^ These results suggested that
the rearrangement is intermolecular, which was later confirmed by the reaction
of N-phenylhydroxylamine with H ^^ -H S
2

of

0

2

0

4

, which led to full incorporation

into the product and none in the reactant."^^
Bamberger suggested that the reaction proceeded through a nitrene

intermediate, ArN, whereas Ingold and others"^"^ later proposed a scheme
involving protonation of the N-phenylhydroxylamine on oxygen or nitrogen,
with the 0-protonated form 14 leading to a nitrenium ion intermediate 15
(Scheme 1.18). Ingold suggested that the nitrenium ion could be formed as a
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discrete intermediate by means of an S^sjl-type reaction involving loss of water
from PI NHOH ''’, and that a concerted S^ -type reaction involving concurrent
1

2

2

nucleophilic attack and N -0 bond fission was less likely smce the rate of
reaction was independent of chloride concentration in reactions where
chloroamino products were being formed. It was suggested that N-protonation
o f N-phenylhydroxylamine is more extensive than 0-protonation, but that only
0

-protonation leads to rearrangement.

5

^
OH

15

14

0

Phenylnitrenium ion
Scheme 1.18

More detailed kinetic studies of the Bamberger rearrangement have
recently been reported. Manabe and others"^^ showed that the rearrangement
was first-order m N-phenylhydroxylamine and acid-catalysed up to pH = 1,
after which the rate coefficient was unchanged up to Ti/q = - , and thereafter a
1

less marked increase was observed.

Spectral measurements were consistent

with N-protonation o f the N-phenylhydroxylamine, but the observed acidityrate profile could not distinguish between reaction through N- or 0-protonated
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The rearrangements of N-phenylhydroxylamine and three

me^ûf-substituted derivatives were found to give positive values o f AS* which is
indicative of the dissociative Sj^l-type mechanism.
reactions correlated well with

Also, the rates of these

giving a large and negative p value o f -4.6,

which is consistent with the rate-determining formation of an electron deficient
nitrenium ion intermediate as in Scheme 1,18. Evidence for reaction through
the 0-protonated species was later given by Williams and others,"^^ who
determined

the

acidity-rate

profile

for

the

rearrangement

of

N-phenylhydroxylamine in both H O-H SO and D O-D SO . It was found
2

that at low
^obs(H

2

the

0

0

acidities ^obs(^

2

)/^obs(I^

2

0

0

2

)/^obs(^

4

2

0

2

) ^

1

2

4

and at high

acidities

) > , which was shown to be indicative o f reaction through
1

-protonated species.

The Bambergerrearrangement of N-arylhydroxylamines in trifluoromethane
sulphonic acid alone has not been reported, but the reaction in mixtures of
trifluoromethanesulphonic acid, trifiuoroacetic acid, and benzene has been
reported."*^ The products obtained from such mixtures were diphenylamines 16
and aminobiphenyls 17a and 17b. One representative example o f this type of
chemistry is shown in Scheme 1.19.

|f ^

+ CFjSOjH + C.H, + CFjCOjH------- ►

Scheme 1.19

16

17a

14 %

46 %

17b
25 %
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These products were suggested to have been formed by N- or C-attack by
an N-protonated phenylnitrenium ion (irninium-benzeneium ion) 18 on
benzene.

Many variations of this type of chemistry were described, and in only one
instance was there a product resulting from nucleophilic substitution by the
very weakly nucleophilic triflate anion.

In this case, N-ZerZ-butyl-N-

phenylhydroxylamine gave a small yield of a trifluoromethanesulphonate ester
19 as one of the products (Scheme 1.20).

rr

T
^OH

CF 3 SO 3 H

CF CO H,
3

2

Ph

Ph

49 %

CF 3 SO

10 %

Scheme 1.20

Nitrenium ions have been proposed to be intermediates in many reactions
other than the Bamberger rearrangement,'*^’'^^ but have never been detected
spectroscopically, and must therefore have a very short lifetime. Nitrenium
ions are divalent nitrogen centred cations, and are unusual in having both a
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positive charge and a nonbonding pair of electrons.
protonated hydroxylamines
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Compounds such as

must ionise to give firstly a singlet nitrenium

ion 21 in which the electron spins are paired. If the singlet 21 has a sufficient
lifetime, and if spin inversion would decrease the energy o f the system, then
the singlet could convert to the triplet

2 2

(Scheme .
1

2 1

).

— ► R — N —R ------------ ► R — ^ { ^ R
^

^

Singlet

20

21

IViplet (T )
22

Scheme 1.21

The singlet 21 would be expected to exhibit carbocation like behaviour
such as by acting as a hydride ion acceptor, or by mediating alkyl shifts to the
nitrogen centre.

Whereas the triplet

2 2

would be expected to resemble a

nitrogen centred radical cation and behave as an efficient hydrogen atom
abstractor for example. Both of these types of behaviour have been observed
in reactions where nitrenium ions are proposed to be intermediates."^^'
Semi-empirical molecular orbital calculations using the MNDO method
have been used"^^ to predict NH '*', alkyl-, and dialkylnitrenium ions to
2

be

ground state triplets with triplet-singlet separations ranging

from

29.3-88.7 kJ mol"^. However, the same study predicted aiylnitrenium ions to
have a singlet ground state.

In the case of the phenylnitrenium ion 15, the

singlet is predicted to be 109.2 kJ mol'^ more stable than the triplet. This ion is
also predicted to be planar with a C-N-H bond angle of 116.9°, and with the
positive charge extensively delocalised to the ortho and mainly para positions.

Introduction

with the nitrogen carrying very little of the charge.

37

The structure o f the

phenylnitrenium ion is therefore best represented by the resonance form 23,
which is consistent with the large preference for 4-substitution that is always
found in the Bamberger rearrangement.

23

1.5 M olecular orbital calculations.

The molecular orbital calculations most commonly used involve the linear
combination of atomic orbitals (LCAO) method. Within this method, sets of
atomic orbitals are first centred on the constituent atoms of the molecule in
question. The calculation then involves finding the linear combination of these
orbitals that have the correct symmetry and give the lowest energy.

The

calculations must also take into account electron-electron repulsion, and this is
done by considering the interaction between an electron in a given orbital and
the mean field of the other electrons in the molecule.

This is known as

self-consistent field (SCF) theory, or Hartree-Fock theory, and the method
involves iterative calculations in which the molecular orbitals are improved
fi*om cycle to cycle until the electronic energy reaches a constant nimimum
value. Molecular orbital programs then repeat the above processes but with
altered molecular geometries, and eventually the energy of the system is
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atomic

co-ordinates.
Open-shell and closed-shell molecules are usually treated differently by
SCF theory.

Closed-shell systems are usually calculated using restricted

Hartree-Fock (RHF) theory in which one set o f molecular orbitals is calculated,
but each orbital may be only doubly occupied or empty.

The problem of

electron spin does not play a role because all spins are paired.

Open-shell

molecules are treated using a slightly different formalism, and the unrestricted
Hartree-Fock (UHF) method is often used.

This method involves the

calculation of two sets of molecular orbitals, one for each kind o f spin.
Molecular orbital calculations involve the

determination

o f many

thousands of integrals, and in ab initio calculations all o f the integrals are
determined.

Semi-empirical methods differ in that they neglect some o f the

integrals. The neglect of integrals obviously causes a lack of accuracy, but this
is compensated for by parametrisation of the calculations such that the results
from a wide variety of molecules are made to match closely with the
experimental values.

The most commonly used semi-empirical molecular

orbital methods are currently MNDO"^^ (modified neglect of diatomic overlap),
AM1^° (Austin model 1), and PM3^^ (Parametric Method 3).

These semi-

empirical methods have been very widely used, particularly for calculations
involving large molecules where ab initio calculations would be both expensive
and time consuming.
Semi-empirical and ab initio calculations have been applied to the problem
of the calculation of potential energy surfaces for chemical reactions, and
hence for the location of transition s t a t e s . A u t o m a t i c routines have been
developed to locate the transition state of a chemical reaction given the
structures of the starting material and product.

The authenticity o f a transition

state can be confirmed by carrying out a vibrational calculation.

Both the
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Starting material and the tiansition state are stationary points having all first
derivatives of energy equal to zero. The starting material is a minimum on the
potential energy surface, and all force constants (calculated from the second
derivatives of the energy with respect to displacements of all pairs of atoms in
the molecule) are positive.

However,

an authentic transition state is

characterised by having one negative force constant corresponding to a
vibration along the reaction co-ordinate.
Once a transition state has been located the enthalpy of activation of a
reaction may be calculated, which is the difference in heat of formation
between the transition state and the reactant, corrected by the inclusion of zero
point energies

(equation

1.16),

which

are

available

from

vibrational

calculations.

AH* = (A H , + Z P E L „ _ - ( a h , + Z P E L .

1.16

An extensive study by Schroder and Thiel^'' found that the transition states
for many reactions determined using semi-empirical methods were in very
good agreement with results from ab initio calculations on the same systems.
The stinctures, enthalpies of formation, vibrational frequencies, and zero point
energies calculated using semi-empiiical methods compared very favourably
with those from the ab initio calculations, and semi-empirical calculations of
transition state propeities can therefore be considered to be a useful tool for the
study of chemical reactivity.
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Chapter 2.
Redox reactions of aromatic nitro compounds
in trifluoromethanesulphonic acid.

2.1 Introduction.

It has been found^^ that l,3-dialkyl-2-nitrobenzenes undergo rearrangement
on heating in trifluoromethanesulphonic acid to give the corresponding 4-nitro
isomers (Section 1.4.3).

For example,

1

,3-di-isopropyl- -nitrobenzene was
2

found to give l,3-di-isopropyl-4-nitrobenzene on heating in the acid at 40 °C
(Scheme 2.1).

NO
40 °C
Pr‘
Scheme 2.1

The mechanism of the rearrangement was described in terms o f a
[l,5]sigmatropic shift of the nitro group across a Wheland intermediate formed
by protonation of the carbon atom bearing the nitro group.^^ The original aim
of the work in this chapter was to determine to what extent other substituents,
particularly a chlorine atom, would undergo a rearrangement such as that in
Scheme . .
2

1
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2.2 The reaction of l,3-diniethyl-2-chlorobenzene with trifluorom ethane
sulphonic acid.

This reaction was initially studied using

n.m.r. spectroscopy, and the

1,3-dimethyl-2-chlorobenzene (DMCB) was found to be stable in the
trifluoromethanesulphonic acid at 25 °C, but underwent slow reaction at 70 °C.
After

quenching

of

the

reaction

with

water

and

dichloromethane, the product gave a complex

extraction

with

n.m.r. spectrum in

deuterochloroform, and h.p.l.c. indicated the presence of a mixture o f several
poorly resolved components, all of very similar polarity. No attempt was made
to separate and identify the components. It is considered that the product is
likely to be a mixture of isomers of dimethylchlorobenzene arising from a
series of methyl migrations around the l,3-dimethyl-2-chlorobenzene.

The

methyl migrations could take place by means of the same process that
occurs in the isomérisation of xylenes in trifluoromethanesulphonic acid^"^
(Section 1.4.1).
When the reaction of 1,3 -dimethyl-2-chlorobenzene with trifluoromethane
sulphonic acid was carried out at 70 °C in the presence of 1,4-dinitrobenzene
(DNB), which was originally present as the

n.m.r. standard, it was

surprisingly found that a faster, and apparently more simple, process was
occurring. Quenching of the reaction with water and analysis o f the extracted
product using h.p.l.c. indicated the presence of one major product along with a
number of minor species.

Using a combination o f

spectroscopy, mass spectrometry, infrared spectroscopy,
analysis,

and

n.m.r.

and elemental

the product was identified as 4,4',4"-trichloro-3,5,3',5',3",5"-

hexamethyltriphenyhnethanol 24, isolated in 45 % yield.* The triarylmethanol
24

is

present

as

the

corresponding

triarylmethyl

cation

* This yield, and all others in this chapter, was calculated by assuming that four molecules of
1,3-dimethyl-2-chlorobenzene give rise to one molecule of the triaryl methanol (see Section 2.4).

in
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trifluoromethanesulphonic acid, and formation o f the alcohol occurs on
quenching with water.

The

and

n.m.r.

spectra o f 24 in

deuterochloroform are shown in Figure 2.1, and the mass spectrum is shown in
Figure . . Compound 24, in common with other triarylmethanols, gives only
2

2

a small molecular ion in its mass spectrum which can be seen at m/e = 446. A
much larger peak corresponding to the triarylmethyl cation Ar^C^ can be seen
at m/e = 429, and the largest peak in the spectrum is at m/e = 167, which is due
to the acyl cation ArCO'*'.
The fate of the 1,4-dinitrobenzene remained elusive for some time, but it
was eventually found to have been reduced to 1,4-diaminobenzene 25, which
can only be extracted from the reaction mixture after basiflcation. The overall
reaction, ignoring the stoichiometry involved, can therefore be written as in
Scheme . .
2

2

The process shown in Scheme

2 . 2

is very unusual, and the origin of the

tertiary alcohol carbon atom in 24, the role o f the 1,4-dinitrobenzene, the
generality of the reaction, the mechanism o f formation o f 24, and the role of
the trifluoromethanesulphonic acid were all intriguing questions that needed to
be answered. The role of trifluoromethanesulphonic acid is certainly crucial,
since no reaction was observed at all on heating ,3-dimethyl- -chlorobenzene
1

2

and 1,4-dinitrobenzene in trifiuoroacetic acid, and it is therefore clear that the
process in Scheme

2 . 2

requires high acidity in order to proceed.

NO

NH,
COH

24
Scheme 2.2

+
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Figure 2.1
H and

Mb

n.m .r. spectra o f 24 in deuterochloroform .
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Figure 2.2
Mass spectrum of 24.
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w ith

1,4-dinitrobenzene in trifluorom ethanesulphonic acid.

Both

2-

and

3-chlorotoluene

were

found

to

be

stable

in

trifluoromethanesulphonic acid at 70 °C, and were also found to give
triarylmethanol products on reaction with 1,4-dinitrobenzene in the acid at the
same temperature, followed by quenching with water. The 1,4-dinitrobenzene
was again found to be reduced to 1,4-diaminobenzene under these conditions.
A 42 % yield of 3,3',3"-trichloro-5,5',5"-trimethyltriphenyhnethanol 26 was
obtained from the reaction of 3-chlorotoluene using h.p.l.c. for purification,
and a 43 % yield of triarylmethanol isomers 27a-d was isolated from the
reaction of 2-chlorotoluene using the same procedure.

These isomers were

collected as a single fraction, and proved to be inseparable using h.p.l.c., but
the mass spectrum and

and

n.m.r. spectra of the material were

consistent with a mixture of 27a-d.

COH

COH

COH

27b

27a

26

OH

OH

a
CH
27c

CH

27d
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The reactions of both toluene and m-xylene with 1,4-dinitrobenzene in
trifluoromethanesulphonic acid led to extensive and complex decomposition,
and no triarylmethyl cation formation was found to occur. It therefore appears
that the reaction leading to triarylmethyl cation formation requires a subtle
balance of substituents in order to proceed.

Compounds with a deactivated

benzene ring (with respect to electrophilic aromatic substitution) such as
l,3-dimethyl-2-nitrobenzene do not react at all with 1,4-dinitrobenzene in
trifluoromethanesulphonic

acid,

and

instead

undergo

nitro

group

rearrangement.^^ Compounds with an activated benzene ring such as m-xylene
and toluene undergo decomposition under the same conditions, whereas
compounds with an intermediate level of activation such as
3-chlorotoluene, and

2

- and

l,3-dimethyl-2-chlorobenzene undergo triarylmethyl

cation formation.

2.4

The

reaction

between

3-chloro-l-[^^C]methyIbenzene

and

1,4-

dinitrobenzene in trifluorom ethanesulphonic acid.

The tertiary alcohol carbon atom in compounds 24, 26, and 27a-d could
have either come from the carbon atom in trifluoromethanesulphonic acid, or
from a methyl group in a substrate molecule. The latter possibility seemed to
be the most likely, and a ^^C labelling experiment was carried out in order to
confirm

this

view.

The

labelled

molecule

used

was

3-chloro-l-

[^^C]methylbenzene 28, which was synthesised by means o f a coupling
reaction between 3-chloro- 1-iodobenzene and [^^C]methyl-lithium, followed
by purification using preparative gas liquid chromatography. The [^^C]methyl-
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lithium was obtained from the reaction of lithium metal with commercially
available [^^C]iodomethane (Scheme 2.3).

+ 2Li ----- —

+

------►

+ Lil

\\

+

Scheme 2.3

Lil

28

The reaction of 28 with 1,4-dinitrobenzene in trifluoromethanesulphonic
acid was carried out, followed by quenching with water in the usual way. The
products of the reaction were then analysed using h.p.l.c., and the fraction
having the same retention time as a pure sample of 26 was collected. Mass
spectrometry and

n.m.r. spectroscopy were then used to show that the

productwas3,3',3"-trichloro-5,5',5"-tri-[^^C]methyltriphenyl-[^^C]methanol 29.
This indicates that the tertiary alcohol carbon atom in the product originates
from the methyl group of 28, and not from the trifluoromethanesulphonic acid.
It also shows that four molecules of 1,3-dimethyl-2-chlorobenzene are required
to form one molecule of triaiyl methanol, thus enabling the calculation o f yields.

COH

29
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n.m.r. spectrum of compound 26 above that of 29 is shown in

Figure 2.3. Both spectra were take in deuterochloroform solution. The spectra
clearly show equal enhancement in the intensity of both the methyl signal (at
about

2 2

ppm) and the tertiary alcohol signal (at about 82 ppm) on going from

26 to 29, which indicates full incorporation of the
alcohol carbon position in 29.

label into the tertiary

This result is also confirmed by the mass

spectrum of 29 shown in Figure 3.4. The very small molecular ion peak can be
seen in Figure 3.4 at m/e = 408, which corresponds to the incorporation o f four
atoms into compound 26, which has a molecular ion at m/e = 404. The
large peak at m/e = 155 is due to the acyl cation 30. The corresponding peak in
the mass spectrum of 26 occurs at m/e = 153. The largest peak in Figure 2.4 is
at m/e = 140, and corresponds to the acyl cation 31, which is formed from 30
by the loss of ^^CH . Such acyl cations usually give rise to the largest peaks in
2

the mass spectra of triarylmethanols. All o f these observations are consistent
with full incorporation of the

label into the tertiary alcohol position o f the

triarylmethanol, and this conclusion gives some useful information regarding
the nature of the reaction pathway leading to the formation o f triarylmethyl
cations in trifluoromethanesulphonic acid.
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Figure 2.3
n.m.r. spectra o f 26 and 29.
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Figure 2.4
Mass spectrum of 29.
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2.5 Isolation of 4,4'-dichIoro-3,3',5,5'-tetram ethyldiphenylm ethanol.

The reaction of l,3-dimethyl-2-chlorobenzene with 1,4-dinitrobenzene in
trifluoromethanesulphonic acid is likely to produce several intermediates
before the triarylmethyl cation is formed, and the formation o f a diaiyhnethyl
cation was thought to be probable. When the reaction was carefully followed
using

n.m.r. spectroscopy it was found that signals corresponding to an

intermediate could clearly be seen before the signals corresponding to the
triarylmethyl cation emerged.

The

n.m.r. spectra indicated that the

concentration of this species reached a maximum after about 30 minutes of
reaction time at 70 °C. The reaction was then carried out on a larger scale and
quenched with water after 35 minutes. The products were then analysed using
h.p.l.c. which indicated that the main component was unreacted 1,3-dimethyl2

-chlorobenzene; however, there was also a peak suspected to be from the

intermediate, which was very close to the peak due to a small amount o f the
triarylmethanol 24.
collected,

and

The fraction suspected to contain the intermediate was
was

identified

as

being

4,4'-dichloro-3,3',5,5'-

tetramethyldiphenylmethanol 32, which would have been formed from the
corresponding diaiyhnethyl cation on quenching o f the reaction with water.
The

and

Figure 2.5.

n.m.r. spectra of 32 in deuterochloroform are shown in

Redox reactions o f aromatic nitro compounds in trifluoromethanesulphonic acid

and

Figure 2.5
n.m.r. spectra of 32 in deuterochloroform.
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Studies of the reaction between l,3-dimethyI-2-chIorobenzene and

1,4-dinitrobenzene in trifluorom ethanesulphonic acid using

n.m .r.

spectroscopy.

Solutions of 4,4'-dichloro-3,3',5,5'-tetramethyldiphenylmethyi cation 33
and of 4,4',4"-tricliloro-3,5,3',5',3",5"-hexamethyItriphenylmethyl cation 34
were prepared by placing the corresponding alcohols 32 and 24 in
trifluoromethanesulphonic acid.

The

n.m.r. spectra of these cations,

recorded on a 400 MHz spectrometer, are shown in Figure 2.6 above a
spectrum taken during reaction of 1,3 -dimethy 1-2-chlorobenzene with 1,4dinitrobenzene in trifluoromethanesulphonic acid.
when the reaction had proceeded for

2

The spectrum was taken

hours at 70 °C. The peak at Ô = 3.1 in

each spectrum is due to tétraméthylammonium trifluoromethanesulphonate
(TMAT).

Tétraméthylammonium compounds have often been used as

n.m.r. standards in trifluoromethanesulphonic acid and concentrated sulphuric
acid, and the chemical shift of NMe^'"' has been found to occur 3.10 ppm
downfield from tetramethylsilane.^^’

V
HX

33
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Figure 2.6
n.m .r. spectra o f 33 and 34 shown above a

n.m.r. spectrum taken during the

reaction betw een l,3-dim ethyl-2-chlorobenzene and 1,4-dinitrobenzene in
trifluorom ethanesulphonic acid.
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All of the significant peaks in the bottom spectrum in Figure
accounted for.
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can be

The peaks due to cations 33 and 34 can be identified by

comparison with the upper two spectra, the singlet at ô = 2.32 ppm is due to
1.3-dimethyl-2-chlorobenzene, the singlet at Ô = 8.46 ppm is due to
1.4-dinitrobenzene, the singlet at Ô = 7.72 ppm is due to the aromatic protons
o f 1,4-diaminobenzene, and the broad peak at Ô »

8

ppm is due to

jfrom

1.4-diaminobenzene, which is completely N-protonated in trifluoromethane
sulphonic acid. The bottom spectrum in Figure 2.6 was one o f many taken
during the reaction, and integration of the peaks corresponding to 1,3-dimethyl2-chlorobenzene, and the cations 33 and 34 enabled calculation o f the
concentration of these species as the reaction proceeded. These concentrations,
plotted against time, are shown in Figure 2.7.

Figure 2.7
Concentrations of species during the reaction of l,3-dimethyl-2chlorobenzene (DMCB) with 1,4-dinitrobenzene
in triflic acid at 70 °C.
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The early studies of the reaction between l,3-dimethyl-2-chlorobenzene
and 1,4-dinitrobenzene in trifluoromethanesulphonic acid indicated that only
about 1/6 equivalent of 1,4-dinitrobenzene was required for efficient reaction.
A brief study into how the concentration of 1,4-dinitrobenzene affected the rate
o f the reaction was carried out by studying the reaction at 80 °C, using
concentrations of 1,4-dinitrobenzene of 0.127 mol dm"^ and 0.065 mol dm"^.
The concentration of 1,3-dimethyl-2-chlorobenzene was 0.386 mol dm'^ in
each case. The reactions were again studied using

n.m.r. spectroscopy, and

the concentrations of species were determined by integration o f the spectra.
The rates of formation of the diaryImethyl cation 33 and o f the triarylmethyl
cation 34 were indeed found to increase when the concentration of
1,4-dinitrobenzene was increased. This can be seen Jhom Figures

2 . 8

and 2.9

which show the concentrations of 33 and 34 plotted against time.

Figure 2.8
C oncentrations o f diarylmethyl cation 33 p lo tted against tim e
for the reaction o f l,3-dim ethyl-2-chlorobenzene w ith
1,4-dinitrobenzene (D N B ) in triflic acid at 80 °C.
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Figure 2.9
C oncentrations o f triarym ethyl cation 34 plo tted against tim e
for the reaction o f l,3-dim ethyl-2-chlorobenzene w ith
1,4-dinitrobenzene (D N B ) in triflic acid at 80 °C.
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2.7 The reaction between l,3-dimethyI-2-chlorobenzene and other nitro
compounds in trifluorom ethanesulphonic acid.

The
sulphonic

reaction
acid

of
was

l,3-dimethyl-2-chlorobenzene
studied

using

in

trifluoromethane

1,3,5-trinitrobenzene,

nitrobenzene,

4-nitroaniline, and nitromethane to replace 1,4-dinitrobenzene as the nitro
compound. The reactions were followed using

n.m.r. spectroscopy, and it

was found that the formation of diarylmethyl cation 33 and triarylmethyl cation
34 did proceed when 1,3,5-trinitrobenzene, nitrobenzene, and 4-nitroaniline
were used, but that no reaction occurred with nitromethane. Qualitatively, the
reaction proceeded at a slightly slower rate with 1,3,5-trinitrobenzene than
with 1,4-dinitrobenzene, and even more slowly with nitrobenzene and
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4-nitroaniline. In the reaction involving 1,3,5-trinitrobenzene, the combined
yield of cations 33 and 34 was high at about 70 % (determined by integration
o f n.m.r. spectra), but the fate of the 1,3,5-trinitrobenzene appeared complex
from the n.m.r. spectra, and was not studied further. A simple reduction to
1,3,5-triammobenzene was clearly not occurring.

In the reaction involving

4-nitroaniline, the n.m.r. spectra indicated that the 4-nitroaniline was being
reduced to 1,4-diaminobenzene, as in the reaction of 1,4-dinitrobenzene, but
the combined yield of 33 and 34 was much lower at about 30 %. This result
implies that 4-nitroaniline could be an intermediate in the reduction of
1.4-dinitrobenzene to 1,4-diaminobenzene.

However, this is unlikely since

4-nitroaniline reacts more slowly than 1,4-dinitrobenzene, and if formed as an
intermediate it would build up to a significant concentration.
evidence for this in

There is no

n.m.r. spectra taken during the reaction of

1.4-dinitrobenzene. With the reaction between 1,3-dimethy 1-2-chlorobenzene
and nitrobenzene in trifluoromethanesulphonic acid, the combined yield of 33
and 34 was again about 30 %, and it was also found that the nitrobenzene had
been converted to 4-aminophenyltriflate 35, which was isolated from the
reaction mixture in 47 % yield. This compound is likely to have been formed
from a Bamberger rearrangement of N-phenyUiydroxylamine (Scheme 2.4),
which would be foimed as a reduction product from the nitrobenzene.

OH

35
Scheme 2.4

Redox reactions o f aromatic nitro compounds in trijluoromethanesulphonic acid 5 9

As part of the work described in Chapter 4, N-phenylhydroxylamine was
indeed fbnnd to give 4-aminophenyltriflate in 78 % yield on reaction with
trifluoromethanesulphonic acid.

2.8 Prelim inary discussion of mechanism.

The evidence discussed so far strongly suggests that the overall mechanism
of the reaction involves various oxidation reduction reactions between the
aromatic nitro compound and benzylic hydrogen atoms in the substrate
molecule. If it is assumed for the moment that the aromatic nitro compounds
(or possibly the protonated aromatic nitro compounds) are able to oxidise the
aromatic substrates to benzylic cations, then a reasonable mechanism can be
written which involves a sequence of forward and reverse Friedel-Crafts
benzylation reactions, along with further oxidation reduction reactions.

The

first step in the proposed reaction sequence is the oxidation of l,3-dimethyl-2chlorobenzene to the corresponding benzyl cation 36 (Scheme 2.5), while the
aromatic nitro compound undergoes reduction, eventually to the amine. For
clarity this step has been written as -H", and the intimate mechanism of this
process will be discussed later.
electrophilic,

and

will

rapidly

The benzyl cation 36 will be highly
undergo

a

benzylation

reaction

with

l,3-dimethyl-2-chlorobenzene to form a mixture of diaiylmethanes 37 and 38
as shown in Scheme 2.5.
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DMCB

V

Scheme 2.5

Using data on benzylation of toluene and chlorobenzene given by Norman
and Taylor/^ and by assuming the additivity principle, the partial rate factors
for benzylation at both free positions in
calculated to be approximately 0.18.

1

,3 -dimethyl- -chlorobenzene are
2

It is therefore likely that significant

amounts of both 37 and 38 will be formed in the benzylation reaction in
Scheme 2.5.
through

However, it is possible that 37 could readily isomerise to 38

ipso

protonation

finally deprotonation (Scheme
the

known

acid-catalysed

followed
2

by

a

1

, -benzyl

shift,

2

. ). This would be a process very similar to
6

isomérisation

of o-xylene

to

w-xylene

tiifluoromethanesulphonic acid^"^ (Section 1.4.1).

ÇI

and

Cl

CH;
H

37
Scheme 2.6

ac

in
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The diarylmethane 38 could next undergo a débenzylation reaction to form
the chloromesitylene cation 39 and 2-chlorotoluene, followed by a benzylation
reaction to give the symmetrical diphenylmethane 40 (Scheme 2.7). These two
steps are identical in form to those that occur in the transalkylation reaction of
ethylbenzene in trifluoromethanesulphonic acid/^ and if a full analogy is
drawn between the two reactions, then 39 itself may not be formed, but rather
the corresponding benzyl triflate (see Section 1.4.2).
chlorobenzene

present

could

then

undergo

an

The l,3-dimethyl-2electrophilic

aromatic

benzylation reaction with the benzyl triflate to give 40.

■V
Cl

,3

^

CHj

7

'C l

DMCB ^

CH,

CH;

cgr

+CH,
39

Scheme 2.7

It is likely that the reaction of 39 with 1,3-dimethyl-2-chlorobenzene in
Scheme 2.7 would lead to a mixture of diarylmethanes as in the benzylation
reaction in Scheme 2.5.

However, acid-catalysed isomérisation to give 40

could occur just as in the conversion of 37 to 38 in Scheme . .
2

6

The final stages of the reaction are thought to involve firstly oxidation of
40 to the diarylmethyl cation 33 in a similar way to the oxidation of
1

,3 -dimethy 1-2-chlorob enzene to the benzyl cation 36 in Scheme 2.5.

This

oxidation could then be followed by a benzylation reaction to give the
triarylmethane 41, followed by a final oxidation to give the triarylmethyl cation
34 (Scheme

2

. ). The first intermediate observed in
8

n.m.r. spectra taken
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during the reaction is the diarylmethyl cation 33, and it must therefore be
postulated that intermediates 36, 37, 38, 39, and 40 never reach a concentration
such that they can easily be observed in the spectra. Diarylmethanes such as
40 are certain to be far more easily oxidised than

l,3-dimethyl-2-

chlorobenzene, since the resulting diarylmethyl cation 33 is far more stable
than the ben yl cation 36, and it is therefore not surprising that 40 is not
2

observed in the n.m.r. spectra or found in the h.p.l.c. analysis.
2-chlorotoluene formed in Scheme 2.7 is also not observed in the

The
n.m.r.

spectra during the reaction, since under the conditions of the reaction it will
readily form side-products by undergoing oxidation or by reacting with one of
the several benzyl cations in the system.

HjC

DMCB

H ,C '

^

'CHj

H jC ' ^

'C H ,

Cl

Cl

40

33
Scheme 2.8

The overall process described by Schemes 2.5 with the results of the

2 . 8

is entirely consistent

labelling experiment, and the isolation of the

diarylmethanol 32. Also, a process very similar to that shown here up to the
formation of 40 has been proposed to explain the formation of diaiylmethane
42 in 2 % yield in the nitrous acid-catalysed nitration o f mesitylene,^^ and the
formation of 43 in yields of up to 7 % in the oxidation of mesitylene using
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In

these reactions, the oxidation of mesitylene to the corresponding benzyl cation
is postulated to occur by means of an electron transfer to form initially the
mesitylene radical cation, followed by loss o f a proton to form a benzyl radical,
and finally another electron transfer to form the benzyl cation.

ca

ca
NO

ca

ca
ac

ca

ca

ac

NO

42

43

It is apparent that the formation of diarylmethyl and triarylmethyl cations
in the current work can be explained by considering a logical extension to the
path of formation of 42 and 43, but an unusual feature o f the new work is the
formation of 33 and 34 in combined yields of up to 75 %, which is remarkably
high considering the complexity of the reaction and the large scope for the
formation of side-products implicit in Schemes 2.5 -

2

. . Probably the most
8

novel feature of the reaction is the oxidation reduction interaction between
aromatic nitro compounds and the substrates, and this will be considered later.
An alternative mechanism for the formation o f the chloromesitylene cation
39 is possible.

This pathway involves a transmethylation reaction to give

chloromesitylene, followed by an oxidation to give 39 (Scheme 2.9), and the
remainder of the reaction could then proceed as in Schemes 2.7 and . .
2

8
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0 3

+

CF3S03CH3

DMCB

+ CF3SO3

Scheme 2.9

The transmethylation reaction in Scheme 2.9 is analogous to the known
transethylation reaction of ethylbenzene in trifluoromethanesulphonic acid/^
and to the transbenzylation reaction in Scheme 2.7.

A problem with the

formation of chloromesitylene as in Scheme 2.9 is that it is known^^ that
transalkylation involving transfer of methyl groups is very much slower than
for the transfer of ethyl and other groups, presumably because the transition
state for the transfer is carbocation-like, which would greatly disfavour the
methyl transfer.

In the

study of the isomérisation

of xylenes

in

trifluoromethanesulphonic acid at 25 °C, only about a 3 % yield o f products
arising from transmethylation were found after 7 days;^"^ it therefore appears
unlikely that such a process as in Scheme 2.9 can lead to the relatively rapid
formation o f chloromesitylene and hence to the final cations 33 and 34. A
second problem with Scheme 2.9 is that it requires the oxidation of
chloromesitylene to occur preferentially at the methyl group para to the
chlorine atom, and not at the two methyl groups in the ortho positions.
Scheme 2.9 is therefore considered to represent a less likely pathway for the
formation of 39 than the alternative route described in Schemes 2.5 - 2.7.
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2.9 Attem pted simplification of oxidation reduction reactions involving
arom atic nitro compounds in trifluorom ethanesulphonic acid.

In order to study the mechanism of oxidation of methyl groups in aromatic
substrates by aromatic nitro compounds in trifluoromethanesulphonic acid,
kinetic and acidity dependence studies need to be carried out. Unfortunately,
the reaction leading to triarylmethyl cation formation involves a certain amount
o f decomposition leading to the formation of a number o f unidentified
side-products. It was found using h.p.l.c. that these compounds all had a very
similar polarity, so that separation and identification of all o f the side products
was not possible. The reaction is also very complex, and for these reasons is
not readily amenable to a normal kinetic analysis. In order to overcome these
problems, attempts were made to find a more simple system in which to study
an oxidation reaction involving an aromatic nitro compound.

The first

compound to be studied was 4,4',4"-trimethyltriphenylmethane 44, which was
synthesised by the reaction of 4-methylphenylmagnesium bromide with ethyl
4-methylbenzoate, followed by reduction of the resulting triarylmethanol with
sodium borohydride in trifluoroacetic acid.^° It was hoped that 44 would be
readily and cleanly oxidised to the corresponding triarylmethyl cation by an
aromatic nitro compound in trifluoromethanesulphonic acid.

It was in fact

found that 44 reacted rapidly with trifluoromethanesulphonic acid alone. The
reaction involves the formation of the corresponding diarylmethyl cation 45,
diarylmethane 46, triarylmethyl cation 47, and toluene by means of
acid-catalysed débenzylation and hydride transfer reactions (Scheme .
2

1 0

).
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+
CK

CI^
H

H

H ,C

CH

3

S ch em e 2.10

The reaction in Scheme 2.10 was found to be complete by the time a
n.m.r. spectrum was taken (about 5 minutes after sample preparation at
room temperature).

The corresponding reaction o f triphenylmethane with

trifluoromethanesulphonic acid has previously been re p o rte d ,a lth o u g h with
little indication of the rate of the reaction, and it was not realised how rapid
this process would be.
A

n.m.r. spectrum of the products from 44 in trifluoromethanesulphonic

acid is shown in Figure 2.10 above that of the triarylmethyl cation 47, formed
from the corresponding triarylmethanol in trifluoromethanesulphonic acid.
Peaks corresponding to 45, 46, 47, and toluene can be seen in the spectrum of
44 in trifluoromethanesulphonic acid.

The peaks marked a are due to 45,

Those marked b are due to 47, that marked c is from 44, and that marked d is
from toluene. The peaks at 3.1 ppm are due to TMAT present as an internal
standard.

No aromatic peaks are observed for toluene or 46 due to rapid

aromatic proton exchange with the trifluoromethanesulphonic acid solvent.
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Figure 2.6
n.m.r. spectrum o f 44 in triflic acid show n above a

n.m .r. spectrum

o f the triarylmethyl cation 47 in triflic acid.
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experienced with the

reaction of 44 in trifluoromethanesulphonic acid, a second compound,
4,4',4"-trichlorotriphenylmethane 48, was synthesised. The synthesis involved
the reaction

of 4-chlorophenyhnagnesium

bromide

with

4,4'-dichloro-

benzophenone, followed by reduction of the resulting triarylmethanol with
lithium aluminium hydride/aluminium chloride.

Since the disproportionation

of 44 is initiated by protonation of the benzene ring, it was thought that the less
basic compound 48 would be less prone to this reaction, and that its reaction
with an aromatic nitro compound in trifluoromethanesulphonic acid could
therefore be studied without the intervention of disproportionation. However,
48 was found to have a very low solubility in trifluoromethanesulphonic acid
and underwent disproportionation in a similar way to 44, but at a slower rate.
Another compound studied was 2,4,6-trimethylbenzaldehyde 49.

It was

thought that 1,4-dinitrobenzene in trifluoromethanesulphonic acid might
oxidise 49 to the stable acyl cation 50 (Scheme 2.11).

This cation is well

known to be a stable species in strongly acidic solution, and its formation from
2,4,6-trimethylbenzoic acid is half complete in 97 % sulphuric acid.^^ It was
found that 49 is stable when added a solution of 1,4-dinitrobenzene in
trifluoromethanesulphonic

acid

at

room

temperature,

but

a

complex

decomposition occurred at 70 °C. This reaction was not studied further.

CH

CH
1,4-dinitrobenzene

CH

3

49

50
Scheme 2.11
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2.10 Studies using the method of initial reaction rates.

2.10.1 Kinetics of the reaction of l,3-dimethyI-2-ch!orobenzene with
trifluorom ethanesulphonic acid, with and without 1,4-dinitrobenzene.

Section 2.9 described the attempts to find a simple oxidation reduction
reaction involving an aromatic nitro compound in trifluoromethanesulphonic
acid, without complications from side reactions.

Due to the failure o f such

attempts, efforts were made to learn more about the reaction between
1,3-dimethyl-2-chlorobenzene and 1,4-dinitrobenzene in trifluoromethane
sulphonic acid using the method of initial reaction r a t e s . T h e method
involves the measurement of the concentration of a reactant as a fimction of
time during the initial stages of the reaction, and the slope o f the plot of
concentration against time at / = 0 is the initial rate of the reaction. Repetition
of the experiment at several concentrations of reactants can then give the order
of the reaction with respect to each species along with the corresponding rate
coefficients. An advantage of the method is that it involves only the initial
stages o f the reaction, and thereby avoids complications arising from
subsequent reactions or product inhibition/catalysis.
The reaction of l,3-dimethyl-2-chlorobenzene with 1,4-dinitrobenzene
in trifluoromethanesulphonic acid was studied using various concentrations of
reactants, and was followed using

n.m.r. spectroscopy to determine the

concentration of 1,3-dhnethyl-2-chlorobenzene as a function o f time. This was
done by comparison of the integrals from the substrate molecule and from
TMAT present as an internal standard.

The reaction o f l,3-dimethyl-2-

chlorobenzene with trifluoromethanesulphonic acid alone was also studied.
The concentration data for the reaction between 1,3-dimethyl-2-chlorobenzene
and 1,4-dinitrobenzene in trifluoromethanesulphonic acid are shown in
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Table 2.1, and the data for the reaction of 1,3-dimethyl-2-chlorobenzene in
trifluoromethanesulphonic acid alone are shown in Table 2.2.

The

concentration data for some of these kinetic runs plotted against time are
shown in Figure 2.10, and the plots can be seen to be very nearly linear since
the reactions were only studied in their initial stages. In fact, when the plots
were examined on a greatly enlarged scale, they showed slight curvature, and
the initial slopes were therefore determined by first fitting the data to a
quadratic equation followed by calculation of the slope at t - 0. The initial
rates are shown in Table 2.3, where initial rate is denoted by IR.

Table 2.1
C oncentration data for the reaction betw een l,3-dim ethyl-2-chlorobenzene
and 1,4-dinitrobenzene in 98.69 % triflic acid at 70 °C.

Run 4.
Run 1.
Run 2.
Run 3.
[DNB] = 0.076 [DNB] = 0.155 [DNB] = 0.226 [DNB] = 0.239
mol dm"^

mol dm'^

mol dm"^

mol dm"^

[DMCB]/

[DMCB]/

[DMCB]/

[DMCB]/

mol dm'^

mol dm'^

mol dm"^

mol dm"^

0

0.308

0.303

0.312

0.239

1 2 0

0.304
0.297
0.289

0.297
0.287
0.274

0.232
0.219
0.206

-

-

0.304
0.286
0.270
0.255

0.278

0.259

t/s

360
600
840
900

-

-

0.191
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Table 2.2
C oncentration data for the reaction o f
l,3-dim ethyl-2-chlorobenzene w ith 98.69 % triflic acid at 70 °C.

t/s

0

300
600
1 2 0 0

1800

Run 5.

Run .

Run 7.

[DMCB]/

[DMCB]/

[DMCB]/

mol dm’^

mol dm’^

mol dm"^

0.303
0.302
0.300
0.297
0.294

0.235

0.155

0.234
0.233
0.230
0.228

0.154
0.153
0.152
0.150

6

Figure 2.10
P lots o f concentration o f l,3-dim ethyl-2-chlorobenzene (D M C B ) against tim e for its
reaction w ith 1,4-dinitrobenzene in 98.69 % triflic acid, and w ith triflic acid alone.

0.32

0.3

0.28

V 0.26
ODMCB alone
0.24

♦ [DNB] = 0.076 M
• [DNB] = 0.155 M
A [DNB] = 0.226 M

0.22

0.2

0

300

600
t/s

900

1200
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Table 2.3
Initial rates (IR ) for the reaction o f 1,3-dim ethyl-2-chlorobenzene w ith
1,4-dinitrobenzene in 98.69 % triflic acid, and for the reaction o f
l,3-dim ethyl-2-chlorobenzene w ith the acid alone, bo th at 70 °C.

[D M C B ]^

-lO^IR/mol dm'^ s"^

mol dm'^

[DNB]^ o/
mol dm"^

Run 1

0.308

0.076

2.81

Run 2

0.303

0.155

4.89

Run 3

0.312

0.226

7.52

Run 4
Run 5
Run
Run 7

0.219
0.303
0.235

0.239

5.64
0.501
0.383

6

-

-

0.155

0.264

-

It was thought that the most likely rate law that would apply to the early
stages

of

the

reaction

between

1

,3 -dimethyl- -chlorobenzene
2

and

1,4-dinitrobenzene in trifluoromethanesulphonic acid is that shown in equation
2.1. This equation includes a first-order term for the slow decomposition of
1

.3-dimethyl- -chlorobenzene in the acid alone, and a second-order term

for

2

the

initial reaction

between

1,3 -dimethyl-2-chlorobenzene

and

1.4-dinitrobenzene.

dlpuCB]
=
dt

k,[DM CB] + ^ .[D M C B ID N B ]

2.1

If equation 2.1 is divided by [DMCB], and the case when / = 0 is considered,
then equation

2 . 2

is obtained.

d\DMCB]
PMCB],^o L
dt
1

2.2
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The differential term (c?[DMCB]/<i/)^o is the initial rate of the reaction (IR). If
the rate law in equation

2 . 1

is correct, then a plot of -IR/[DMCB]^o against

[D N B ]^ should be linear with a slope of

^ 2

and an intercept o f

This plot is

shown in Figure 2.11, and the points fit a straight line with a correlation
coefficient of 0.998, and an intercept and slope corresponding to the following
values of

and

^ 2

:

k^ = 1.26 X

1 0

'^ s"^

^ = 9.98 X 10^ moT^ dm^ s"^

F igure 2.11
P lot o f -10^IR/[D M CB] against [D N B ] fo r the reaction o f
l,3-dim ethyl-2-chlorobenzene w ith 1,4-dinitrobenzene
in 98.69 % triflic acid at 70 °C.

2.5 --

&

--

0.5 ■■

0

0.05

0.15

0.1

0.2

0.25

[DNBj/M

If

the

slow

reaction

between

1,3 -dimethyl-2-chlorobenzene

and

trifluoromethanesulphonic acid alone has a first-order dependence on the
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concentration of substrate, then the rate law given by equation 2.3 should be
followed.

d\pUCB]
dt

2.3

If the case when / = 0 is considered, then equation 2.4 is obtained.

dt

= A, [DMCB],.,
Jt=Q

2.4

Equation 2.4 indicates that a plot of -IR against [D M C B ]^ should be
straight line through the origin with a slope of

which should correspond to

the earlier value of k^. This plot is shown in Figure .12.
2

Figure
Plot of -lO^IR against [DMCB] for the reaction of l,3-dimethyl-2-chlorobenzene
2 . 1 2

with 98.69 % triflic acid at 70 °C.

6

5
4
3
2
1
0

0

0.05

0.1

0.15

0.2

[DMCB]/M

0.25

0.3

0.35
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The plot in Figure 2.12 gives a

value of 1.75 x 10'^ s"^ which is in

reasonable agreement with the earlier value of 1.26 x 10'^ s’^

The results

given in this section show that the initial reaction between l,3-dimethyl-2chlorobenzene and

1,4-dinitrobenzene in trifluoromethanesulphonic acid

follows a kinetic form involving a first-order term for the reaction of
1

,3 -dimethyl- -chlorobenzene with the acid, and a term that is first-order in
2

both l,3-dimethyl-2-chlorobenzene and 1,4-dinitrobenzene, arising presumably
from the initial reaction between these species.

2.10.2 Kinetics of the reaction between l,3-dim ethyl-2-chlorobenzene and
other arom atic nitro compounds in trifluorom ethanesulphonic acid.

Initial rates kinetics were used to study the reaction o f l,3-dimethyl-2chlorobenzene

with

the

followmg

nitro

compounds

in

trifluoromethanesulphonic acid: nitrobenzene, 4-nitrotoluene, 4-nitroaniline,
4-fluoronitrobenzene, 4-chloronitrobenzene, and 1,3,5-trinitrobenzene.
reactions were followed using

The

n.m.r. spectroscopy, and the concentration

data obtained in this way are shown in Tables 2.4 and 2.5. The data were fitted
to quadratic equations in order to determine the initial rates, and the secondorder rate coefficients k2 were then calculated using equation
ki value of 1.26 x 10'^ s'^ was used. These

^ 2

2 . 2

in which the

values are given in Table 2.6

along with the combined yields of the diarylmethyl cation 33 and triarylmethyl
cation 34 in each run.

These yields were determined by integration o f the

n.m.r. spectra after the reactions had been run to completion. The data for one
of the kinetic runs using 1,4-dinitrobenzene is also included in Table 2.6 for
comparison.
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Table 2.4
C oncentration data for the reactions o f l,3-dim ethyl-2-chlorobenzene w ith
4-nitrotoluene, 4-nitroaniline, and 4-fluoronitrobenzene in 98.69 % triflic acid at 70 °C.

tfs

0

180
360
600
900
1 2 0 0

[4-Nitrotoluene]

[4-Nitroaniline]

[4-Fluoromtrobenzene]

= 0.149 mol dm'^

= 0.151 mol dm"^

= 0.150 mol dm"^

[DMCB]/

[DMCB]/

[DMCB]/

mol dm’^

mol dm'^

mol dm'^

0.309
0.307
0.304
0.302
0.299
0.295

0.310

0.306

0.308
0.305
0.302
0.298

0.304
0.301
0.298
0.294
0.290

0.296

T able 2.5
C oncentration data for the reactions o f l,3-dim ethyl-2-chlorobenzene
w ith nitrobenzene, 1,3,5-trinitrobenzene, and 4-chloronitrobenzene in
98.69 % triflic acid at 70 °C.

[Nitrobenzene]
= 0.151 mol dm'^
t/s

[1,3,5-T rinitrobenzene] [4-Chloronitrobenzene]
* = 0.153 mol dm’^
= 0.154 mol dm'^

[DMCB]/

[DMCB]/

[DMCB]/

mol dm'^

mol dm"^

mol dm"^

0.302

0.308

0.308

180

-

0.303

0.306

300

0.298

-

360

-

0.299

-

420

-

-

0.303

0.295

0.294

1 2 0 0

0.292
0.290

0.289
0.282

0.294

1500

0.287

-

-

0

600
900

0.301
0.297
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Table 2.6
K inetic data for the reaction betw een l,3-dim ethyl-2-chlorobenzene
and various arom atic nitro com pounds in 98.69 % triflic acid at 70

Nitro compound

°C.

10% /
% Yield of
33 + 34 moT^ dm^ s'^

[DMCB]^(/ [ N itr o ] ^
mol dm’^
mol dm"^

4-Nitrotoluene

0.309

0.149

2 2 . 6

2.03

Nitrobenzene

0.302

0.151

35.7

1 . 8 6

4-Fluoronitrobenzene

0.306

0.150

53.9

2 . 2 1

4-Chloronitrobenzene
4-Nitroaniline
1,3,5-T rinitrobenzene
1,4-Dinitrobenzene

0.308
0.310
0.308
0.303

0.154
0.151
0.153
0.155

62.5
33.6
75.8
62.8

Since the observed second-order rate coefficients ^

1.87
2 . 2 0

4.26
9.98

in Table

2 . 6

are

derived from initial reaction rates, they in principle apply only to the initial
reaction between

1

,3-dhnethyl- -chlorobenzene
2

and the

aromatic nitro

compounds. However, this initial reaction is thought to produce the benzyl
cation 36 which will rapidly react with a molecule o f l,3-dimethyl-2chlorobenzene (Scheme .
2

1 2

).

ca
HC
3

ca

ca
Slow

DMCB, -BT
Fast

Scheme 2.12
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Since from later work (Section 2.11.3) the reverse of the first reaction in
Scheme

2 . 1 2

is insignificant, and the second reaction in Scheme

2 . 1 2

must be

fast compared with the first (there has never been any sign of benzyl cation 36,
or its corresponding triflate ester in
reaction), the initial reaction between

n.m.r. spectra taken during the
1

,3 -dimethyl- -chlorobenzene and the
2

aromatic nitro compound in effect uses up two molecules of the substrate.
Therefore, the ^ values in Table 2.6 should strictly be divided by 2 if they are
to apply to the initial reaction only, and such values o f ^ will be now be used.
However, this argument does not affect the following discussions since the
Hammett equation deals with ratios of the rate coefficients.
The values of k2 in Table 2.6 show no obvious trend with respect to the
nature of the substituents. This can clearly be seen with use of the Hammett
equation. The relevant data is shown in Table 2.7, where the Gp values are
taken from the compilation of Exner,^^ and the plot of log (^/^h) against Gp is
shown in Figure 2.13. This plot shows no significant correlation between the
reaction rate and the structure of the nitro compound, and the same conclusion
is obtained when ct"^, or a ', or

are used.

Table 2.7
V alues o f ^ and Op for th e reactions betw een l,3-dim ethyl-2-chlorobenzene
and various arom atic nitro com pounds in 98.69 % triflic acid at 70 °C.

Nitro compound

ap

1 0

%/

log(^/^H)

mol'^ dm^ s'^
4-Nitrotoluene
Nitrobenzene

-0.14

1 . 0 2

0.040

0 . 0 0

0.93

0 . 0 0 0

0.06

1 . 1 1

0.077

4-Fluoronitrobenzene
4-Chloronitrobenzene
4-Nitroaniline

0 . 2 2

0.94

0.60

1 . 1 0

0.005
0.073

1,4-Dinitrobenzene

0.81

4.99

0.730
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Figure 2.13
Hammett plot for the reaction between l,3-dimethyl-2-chlorobenzene and various
para substituted aromatic nitro compounds (C H XNO ) in triflic acid.
5

4

2

NO

0.75 T

0.5

r

0.25 --

CH

-0.25
-

0.2

0.2

0

0.4

0.6

0.8

1

^p-x

The lack of correlation found in Figure 2.13 is in fact not surprising since it
is suspected that the aromatic nitro compounds react through their protonated
forms, and no allowance has been made for this in the present treatment. In
order to take into account the protonation of the nitro compounds their P-^bh+
values are required. These have been determined by Gillespie and Peel^ for all
of the nitro compounds used, except for 1,4-dinitrobenzene and 4-nitroaniline.
The values of Gillespie and Peel have been used to gain an estimate of the
p^BH+ values of 1,4-dinitrobenzene and 4-nitroaniline using correlation
analysis. The pÆgB+ values of Gillespie and Peel are shown in Table 2.8 along
with the relevant values of

and

given by Exner.^^

Redox reactions o f aromatic nitro compounds in trifluoromethanesulphonic acid

80

Table 2.8
Values of pÆgy+ for various nitro compounds^ along
with the relevant substituent constants.^^
Nitro compound

"P^Rm
11.35

4-Nitrotoluene
3-Nitrotoluene

11.99

Nitrobenzene

12.14

4-Fluoronitrobenzene
4-Chloronitrobenzene
3 -Chloronitrobenzene

12.44
12.70
13.16

The

0 . 0 0

0.15
0.24
0.37

-0.31
-0.06
0 . 0 0

-0.07

-0.79
-0.15
0 . 0 0

0 . 0 1

0 . 1 1

0.56

0.37

1 . 0 2

values of the nitro compounds were found not to correlate

particularly well with a,
equation.

-0.14
-0.06

or

(r » 0.98) using the normal Hammett

However, an excellent correlation was found with the use o f the

dual parameter Yukawa-Tsuno equation^^ (equation 2.5) which expresses the
linear free energy relationship in terms of contributions from normal and
enhanced resonance effects.

\og(KfK^) =p(a° + r (a '’ -G °))

2.5

Using a general mathematics computer program,^^ the data in Table 2.8
were found to fit equation 2.5 with parameter values o f r=^ 0.62 and p = 2.95,
and a correlation coefficient of r = 0.995. The plot of log
(ct° + 0.62(a^ - a°)) is shown in Figure 2.14.

against
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Figure 2.14
Yukawa-Tsuno plot for the acidity constants of aromatic
nitro compounds
1.5 T

I

"

à
O

3-Cl

4-Cl

3-CH

o-

4-F

-0.5 --

-1

4-CH

-1.5
-0.3

-

0.1

0

0.1

0.2

0.3

0.4

((T° +0.62(a+ - a°))

Extrapolation of the Yukawa-Tsuno plot in Figure 2.14 to include
4-NH3'^ (a° = ct"*" = 0.60) and

4

-NO

2

= cr'*' = 0.81) gives

for

4-nitroanilinium ion as -13.91, and pÆgH+ for 1,4-dinitrobenzene as -14.54.
The value for 1,4-dinitrobenzene has to be statistically corrected^^ since
protonation of 1,4-dinitrobenzene can occur at one o f two nitro groups,
whereas deprotonation can only from the single protonated group. This makes
K-qy^ half as large as that predicted from the Hammett plot, and the true
predicted pÆQH+ value for 1,4-dinitrobenzene is therefore -14.24.
The observed second-order rate coefficients for the reaction between
1,3 -dimethyl-2-chlorobenzene and the various aromatic nitro compounds
may now be corrected for protonation by the use o f equation 2.6 (see
Appendix) where

is the acid independent second-order rate coefficient for

the initial step of the reaction, ^ is the observed second-order rate coefficient,
K

( ^ 0

“ 10’^°) is the acidity of the medium, and

of the relevant nitro compound.

the acidity constant
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2.6

All

of

the

kinetic

runs

were

carried

out

in

98.69

%

trifluoromethanesulphonic acid, for which a value of H q = -11.90 can be
interpolated from the acidity function data of Marziano/"^ and this value is
required for use with equation
coefficients

and the corrected

2

. .
6

The observed second-order rate

values are shown in Table 2.9.

Table 2.9
D a ta for the correction o f observed second-order rate coefficients.

Nitro compound

% Protonation in

10%/

10%V

98.69 % CF SO H moF^dm^ s"^ moT^dm^ s'^
3

3

78.01

1.02

36.53

0.93

1.30
2.55

22.38

1.11

4.94

4-Chloronitrobenzene

12.44
12.70

13.68

0.94

6.83

4-Nitroaniline

13.91

0.9678

1.10

113.66

1,4-Dinitrobenzene

14.24

0.4550

4.99

1096.68

1,3,5-Trinitrob enzene

16.04

0.0072

2.13

29404.31

4-Nitrotoluene
Nitrobenzene

11.35
12.14

4-Fluoronitrobenzene

The correction given by equation 2.6 is small for compounds such
as 4-nitrotoluene, which is approximately 78 % protonated in 98.69 %
trifluoromethanesulphonic acid.

However, the correction for the much less

basic 1,4-dinitrobenzene, which is only about 0.5 % protonated under the same
conditions, is very large as can be seen from the data m Table 2.9. The values
o f ^ * iiow show a clear increasing trend with the increasing electron
2

withdrawing nature of the substituents. This trend is best illustrated with use

Redox reactions o f aromatic nitro compounds in trifluoromethanesulphonic acid

o f the Hammett equation.
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The best correlation is found with use o f the

enhanced substituent constant a", and the next best correlation is with cFp. The
data for these Hammett plots are shown in Table 2.10, where the a" and
values are Jhom the compilation of Exner.^^ The plot o f
is shown in Figure 2.15, and the plot of log

against a ’

against cjp is shown in

Figure 2.16.

Table 2.10
Values of a", Op, and of log(/: */^H*) lor various aromatic nitro compounds.
2

Nitro compound
4-Nitrotoluene

a‘

CTo

log(^V^H*)

-0.14

-0.14

-0.29

Nitrobenzene
4-Fluoronitrobenzene
4-Chloronitrobenzene
4-Nitroaniline

0 . 0 0

0 . 0 0

0 . 0 0

0.15
0.24
0.60

0.06

0.29
0.43
1.65

1,4-Dinitrobenzene

1.25

0 . 2 2

0.60
0.81

2.63

Figure 2.15
Hammett plot for the corrected second-order rate coefficients.

4-NH

4-F
4-Cl
4-CH
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- -

0
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0.4

0.6
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Figure 2.16
H am m ett plot for the corrected second-order rate coefficients.
4

4-NO

3

f‘
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"

0 -- -CH
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3

1

■2
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0.2

0

0.2

0.4

0.6

0.8

1

The plot in Figure 2.15, where a ' has been used, has a p value o f 2.19 and
a good correlation coefficient of r = 0.989. The plot in Figure 2.16, where Qp
has been used, has a p value of 2.99 and a slightly lower correlation coefficient
of 0.987. When çp was used the correlation was lower at 0.985, and this plot
is not shown. The use of a" leads to only a marginally better correlation than
the use of Qp, and the reaction could be alternatively modelled with the use of a
Yukawa-Tsuno type expression in which the linear fi*ee energy relationship is
expressed in terms of both a ’ and <jp (equation 2.7).

\og{k!k^) = p (a , +r(a~ - a J )

2.7

Using equation 2.7, p is found to be 2.62, r is found to be 0.44, and the
correlation coefficient is 0.997.

The r value of 0.44 indicates a significant

contribution from a ', and the reaction could either be considered to correlate
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best with a" when the normal Hammett equation is used, or to have a
significant contribution from a" when a dual parameter expression is used.
These conclusions turn out to be consistent with the proposed mechanism of
the reaction (Section 2.12), and the fact that good correlations are obtained
only when the rate-coefficients have been corrected for protonation provides
strong evidence for reaction through the protonated nitro compounds.

2.10.3 A cidity dependence kinetics o f the reaction betw een l,3 -d im eth y i-2 chlorobenzene and 1,4-dinitrobenzene in trifluorom ethanesulphonic acid.

If

the

reaction

dinitrobenzene

in

between

1,3 -dimethyl-2-chlorobenzene

trifluoromethanesulphonic

acid

occurs

and

through

1,4the

protonated form of the nitro compound then the initial rate of the reaction
should be sensitive to the acidity of the medium.

In order investigate this

possibility the kinetics of the reaction were studied at four acidities between
98.29 % and 96.61 % acid. The concentration data for these kinetic runs are
shown in Table 2.11. The data were fitted to quadratic equations in order to
determine the initial rates, and the second-order rate coefficients
calculated using equation

2 . 2

in which the

value of 1.26 x

1 0

^ 2

were then

"^ s'^ (obtained

from the reaction of 1,3 -dimethyl-2-chlorobenzene with 1,4-dinitrobenzene in
98.69 % acid) was used.

This treatment assumes that

is independent o f

acidity, which is unlikely to be true, but introduces little error since the firstorder component of the overall rate of reaction is much smaller than the
second-order component.

The rate coefficients calculated in this way for

these runs, along with that from the earlier study using 98.69 % acid are
given in Table 2.12.
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Table 2.11
C oncentration data for the acidity dependence kinetics o f th e reactio n b etw een
l,3-dim ethyl-2-chlorobenzene and 1,4-dinitrobenzene in triflic acid at 70 °C.

Run 1.

Run 2.

mol dm'^

mol dm"^

mol dm"^

mol dm'^

[DMCB]/
mol dm"^

[DMCB]/
mol dm’^

[DMCB]/
mol dm"^

[DMCB]/
mol dm"^

0.299
0.290

0.305

0.302

0.300

-

-

-

-

0.297

0.295

0.296

360

0.281

-

-

-

420

-

0.291

0.291

0.293

0.272

-

-

-

-

0.285

0.286

0.290

0.262

-

-

-

-

0.280

-

0.286

-

-

0.281

-

Run 4.
Run 3.
98.29 % Acid 97.77 % Acid 97.32 % Acid 96.61% Acid
[DNB] = 0.226 [DNB] = 0.229 [DNB] = 0.226 [DNB] = 0.225
tis

0

180
240

540
600
720
780
840

Table 2.12
K inetic data for th e acidity dependence kinetics o f the reactio n betw een
1,3-dim ethyl-2-chlorobenzene and 1,4-dinitrobenzene in triflic acid at 70 °C.

[CF,SO,H]/%

-H,

98.69

11.90

4.99

3.302

98.29

11.74

3.42

3.466

11.55

3.680

97.77

.

1 0

%/moT^ dm^ s"^

97.32

11.41

2.09
1.74

96.61

1 1 . 2 1

1.05

- lo g ^

3.759
3.979
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A simple relationship between the rate of the reaction and the acidity o f the
medium is likely if it is only the 1,4-dinitrobenzene that is significantly
protonated across the region of acidity studied.

If the l,3-dimethyl-2-

chlorobenzene is also significantly protonated then the dependence o f the rate
o f the reaction on acidity will be more complex.

Although l,3-dimethyl-2-

chlorobenzene certainly undergoes rapid aromatic proton exchange in
trifluoromethanesulphonic acid, there is evidence that it does not undergo
significant equilibrium protonation in the acid. Firstly, the partial rate factors
for proton exchange in

1

,3 -dimethyl- -chlorobenzene (obtained using data on
2

proton exchange in toluene and chlorobenzene given by Norman and Taylor,
and by assuming the additivity principle) indicate that l,3-dimethyl-2chlorobenzene has a similar, if not lower activation towards protonation as
does toluene. Toluene does not undergo significant equilibrium protonation in
trifluoromethanesulphonic acid, and is estimated to have a pAT^ of about 1.3-Dimethyl-2-chlorobenzene,
therefore

unlikely

to

being

undergo

similarly

significant

activated

equilibrium

to

2

0

.^^

toluene,

is

protonation

in

trifluoromethanesulphonic acid. Secondly, mesitylene has been shown to be
unprotonated in 90 % trifluoromethanesulphonic acid, and 100 % protonated in
about 96 % acid.^^ As part of the current work, the methyl resonance in the
400 MHz

n.m.r. spectrum of mesitylene at 25 °C was found to undergo a

shift from 2.68 ppm in 98 % trifluoromethanesulphonic acid to 2.28 ppm m
91 % acid, which reflects the change in the extent of protonation across the
acidity range.

However, the methyl resonance in the ^H n.m.r. spectrum of

1.3-dimethyl-2-chlorobenzene was found to occur at 2.30 ppm at all acidities
studied (about 92-99 % acid), and the conclusion agam is tliat l,3-dimethyl-2chlorobenzene does not undergo significant equilibrium protonation m
trifluoromethanesulphonic acid.
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Since l,3-dimethyl-2-chlorobenzene is not significantly protonated in
trifluoromethanesulphonic acid, and

1,4-dinitrobenzene is only slightly

protonated across the range of acidity used in the kinetic study, a plot of log A
2

against -H q should give a straight line with approximately unit slope if the
reaction occurs through the

0

-protonated nitro compound and if the

1,4-dinitrobenzene behaves as a Hammett base. The plot of log ^ against -H q
is shown in Figure 2.17. The points in Figure 2.17 give a fit to a straight line
with a correlation coefficient of r = 0.997 and a slope of 0.97.

Figure 2.17
P lo t o f log ^2 against

-Hqfor the reaction betw een 1,3 -dim ethyl-2-chlorobenzene

and 1,4-dinitrobenzene in triflic acid at 70 °C.

-3

T

-3.4 --

W) -3.6 - -

-3.8 --

-4 --

-4.2
11

11.2

11.4

11.6

-Æ

11.8

12

Redox reactions o f aromatic nitro compounds in trijluoromethanesulphonic acid

89

The fact that the plot in Figure 2.17 is linear with a slope close to
unity provides evidence for rate-determining reaction through protonated
1,4-dmitrobenzene. This conclusion is supported by the fact that the Hq acidity
function of trifluoromethanesulphonic acid was measured from the extent of
protonation of a similar aromatic nitro compound (4-nitrotoluene) over the
same range of acid composition as that used in the kinetic runs.^"^ However, it
should be remembered that in general the Hq acidity function o f a particular
acid is a function of temperature, and that in Figure 2.17 the log

values

determined at 70 °C have been plotted against Hq values determined at 25 °C.
The variation of Hq with temperature for trifluoromethanesulphonic acid has
not been studied, but the Hq acidity functions for sulphuric acid, hydrochloric
acid, and phosphoric acid have been studied at a variety o f t e m p e r a t u r e s . I t
was found that (dHQldT) can be negative or positive, depending on the acid and
the acid composition. It was further found, however, that plotting log
reaction studied at a temperature higher than 25 °C against

Hq

k

for a

determined at

25 °C did not greatly affect the general shape of the true rate profile, in which
both log

k

and Hq were determined at the same temperature.^® It is therefore

likely that the rate profile shovm in Figure 2.17 would not be greatly changed if
the Hq acidity function at 70 °C were used instead of that at 25 °C, and the
conclusion that the reaction occurs ItimiWi a rate-deterinining reaction o f the
0

-protonated nitro compound therefore still stands.
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2.11 M echanism of oxidation.

2.11.1 Introduction.

The mechanism o f the oxidation reduction reaction between aromatic nitro
compounds and

1

,3-dimethyl- -chlorobenzene to give the corresponding
2

benzyl cation could in principle follow several different pathways.

The

corresponding oxidations of the diarylmethane 40 to give the diaryhnethyl
cation 33, and of the triarylmethane 41 to give the triarylmethyl cation 34
presmnably follow a similar mechanism. The work described in the previous
section indicates that it is the protonated form o f the nitro compound
that facilitates the reaction.

One possibility is a direct hydride transfer

from the l,3-dimethyl-2-chlorobenzene to the protonated nitro compound
as shown in Scheme 2.13. The partially reduced nitro compound ArN( H
0

) 2

could then be further reduced to form eventually the corresponding amine.
This could occur through the loss of a molecule of water to give the nitroso
compound ArNO, which might then undergo further oxidation reduction
reactions to form the corresponding hydroxylamine and eventually the amine.
However,

nitrosobenzene

was

found

to

undergo

decomposition

in

trifluoromethanesulphonic acid at room temperature. Decomposition was also
observed at 70 °C in the presence of 1,3-dimethyl-2-chlorobenzene, and there
was no sign of the formation of the cations 33 and 34. These facts indicate that
nitroso compounds may not be intermediates. Nitrosobenzene is known to give
a

good

yield

of

4-nitrosodiphenylhydroxylamine

in

a

mixture

of

trifluoromethanesulphonic acid and dichloromethane,^^ and it is likely that this
compound will undergo polymerisation/decomposition in the neat acid which
would account for the above observations. However, phenylhydroxylamines
are likely to be intermediates since nitrobenzene was found to be reduced to
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4-aminophenyltriflate,

which

would

be

formed

through

a Bamberger

rearrangement of N-phenylhydroxylamine in the acid.

^ArNOjH"^

0

^+_ H
0

Scheme 2.13

If the initial reaction proceeds as in Scheme 2.13 then second-order
kinetics should be observed. The appropriate rate law is shown in equation 2.8
where ^ * is the acid independent second-order rate coefficient for the reaction
2

of the protonated aromatic nitro
chlorobenzene, [ArN

0

2

nitro compound ([AtN

compound with the

l,3-dimethyl-2-

]s is the stoichiometric concentration o f the aromatic
0

2

] + [ArN

0 2

H^]), -^atNOiH^ is the acidity constant

of the aromatic nitro compound, and the term in brackets is the observed
second-order rate coefficient.

6

?[DMCB]
= A:;pMCB][ArN02Hl = ^
dt

k2ho
A)

[DMCB][ArNOj,

2 . 8
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Equation 2.8 may be obtained by combining equations 2.12 and 2.17 given
in the Appendix, and is certainly consistent with the observed kinetic form, and
the corresponding mechanism in Scheme 2.13 forms a link with the work
described in Chapter 3 where an intramolecular hydride shift from a benzylic
carbon atom to nitro group is facilitated by protonation of the nitro group.
However, other feasible mechanisms can also be proposed which would also
give rise to a similar second-order rate law.

One of these possibilities is a

mechanism involving firstly an electron transfer from the l,3-dimethyl-2chlorobenzene to the protonated aromatic nitro compound (protonation of the
aromatic nitro compound would presumably increase its electron affinity) to
give a radical cation 51. The radical cation could then lose a proton to give a
benzyl radical 52 and then undergo another a further electron transfer to give
finally the benzyl cation 36 (Scheme 2.14). This mechanism for the formation
o f benzyl cations is well established m the oxidation of aromatic hydrocarbons
both electrolytically and with the use of metal ions.^^’^^’^^ If the initial electron
transfer step in Scheme 2.14 were slow and irreversible, and if all the other
steps were fast then the reaction would follow the rate law in equation
which is consistent with the observed kinetic form.

2

. ,
8

However, many other

possibilities exist with regard to the relative rates o f the various steps in
Scheme 2.14. Some o f these pathways would lead to a rather more complex
kinetic form than that observed since the reaction would not be simply firstorder with respect to both the ,3-dimethyl- -chlorobenzene and the aromatic
1

2

nitro compound. It is clear that kinetic studies alone can not easily determine
whether the hydride transfer mechanism or the electron transfer mechanism is
operating.
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Ç1
CH

2

Scheme 2.14

2

.
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Studies using e.s.r. spectroscopy.

If the reaction follows the electron transfer mechanism then a number of
radical intermediates will be formed and may, under suitable conditions, be
observed using electron spin resonance (e.s.r.) spectroscopy.

When 1,3-

dimethyl-2-chlorobenzene, 1,4-dinitrobenzene, and trifluoromethanesulphonic
acid were placed in an e.s.r. tube and a spectrum was taken at -16 °C, a fairly
strong spectrum o f an unidentified radical species was recorded. The spectrum
remained, but become more complex, when the reaction was initiated by
heating the sample in the spectrometer probe at 70 °C. However, when highly
pure l,3-dimethyI-2-chlorobenzene was used (purified using h.p.l.c. for use in
the kinetic experiments) there was no sign of radical species either at low
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temperature or on heating the sample at 70 °C. Experiments using
spectroscopy later showed that the commercial

1

94

n.m.r.

,3 -dimethyl- -chlorobenzene
2

and the l,3-dimethyl-2-chlorobenzene that had been purified using h.p.l.c. both
reacted with 1,4-dinitrobenzene in trifluoromethanesulphonic acid to give the
same products and at the same rate. The radical species detected when using
commercial 1,3 -dimethyl-2-chlorobenzene must therefore be due to trace
impurities that do not interfere with the reaction, but can be detected using
e.s.r. spectroscopy which is a sensitive technique capable of detecting very low
concentrations of radicals.

The fact that radicals were not observed when

highly pure l,3-dimethyl-2-chlorobenzene was used disfavours the electron
transfer mechanism to some extent, but it is still possible that radical species
are formed but do not reach a high enough concentration to be observed using
e.s.r. spectroscopy.

2.11.3 Studies using deuterotrifluorom ethanesulphonic acid.

The possibility that the overall formation of the benzyl cation 36 (page 77)
from the reaction of l,3-dimethyl-2-chlorobenzene with an aromatic nitro
compound is reversible may be probed by carrying out the reaction in
deuterotrifluoromethanesulphonic acid.

If the overall formation of 36 is

reversible, then hydrogen/deuterium exchange will occur in the methyl groups
of the 1,3-dimethyl-2-chlorobenzene.

This exchange will occur if the

mechanism of the oxidation is a direct hydride shift (Scheme 2.13), an electron
transfer process (Scheme 2.14), or the charge-transfer complex process
(Scheme 2.17) discussed in Section 2.11.4.

In Scheme 2.13, the exchange

would occur by means of rapid H/D exchange in the ArN( H
0

) 2

product
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followed by a reversal of the hydride shift.

In Scheme 2.14, the exchange

would occur by addition of

to the benzyl radical, followed by a reverse of

the initial electron transfer.

In Scheme 2.17, the exchange would occur by

means o f rapid H/D exchange in the ArN( H
0

) 2

product, followed by the

reverse o f the oxidation reaction to form the charge-transfer complex, and
finally separation of the complex.
If the mechanism of oxidation of 1,3 -dimethyl-2-chIorobenzene follows the
electron transfer path in Scheme 2.14, then additional possibilities exist for
hydrogen/deuterium exchange processes when the reaction is carried out in
deuterotrifluoromethanesulphonic acid. Once the 1,3-dhnethyl-2-chlorobenzene
radical cation is formed it may deprotonate to give the corresponding benzyl
radical which may then pick up a deuteron from the solvent to give the
deuterated radical cation 51 (Scheme 2.15). The radical cation 51 may then
undergo an electron transfer reaction with a molecule o f l,3-dimethyl-2chlorobenzene to give the partially deuterated starting material 52.

Such

electron transfer reactions between benzeneoid radical cations and the
corresponding neutral molecule are known to be very rapid processes having
second-order rate coefficients of the order of

1 0

^ moT^ dm^ s'V"^

Deuterium incorporation into the starting material is not the only
possibility since the radical cation 51 could alternatively lose a proton to give
the partially deuterated benzyl cation 53, which could then go through the steps
discussed earlier in Schemes 2.5 to
cation 54 (Scheme 2.15).

2 . 8

and form the deuterated diaryhnethyl
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CH D H C

HC

2

3

3

DMCB

CHD

H,C

several steps

""3

►------CH3

54

CH3

Scheme 2.15

The deuterated diarylmethyl cation 54 may be alternatively formed from
the intermediate diarylmethane 40 by means of the process shown in
Scheme 2.16, which involves the deprotonation of the diarylmethyl radical
cation 55 followed by the addition of a deuteron in an analogous way to some
o f the steps m Scheme 2.15.

CH3

40

CH,

CH3

5 5

CHj

CH,

/

l+D*
D

CH,

CH,

CH,

H

CH,

Scheme 2.16

CH,

D

3

CH,

"
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The extent of H/D exchange would depend on the position of the equilibria
involving the deprotonation of the ,3-dhnethyl- -chlorobenzene radical cation
1

2

(Scheme 2.15), and the deprotonation of the diaryhnethyl radical cation 55
(Scheme 2.16), which would in turn depend on the acidity o f the radical
cations compared to that of the solution.

The H/D exchange would be

enhanced by a balanced equilibrium, and would be less effective if the
equilibrium lay largely to one side or the other. Benzylic radical cations are
known to be highly acidic species with many examples having pAT^ values in
the range -10 to -25.^^ The pÆ^^ of the 1,3-dimethyl-2-chlorobenzene radical
cation has not been measured, but as a guideline, the pÆ^ of the toluene radical
cation has been determined to be -20.^^ If it is assumed that the 1,3-dimethyl2

-chlorobenzene radical cation also has a

of about -

2 0

, then it might be

expected that its deprotonation equilibrium would tend towards complete
deprotonation in trifluoromethanesulphonic acid which has a H q value of
about -12. However, the deprotonation equilibrium o f a benzylic radical cation
is unlikely to follow the H q acidity function, and is far more likely to follow the
H q acidity function determined from the equilibrium protonation o f carbonprotonating b a s e s . T h e H q acidity function o f trifluoromethanesulphonic acid
has not been determined, but it has been determined for sulphuric acid and
perchloric acid where it was found to be numerically larger than the
corresponding H q acidity function by a factor of about 1.6 to 1.7.^^ If the same
factor were to apply to trifluoromethanesulphonic acid then a 99 % solution
would have a H q value in the region of about -19 to -21, and a radical cation
with a pÆg of about

- 2 0

would be approximately half deprotonated in such a

solution. It is therefore likely that the protonation equilibrium would not lie
largely to one side or the other, and H/D exchange should be possible.
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The reaction of 1,3-dimethyl-2-chlorobenzene with 1,4-dinitrobenzene in
deuterotrifluoromethanesulphonic

acid

was

followed

using

n.m.r.

spectroscopy, and there was no evidence for a more rapid than usual
disappearance of the methyl signal from the starting material which would
occur if H/D exchange were taking place. The small low field singlet due to
Ar CHT^ could also clearly be seen as usual indicating that the pathway shown
2

in Scheme 2.16 for the formation of the deuterated diarylmethyl cation 54
was not occurring to any significant extent. To confirm this result, a second
experiment was carried out which involved the reaction of l,3-dimethyl-2chlorobenzene with 1,4-dinitrobenzene in deuterotrifluoromethanesulphonic
acid at 70 °C for 30 minutes, followed by quenching with water and extraction
o f the products. A

n.m.r. spectrum of the resulting material indicated that it

was principally a mixture of unreacted 1,4-dinitrobenzene, ling-deuterated
1,3-dimethyl-2-chlorobenzene 56 and ring-deuterated 4,4'-dichloro-3,3',5,5'tetramethyldiphenyhnethanol 57 (ratio of 56 to 57 about 12:1).

ca

H ,C

Cl
OH

ca

HX

56

A

57

n.m.r. spectrum of the sample of 56 and 57 in chloroform solution

with deuterochloroform as a chemical shift standard, shown in Figure 2.18,
showed a single peak at 7.10 ppm due to the aromatic deuterium atoms in 56
and 57.

The coincidence of the signals for these compounds was expected

since the imdeuterated compounds each gave a singlet at about 7.10 ppm in its

Redox reactions o f aromatic nitro compounds in trijluoromethanesulphonic acid

99

n.m.r. spectrum. The second peak at 7.26 ppm in Figure 2.18 is due to the
deuterochloroform standard.

There are no signs o f signals arising from

Ar CD H (peak would occur at about 5.66 ppm) or from deuterium
2

0

incorporation into the methyl groups of the
(peak would occur at about 2.38 ppm). The

1

,3 -dimethyl- -chlorobenzene
2

n.m.r. spectrum in Figure 2.18

was taken using a 400 MHz spectrometer and with the acquisition of 200
transients, and shows little noise even with a very large vertical scaling. The
fact that there are no signs of signals arising from AJ CDOH or from methyl2

deuterated l,3-dimethyl-2-chlorobenzene under such conditions indicates that
if such species were present, they could not be in an abundance greater than
1 - 2 %. Therefore, no significant H/D exchange occurs.
The results in this section show that the reverse o f the formation o f the
benzyl cation 36 does not occur to any significant extent.

The oxidation is

therefore not an equilibrium process and must be the rate-determming stage of
the overall reaction. If the electron transfer mechanism were operating, then
H/D exchange would be expected to occur regardless o f whether or not the
overall oxidation were reversible (Schemes 2.15 and 2.16); the observed lack
o f H/D exchange can also be combined with the results of the e.s.r.
experiments and used as evidence (although not conclusive evidence) against
the electron transfer mechanism.
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Figure 2.18
'H n.m.r. spectrum o f a m ixture o f 56 and 57.
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2.11.4 C harge-transfer complex mechanism.

A final possible mechanism for the oxidation of l,3-dimethyl-2chlorobenzene by aromatic nitro compounds in trifluoromethanesulphonic acid
involves a weak charge-transfer complex between the

l,3-dimethyl-2-

chlorobenzene and the protonated aromatic nitro compound as an intermediate.
The oxidation reduction reaction could then occur within the charge-transfer
complex 58 followed by separation of the products (Scheme 2.17).

Charge-

transfer complexes involving aromatic nitro compounds are usually formed by
means of an interaction between the neutral nitro compound and the donor
compound.^^ However, earlier experiments indicated that the aromatic nitro
compound reacts through its protonated form, and the complex shown in
Scheme 2.17 is postulated to be formed between the protonated nitro
compound and the l,3-dimethyl-2-chlorobenzene.

O ^O H

O ^O H

a

HO,

V
Scheme 2.17

OH
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If the steady-state approximation is applied to the charge-transfer complex
in Scheme 2.17, along with manipulation of the type shown in the Appendix,
then the rate law shown in equation 2.9 may be derived. In equation 2.9 and
Scheme 2.17,
^ 2

* is

the

is the acidity constant o f the aromatic nitro compound,
acid

independent

second-order

rate

coefficient

for

the

complex-forming reaction between the protonated aromatic nitro compound
and the ,3-dimethyl- -chlorobenzene, k , 2 is the frrst-order rate coefficient for
1

2

the separation of the charge-transfer complex 58,

is the first-order rate

coefficient for the oxidation reduction reaction o f 58, and [ArN

0

2

]^ is the

stoichiometric concentration of the aromatic nitro compound.

4DM CB]

dt

kj k] hq

[DMCB][ArNOJ,

2.9

The term in brackets in equation 2.8 is simply a collection of constants (at
a particular acidity), and simple second-order kinetics are therefore predicted,
which is consistent with the observed kinetic form. This mechanism also has
the advantage of giving a reasonable explanation as to why the reaction was
found to occur to some extent with all of the aromatic nitro compounds that
were used, but did not proceed at all when nitromethane was used.

The

explanation is that aromatic nitro compounds, and in particular dmitro and
tiinitro aromatic compounds, are well known to readily form charge-transfer
complexes with suitable donors,^^ but aliphatic nitro compounds are known to
form much weaker c o m p l e x e s . T h i s would have the effect of reducing k^*
and increasing k _ 2 relative to the values corresponding to the aromatic nitro
compounds, and the overall reaction would proceed much less favourably, or
not at all, with an aliphatic nitr o compound.
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Protonation o f the aromatic nitro compound could facilitate two processes
in Scheme 2.17. Firstly, protonation is very likely to make the nitro compound
a better acceptor in forming the charge-transfer complex, which is probably
essential since the ,3-dimethyl- -chlorobenzene would not be a very effective
1

2

donor molecule. Secondly, once the complex is formed, the protonated nitro
group could then facilitate the oxidation reduction reaction within the
complex in a similar way to the intramolecular reaction o f protonated
2-nitroethylbenzene described in Chapter 3. Protonation o f the nitro group can
be seen as giving it a high affinity for electrons, or for a hydride ion, which
would facilitate the oxidation reduction reaction.
The oxidation reduction step in Scheme 2.17 could conceivably occur by
means of a single concerted hydride transfer or a sequence o f electron and
proton transfers.

However, since the process occurs within the complex,

discrete free radicals may not be formed in the case o f the electron transfer
mechanism, and the distinction between a concerted hydride transfer and a
sequence of intermediates becomes rather unclear. In fact, it is considered by
some that to attempt such a distinction in a mechanism o f this type "may well
be a matter of semantics rather than science

2.12 Final discussion of m echanism .

It was found in Section

2

.

1 0 . 2

that the corrected second-order rate

coefficients for the reaction involving several different aromatic nitro
compounds gave the best correlation with a ' in a Hammett plot. The p value
was 2.19 and the correlation coefficient was 0.989, and this result may now be
discussed with reference to the postulated mechanisms.

Redox reactions o f aromatic nitro compounds in trifluoromethanesulphonic acid

104

The enhanced substituent constant a ' is used to deal with chemical
reactions in which a lone pair of electrons at the reaction centre can readily
conjugate with a para acceptor substituent such as a nitro g r o u p . T h i s is the
case in the dissociation of anilinium ions where the through conjugation in the
aniline formed has a stabilising effect, and hence the dissociation occurs more
readily than would be predicted using Gp. Such through conjugation can also
occur in the products from all of the proposed mechanisms in Schemes 2.13,
2.14, and 2.17 since the reaction of the protonated nitro group leads to a
product 59a in which the lone pair of electrons is formally released from its
bonding to oxygen, and may then conjugate with a para acceptor substituent to
form resonance structure 59b (Scheme 2.18).

O ^O H

HO^.^OH

OH

HO

reduction

X-

59b

59a
Scheme 2.18

If the mechanism of the reaction involves either a direct hydride shift or
an electron transfer route with the initial electron transfer being slow and
rate-determining, then the rate law shown in equation
as discussed earlier.
using equation
coefficients

2 . 6

2 . 8

should be followed,

Correction of the observed second-order rate coefficients
in Section 2.10.2 then gives the acid independent rate

the correlation of which with a ' is then understood using the

arguments described above.

Alternatively, if the charge-transfer complex

mechanism shown in Scheme 2.17 is operating, then the rate law given by
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equation 2.9 should apply, and the correction made using equation 2.6 in
Section 2.10.2 gives rise to a combination of rate coefficients, k^*kil{kx+k_2 ),
the correlation of which with a" is not so clear.

However, the charge-transfer

complex is likely to be rather weak and therefore k , 2 » k^ (see Scheme 2.17).
The result of correction of the observed second-order rate coefficient using
equation

is then given by equation

2 . 6

2

.

1 0

, where Kq is the equilibrium

constant for the formation of the charge-transfer complex in Scheme 2.17.

k2 k[
kl +k_2

k2 k[
^ = Kck[
k-

2.10

The correlation of Kojk^, the product of an equilibrium constant and a rate
coefficient, with a ' is now easily understood if it is assumed that the
equilibrium formation of the charge-transfer complex and the rate o f reaction
of the complex both correlate with a (which is quite possible), then equation
2.11 will apply.

In equation 2.11,

is the p value for the equilibrium

formation of the complex, py is the p value for the oxidation reduction reaction
of the complex, and p^yg = p^ + py is the observed p value, which was shown to
be 2.19 in Section .
2

log

1 0

. .
2

= log

+ log

y

= p .G - + P y G - =Pob,a"

2.11

y

In summary, protonated nitro compounds have previously unknown
oxidising properties.

Studies using deuterated acid have shown that the

oxidation o f ,3 -dimethyl- -chlorobenzene to the corresponding benzyl cation
1

2

is irreversible. The observed kinetic form of the initial stages o f the reaction is
consistent with all three postulated mechanisms, as is the correlation o f the
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However, the direct hydride transfer

mechanism does not readily account for the absence o f reaction with
nitromethane, and the electron transfer mechanism is tentatively ruled out on
the grounds of the results from the e.s.r. studies, and the studies in deuterated
acid.

This leaves the mechanism involving a weak charge-transfer complex

intermediate as the one that best accounts for all of the experimental
observations.

2.13 A ppendix.

Correction o f observed second-order rate coefficients for

protonation.

The initial stages of the reaction may be written as in Scheme 2.19.

ArNOj +

DMCB

+

^ArNOjH"^

H+ iiw F = = = = à = * s

ArNOjH+

k*

---------- ^ -------- ►

ArN02H+ (rapid)

products (slow)

Scheme 2.19

If it is only the aromatic nitro compound that is significantly protonated, then
the experimentally observed rate of reaction is given by

_rfpMCB]^ = /:j[DMCB]{[ArNOj] +[A tNO,HT} = AjCDMCBjlArNO^HT

2.12
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is the acid

independent second-order rate coefficient for the initial rate-determining step
of the reaction. If the aromatic nitro compound behaves as a Hammett base
then its acidity constant v^ll be given by equation 2.13.

^

^

_ [ArN ]YArNOi^H^ _ [ArNO^] .
[ArNO,H 1 Ya.no,
[ArNO,Hl' ^°
0 2

Using equation 2.13, the stoichiometric concentration o f the nitro compound
can now be written as

[ArNOj] + [ArNOjH*] = [ArNO^Hl] 1+

4

2.14

Equation 2.14 can be rearranged to give the following expression for the
concentration of protonated nitro compound

Using the above expression, equation 2.12 may now be written as

t;[DMCB]{[ArNOj +[ArNO,H*]} =
^ 0

+ [ArNO^H ]}
-^NO,H*
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is given by equation 2.17,

which is the expression used for the correction of the observed second-order
rate coefficients for protonation of the aromatic nitro compound.

X, = --------- :---------K

2.17
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Chapter 3.
The mechanism of formation of anthranils
in trifluoromethanesulphonic acid.

3.1 Introduction.

This chapter focuses on the mechanism of formation o f anthranils from
2

-alkylnitrobenzenes in trifluoromethanesulphonic acid, a reaction described in

Section 1.4.4. Most of the mechanistic work described here was carried out on
the reaction of

2

-ethylnitrobenzene with trifluoromethanesulphonic acid

(Scheme 3.1), which is a reaction known to give a quantitative yield of
3-methylanthranil 11, and to proceed at a convenient rate at 100

ca
NO

100 °c
11

Scheme 3.1

The above reaction has been shown to follow first-order kinetics, and it
was also found that the rate of the reaction was very much faster for
2-ethylnitrobenzene than it was for 2-methylnitrobenzene.^^ Due to the very
slow rate of the latter reaction, along with a small amount o f decomposition, it
was difficult to quantify the difference in rate exactly, but it is certain that
^EtCgH^No/^MeCgH^NOj is at least 70, which provides some important mechanistic
information that will be discussed later.
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The formation of anthranils in trifluoromethanesulphonic acid was
previously thought to occur by means of the formation o f an equilibrium
concentration of the nitronic acid form of the nitro compound^^ (Section 1.4.4).
However, it has since been shown, in a previous study by the present author,
that this mechanism is incorrect.
2

This study involved the reaction of

-(l-^H )ethylnitrobenzene 60 with trifluoromethanesulphonic acid. This
2

compound was prepared by the reduction of acetophenone using a mixture of
lithium aluminium deuteride and aluminium chloride, followed by nitration and
finally purification using preparative gas liquid chromatography.
If the mechanism of the anthranil-forming reaction does involve the
formation of an equilibrium concentration o f the nitronic acid form of the
2

-ethylnitrobenzene, then the deuterated compound 60 should undergo

exchange of the CD deuterons with the protons in the medium by means of the
2

process shown in Scheme 3.2.

O

CF^SOf

O

CF SO H
3

3

CF,SO ,H

Scheme 3.2

When

the

reaction

of

the

deuterated

trifluoromethanesulphonic acid was followed using

compound

60

with

n.m.r. spectroscopy
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there was no sign of exchange of the CD deuterons with the medium, which
2

would have been observed from the formation of a methylene quartet in the
spectrum. The kinetics of the reaction of the deuterated compound were also
followed using

n.m.r. spectroscopy and compared with the results from the

unlabelled compound.

1,4-Dinitrobenzene (DNB) was used as the internal

chemical shift and concentration standard.

The kinetic data are shown in

Table 3.1.

Table 3.1
K inetic data for the reactions o f C H 3C H 2C 5H 4N O 2 and C H 3C D 2C 6H 4N O 2
w ith trifluorom ethanesulphonic acid at 100

Substrate
CH CH Q H NO
CH CD Q H NO

Initial conc./ [CF SO H]
3

3

2

4

2

3

2

4

2

3

mol dm'^

wt. %

0.369
0.369

98.86
98.86

- ^ 0

[DNB]/

lO^j^/s-^

mol dm'^
11.95
11.95

0 . 1 2 2

0 . 1 2 2

4.05
1.31

The reaction of the deuterated compound was significantly slower than that
o f the unlabelled compound, with a primary kinetic isotope effect of
“ 3.1 at 100 °C.
equivalent to

4

Using the Arrhenius equation, this is found to be
. 1

at 25 °C, which is a fairly typical primary kinetic

isotope effect, and is indicative of a rate-determining fission o f one o f the C-D
bonds. The fact that 60 does not undergo deuterium-hydrogen exchange with
trifluoromethanesulphonic acid, together with the observation o f a primary
kinetic isotope effect, indicate that reaction does not occur through an
equilibrium concentration of the nitronic acid form, and a different mechanism
must be operating.
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3.2 K in etic studies.

3.2.1 T he reaction between 2-ethylnitrobenzene and trifluorom ethane
sulphonic acid, with and without the presence o f 1,4-dinitrobenzene.

The previous kinetic studies of the reaction of 2-ethyLnitrobenzene with
trifluoromethanesulphonic acid all used 1,4-dinitrobenzene as the n.m.r.
standard.^^’^^ In light of the results of Chapter 2 which showed this compound
to act as an oxidising agent in trifluoromethanesulphonic acid, it was thought
that it might facilitate hydrogen abstraction from the benzylic carbon atom of
2-ethylnitrobenzene, and therefore interfere with the reaction.

In order to

determine whether this was occurring, the kinetics o f the reaction were
followed both with and without the presence of 1,4-dinitrobenzene.
kinetics were followed using

n.m.r. spectroscopy.

The

The concentration of

substrate as a function of time was determined from the ratio of the integral of
the methyl triplet

of the

tétraméthylammonium

substrate

to

that

of the

trifluoromethanesulphonate

singlet

(TMAT),

due

which

to
was

present as an internal chemical shift and concentration standard. The kinetic
data for these two runs are shown in Table 3.2, the concentration data are
shown in Table 3.3, and first-order kinetic plots are shown in Figure 3.1.

Table 3.2
K inetic data for the reactions betw een 2-ethylnitrobenzene
and trifluorom ethanesulphonic acid at 96.3 °C.

Substrate
CH CH Q H NO
3

2

4

Initial conc./ [CF SO H] [DNB]/ [TMAT]/
mol dm'^
wt. %
mol dm'^ mol dm"^
3

2

CHiCH^QH^NO?

0.409
0.409

3

99.06
99.06

-

0.045

0 . 1 2 2

0.045

1 0

^A:/s-^
3.30
3.31
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Table 3.3
Kinetic data for the reactions betw een 2 -ethylnitrobenzene and
trifluorom ethanesulphonic acid w ith and w ithout the presence o f 1,4-dinitrobenzene.

t/s

Run 1.

Run 2.

[DNB] = 0.0 mol dm"^

[DNB] = 0.122 mol dm'^

[EtC H N
6

4

0

2

]/mol dm’^

[EtC H N
6

4

0

2

]/mol dm’^

0,409

0.409

15

0.389

0.390

30

0.377

0.374

45

0.367

0.360

60

0.359

0.354

75
90
105

0.348
0.335

0.341
0.338
0.323

0

1 2 0

140
160
180
2 0 0

0.326
0.315
0.301
0.290
0.279
0.269

0.316
0.301
0.290
0.279
0.269
0.260

240

0.259
0.250

0.248

260

0.241

0.240

280

0.233

0.228

300

0.224

0 . 2 2 2

2 2 0
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F igure 3.1
F irst-order plots for the reactions betw een 2-ethylnitrobenzene and
triflic acid w ith and w ith o u t 1,4-dinitrobenzene,

-0.8 T

O = w ith o u t D N B
A = w ith D N B

?

I

-

1.2

- -

c

-1.4

-

1.6

0

5

15

10

20

t /1000 s

Figure 3.1 and the data in Tables 3.2 and 3.3 clearly show that the presence
of 1,4-dinitrobenzene has no effect on the rate of the reaction. In particular,
the

first-order rate

coefficient in the presence

of

1,4-dinitrobenzene

(3.31 X 10’^ s'^) is identical within experimental error to that in the
absence o f 1,4-dinitrobenzene (3.30 x 10"^ s"^).

It is therefore clear that

1,4-dinitrobenzene does not interfere with the reaction, and the previous kinetic
runs in which it was present are still valid.
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dependence

kinetics

of

the

reaction
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betw een

2-ethyInitrobenzene and trifluorom ethanesulphonic acid.

It was thought likely that the reaction o f 2-ethylnitrobenzene in
trifluoromethanesulphonic acid is initiated by protonation o f the nitro group.
In order to investigate this possibility, the kinetics of the reaction were
followed at five concentrations of trifluoromethanesulphonic acid in the range
96.50-98.87 weight %.
spectroscopy at

The kinetics were followed using

n.m.r.

100 °C, with TMAT present at a concentration of

0.018 mol dm'^. The kinetic data for the five runs are shown in Table 3.4, the
concentration data are shown in Table 3.5, and first-order plots for the five
runs are shown in Figure 3.3. The aliphatic region from some of the

n.m.r.

spectra taken during the run at 98.68 % acidity are shown in Figure 3.2. These
clearly show the decrease in intensity of the methyl triplet (Ô = 1.31 ppm)
arising from the substrate, and increase in intensity of the methyl singlet
(Ô = 2.98 ppm) due to the product as the reaction proceeds.

Table 3.4
K inetic d ata for the reactions betw een 2-ethylnitrobenzene
and trifluorom ethanesulphonic acid at 100 °C.

Acid (%)

-H,

lO^^i/s'^

r

98.87

11.96

5.38

0.9994

98.68

11.90

5.15

0.9987

97.98

11.62

3.46

0.9996

97.46

11.45
11.18

2.60
1.57

0.9998

96.50

0.9997
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Table 3.5
C oncentration data for th e acidity dependence kinetics o f the reaction
betw een 2-ethylnitrobenzene and trifluorom ethanesulphonic acid at 100 °C.

Run 1.

Run 2.

Run 3.

Run 4.

Run 5.

98.87% acid 98.68 % acid 97.98 % acid 97.46 % acid 96.50 % acid
//min. [ E tC A N O j/ [EtCgH^NOJ/ [E tC A N O ^]/ [E tC A N O ^]/ [EtCgH^NO^]/
mol dm'^
mol dm"^
mol dm"^
mol dm"^
mol dm'^
0

15
2 0

30

0 . 1 1 0

0 . 1 1 0

0 . 1 1 0

0.106

-

-

-

-

-

0.106

0.108

-

0 . 1 0 1

0 . 1 0 2

-

-

0.107

0 . 1 1 0

0 . 1 1 0

0.105

40
45

-

-

0 . 1 0 2

0.104

-

0.095

0.098

-

-

-

60

0.091

0.093

0.098

75
80
90

0.087

0.088

-

-

-

-

-

0.093

0.097

-

0.083

0.084

-

-

0 . 1 0 1

1 0 0

-

-

0.089

0.094

-

0.079

-

-

-

1 2 0

0.079
0.074

0.076

0.087

0.092

0.098

135

0.071

0.073

-

-

-

140

-

-

0.082

0.089

-

150

0.068

0.068

-

-

0.095

160

-

-

0.079

0.087

-

165

0.065

0.066

-

-

-

180

0.061

0.063

0.076

0.084

0.093

2 0 0

0.058

0.059

0.073

0.081

-

2 1 0

-

-

-

-

0.090

2 2 0

0.055

0.057

0.070

0.079

-

240

0.051

0.054

0.067

-

-

-

0.076
0.074

-

-

-

-

-

-

-

-

-

-

0.071
0.069

330

-

-

-

0.066

360

-

-

-

-

105

260
270
280
300

0 . 1 0 1

0.103

0.088
-

0.085
-

0.083
0.081
0.078
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Figure 3.2
400 M H z

n.m.r. spectra taken during the reaction o f 2-ethylnitrobenz.^ne
in 98.68 % trifluorom ethanesulphonic acid at 100 °C.
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F igure 3.3
F irst-o rd er plots fo r the reaction o f 2-ethylnitrobenzene w ith
trifluorom ethanesulphonic acid at 100 °C.

-2 T

0=98.87%
A = 98.68 %
+ =97.98%
• = 97.46 %
■ = 96.50 %

60

120

180

240

300

360
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Each o f the kinetic runs followed excellent first-order kinetics, with a
correlation coefficient r > 0.998, and the first-order rate coefficient

was

found to decrease by a factor of about 3.5 on reducing the concentration of
trifluoromethanesulphonic acid from 98.87 % to 96.50 %. A plot of log
against the H q values determined^'^ for trifluoromethanesulphonic acid at 25 °C
is shown in Figure 3.4.
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F igure 3.4
P lot o f log

ki against -Hqfor the reaction o f 2-ethylnitrobenzene

w ith trifluorom ethanesulphonic acid at 100 °C.

-4.25

w) -4.5

11

11.4

11.2

11.6

11.8

12

Figure 3.4 shows significant curvature, having a slope close to 1 (0.85) at
the lowest acidity where the plot is almost linear, and at the highest acidity the
slope has decreased to 0.45. Figure 3.4 would only be expected to be linear
with a slope of about

1

if the -ethylnitrobenzene is protonated only to a small
2

extent (equation 1.14). The observed curvature is due to an increasingly large
extent of protonation with increasing acidity, and this behaviour can be
described using equation 1.13 (Section 1.3.2) if the P-^bh^ o f the substrate is
known.

The pÆgH+ of 2-ethylnitrobenzene does not appear to have been

measured, but a reasonable estimate can be obtained by considering the
values o f 4-nitrotoluene and 3-nitrotoluene which are -11.35 and -11.99
respectively.^ It is likely that the P-^bht*' of 2-ethylnitrobenzene lies between

120
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these values, and an estimate of -11.8 will be used. Figure 3.5 shows the
experimental data compared with the values calculated using equation 1.13,
where the p^bh^ of -ethylnitrobenzene has been assigned a value o f 2

1 1

. .
8

The vertical position of the predicted curve is arbitrary.

Figure 3.5
Plots of experimental and calculated values of log

against -Hq for

the reaction of 2-ethylnitrobenzene with triflic acid at 100 °C.
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Figure 3.5 shows a very good agreement in the shapes o f the
experimental

and

calculated

curves,

which

provides

evidence

rate-determining reaction through the 0-protonated nitro compound.

for

a

If the

reaction was somehow catalysed by protonation o f the benzene ring of
2

-ethylnitrobenzene, then the experimental plot would exhibit a rather different
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curvature, since benzene ring protonation follows a different acidity function
to H q.
The conclusion that the reaction occurs through 0-protonation o f the nitro
compound is supported by the fact that the H q acidity function of
trifluoromethanesulphonic

acid

was

measured

from

the

extent

of

protonation of a similar nitro compound (4-nitrotoluene) over the same range
of acid composition as that used in the kinetic runs.
be

remembered,

as

in

Section

2.10.2,

that

However, it should

the

rate

coefficients

determined at 100 °C have been plotted against the acidity function of
trifluoromethanesulphonic acid determined at 25 °C. As in Section .
2

1 0

. , the
2

conclusion is that this does not greatly alter the shape o f the plot, and the
results therefore indicate that the reaction occurs though a rate-determiriing
reaction o f the

0

-protonated nitro compound.

3.4 Discussion of mechanism.

The fact that -(l-^H )ethyhiitrobenzene does not undergo D-H exchange
2

2

at the methylene carbon atom immediately rules out reaction through an
equilibrium concentration of the nitronic acid tautomer, and the original
suggested mechanism is therefore incorrect.

If the nitronic acid tautomer is

involved in the reaction it must therefore be formed in the rate-deterniining
step, which is consistent with the observed primary kinetic isotope effect. This
process would normally be understood as involving a rate-determining proton
loss to the solvent or to some base in the medium.

There are, however,

considerable difficulties with this interpretation. One difficulty arises from the
fact that the reaction shows acid catalysis in a form appropriate to reaction
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through the protonated nitro compound, whereas the formation of nitronic
acids from nitro compounds is known to be base-catalysed, and an
acid-catalysed
Section 1.4.5).
formation

of

pathway

has

not

previously

been

established^^

(see

To investigate further the possibility of an acid-catalysed
nitronic

acids

in

trifluoromethanesulphonic

[^H^jnitromethane was placed in the acid and

acid,

n.m.r. spectra were taken at

regular intervals. No D/H exchange was observed, even after several hours of
heating at 70 °C. The only apparent change was due to some decomposition,
which is expected for this compound in strong acid.^
Another difficulty with a proposed mechanism of rate-determining
intermolecular proton loss involves the fact that -ethylnitrobenzene undergoes
2

the cyclisation at least 70 times as fast as 2-methylnitrobenzene. In contrast, in
the base-catalysed formation of nitronic acids from nitro compounds involving
intermolecular proton loss from the a-carbon atom, methyl substitution at the
a-position slows down the rate of reaction. The relative rates of proton loss
from nitromethane, nitroethane, and nitroisopropane are 1 : 0.16 : 0.009
respectively,^^ a trend opposite to that observed in the formation of anthranils.
The fact that methyl substitution at the benzyl carbon atom of
2-methylnitrobenzene increases its rate of reaction by a factor of at least 70
suggests that a significant partial positive charge is created at the benzyl carbon
atom in the transition state of the rate-determining step o f the reaction. It is
therefore considered that the rate-determining step of the reaction involves the
effective loss of a hydride ion from the methylene group.

Since

trifluoromethanesulphonic acid itself is not a strong oxidising agent,^ it is
considered that the hydride

shift from the methylene

group

occurs

intramolecularly to an oxygen atom of the protonated nitro group, passing
through a cyclic transition state 61 (Scheme 3.3).
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Me.

CH^

CHj

O

Me

O

Me

OH

1

Î

a î 'j ' '?

OH
R ate
determ ining

H+

„

OH

OH

OH

OH

62b

62a
Scheme 3.3

The precise mechanism of the rate-deteimining step in Scheme 3.3 can be
described in two different ways, depending on how the structure of the product
62 is written. If 62a is considered to best represent the resulting compound,
then the reaction involves a hydride transfer.

If the product is written as

structure

formally

62b,

then

the

reaction

becomes

equivalent to

a

[l,5]sigmatropic shift. The subsequent reactions of 62 can then be described as
in Scheme 3.4. The first of these steps is a simple ring closure, facilitated by
one of the lone pairs on an oxygen atom, to give the protonated heterocyclic
intermediate 63. This step is then followed by a redistribution o f protonation,
and finally a 1,4-elimination of

to give the product.
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Q+
•OH

Scheme 3.4

3.5 M olecular O rbital C alculations.

In order to gain further insight into the precise mechanism of the
rate-determining hydrogen shift in Scheme 3.3, some semi-empirical molecular
orbital calculations were carried out on the system.

The calculations

were carried out on the reactions of 2-ethyhiitrobenzene 64, protonated
2-ethylnitrobenzene 65, and protonated -methylnitrobenzene
2

6 6

(Scheme 3.5).
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X

OH

OH

R = Me, unprotonated
nitro group

64

64a

64b

R = Me, protonated
nitro group

^5

65a

65b

R = H, proton ated
nitro group

66

66a

66b

Scheme 3.5

The energies and geometries of 64-66b were fiilly optimised using the
AM I method in the MOP AC 6.0 program.
64b, 65, 65b,

6 6

, and

6 6

The ground state molecules 64,

b were optimised using the eigenvector following

method (keyword EF). The transition states 64a, 65a, and

6 6

a were located

using the optimised product and reactant geometries and the procedure of
Dewar, Healy, and Stewart^^ (keyword SADDLE), and were further optimised
using the eingenvector following method (keyword TS). Vibrational analyses
were further carried out on the optimised geometries of 64, 64a, 65, 65a,
and

6 6

6 6

,

a (keyword FORCE). These calculations gave the zero point energies of

the species, and the transition states 64a, 65a, and

6 6

a were also found to have

one negative force constant indicating authentic transition state geometries.
The results of these calculations are shown in Tables 3.6, 3.7, and 3.8, along
with the enthalpies of activation calculated using equation 1.16 (Section 1.5).
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Table 3.6
Results of AMI calculations on structures 64, 64a, and 64b.
Charges
Structure Hf/kJ moT^ Zero point energy

Ring

Nitro

(% )
(C H ) 0.041

group

Alkyl

/kJ moT^

group

64

58.30

431.43

0

.

64a

275.14

405.63

0.105(C2Hs)

64b

176.88

-

0.077(0?% )

1 2 0

2

-0.161(N02)

5

0 . 0 1 1

-0.023

-0.116(N02)
-0.054(NO?H)

A H l= 191.03 kJmol-

Table 3.7
Results of AMI calculations on structures 65, 65a, and 65b.
Charges
Substrate Hf/kJ moT^ Zero point energy
/kJ moT^
65
65a

786.17
945.53

65b

756.17

Alkyl
group

Ring

Nitro
group

457.45

0.174(02% )

(C % )
0.368

429.70

0.477(02% )

0.362

0.161(N02H)

-

0.576(0?% )

0.350

0.074(NO?%)

6

0.458(N02H)

AH*= 131.60 kJm oT'

Table 3.8
Results of AMI calculations on structures

6 6

,

6 6

a, and

6 6

b.

Charges
Substrate Hf/kJ moT^ Zero point energy

6 6

Alkyl

Ring

Nitro

/kJ moT^

group

(% % )

group

809.71

381.68

0.164(0% )
0.446(0% )

0.369
0.402

0.467(N02H)
0.152(N02H)

0.484(0% )

0.418

0.098(NO?%)

6 6

a

994.63

355.86

6 6

b

818.12

-

AH^= 159.10 kJm oT'
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The results shown in Tables 3.6, 3.7, and 3.8 predict that the protonated
species have much larger (more positive) enthalpies of formation than the
corresponding unprotonated species. This is because the calculations refer to
the gas phase, and the values for the protonated species would undoubtedly be
greatly lowered by solvation. In fact, it is the relative values (the difference in
energy between a transition state and a reactant) rather than absolute values
that are of interest.
Many features of the results shown in Tables 3.6, 3.7, and 3.8 are in good
qualitative agreement with the corresponding experimental observations.
Firstly, a very much lower enthalpy of activation is calculated for the reaction
o f protonated 2-ethylnitrobenzene

(131.60

kJ moT^) than for reaction of

unprotonated 2-ethylnitrobenzene (191.03 kJ mol"^). This is entirely consistent
with the observed acid-catalysis of the reaction.
enthalpy

of activation

2-methylnitrobenzene
nitrobenzene

is

calculated

(159.10

kJ

(131.60 kJ mol"^),

for the

mol'^)

than

Also, a much higher
reaction
for

o f protonated

protonated

2-ethyl

a result consistent with the experimental

observation that ^CgH^No/^Mec^^H^NO^ is at least 70.

Further, the calculated

charges shown in Tables 3.7 and 3.8 indicate that moving from the initial state
to the transition state results in a transfer of charge o f about 0.3 e from the
alkyl group to the nitro group. A slightly larger transfer o f about 0.4 e occurs
in the overall reaction. These results are again consistent with the large rate
enhancement observed when a methyl substituent is present at the benzyhc
carbon atom.

The methyl group is presumably able to stabilise the charge

formation in the transition state by means of hyperconjugation.
All of the calculations were repeated using the PM3 method, and the
results are shown in Tables 3.9, 3.10, and 3.11.
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Table 3.9
Results of PMl calculations on structures 64, 64a, and 64b.
Charges
Structure Hf/kJ mol-^ Zero point energy
/kJ mol"^

Ring

Alkyl

Nitro
group

group

64

17.96

417.87

(C A )
0.098(C2Hg) -0.214

64a

208.46

64b

143.56

396.37
-

-0.009(C2Hg) -0.217 0.226(N02)
0.046(0?% ) -0.304 0.258(NO?H)

0.116(N02)

AH* =169.01 kJ m o l'

Table 3.10
Results of PMl calculations on structures 65, 65a, and 65b.
Charges
Structure Hf/kJ moT^ Zero point energy
/kJ moT^
65

777.47

442.17

65a
65b

956.31

409.82
-

795.68

Alkyl
group

Ring
(% % )

Nitro
group

0.155(02% )
0.356(02% )

0.093
0.190

0.752(N02H)
0.454(N02H)

0.534(0?% )

0.255

0.211(NG?H?)

= 146.53 kJm ol-'

Table 3.11
Results of PMl calculations on structures

6 6

,

6 6

a, and

6 6

b.

Charges
Alkyl

Ring

Nitro

/kJ moT^

group

(% % )

group

790.63

370.32

0.142(0% )

0.097

0.761(N02H)

337.11
-

0.308(0% )

0.216

0.476(N02H)

0.430(0% )

0.305

0.265(NO?H?)

Structure Hf/kJ mol"^ Zero point energy

6 6

6 6

a

998.79

6 6

b

862.97

AH* = 174.96 kJ mol"'
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Tables 3.9, 3.10, and 3.11 show that the results from the PM3 calculations
predict a similar pattern of relative reactivities and charge distributions to those
from the AM I calculations, and the same conclusions can be drawn from them.
It is also o f interest to consider the calculated geometry o f the transition
state 65a in the reaction of protonated 2-ethylnitrobenzene. Some o f the bond
lengths and angles calculated using the AM I method for transition state 65a
are shown in Figure 3.6, and those calculated using the PM3 method are shown
in Figure 3.7.

Figure 3.6
Some bond lengths and bond angles calculated for
transition state 65a using the AMI method.

1 . 4 4 2 ^ 1 - 4 0 7 Â
101.6 ®

/^ x T

121.1

122.9

116.5

113.3

•1.309 Â

1.432 Â
118.9

1.436 Â

1.236 Â
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Figure 3.7
Some bond lengths and bond angles calculated for
transition state 65a using the PM3 method.

1.413

^1^485 Â
1 0 0 .0 °

1.451 A

/^ X J

119.8 °

131.9

117.7

107.5

•1.275 Â
125.5

1.364 A

1.280 A

Figures 3.6 and 3.7 show that the AM I and PM3 methods both predict a
similar structure for 65a. Both indicate, for example, that the breaking C-H
bond is slightly longer than the forming 0-H bond. Both structures also have
the hydrogen atom migrating above the plane of the benzene ring, which is not
apparent from the two dimensional representations in Figures 3.6 and 3.7, but
can be seen more clearly in the lower of the two computer graphics shown in
Figure 3.8.
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Figure 3.8
A M I calculated structure o f transition state 65a.
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A migration of the hydrogen atom above the plane of the benzene ring is
consistent with a [l,5]sigmatropic shift. However, the fact that the calculations
also predicted a substantial shift of charge from the ethyl group to the
protonated nitro group on forming the transition state is consistent with a
hydride-like shift o f the hydrogen atom to the protonated nitro group.

The

reaction can be considered to some extent as an intramolecular equivalent of
the oxidation reduction reactions discussed in Chapter 2. The initial hydrogen
migration to the protonated nitro group can be looked upon as an
intramolecular redox reaction, but in this case further reduction o f the nitro
group to an amine is prevented by the cyclisation of 62.

The fact that the

calculated geometry of the transition state is appropriate for an allowed
[l,5]sigmatropic shift probably explains why this type of hydrogen transfer
occurs with

2

-ethylnitrobenzene but not with nitromethane, which would

involve a forbidden [l,3]sigmatropic shift.
It is significant that the calculations predicted a reaction path of much
higher activation for unprotonated

2

-ethylnitrobenzene, which is likely to be

the process occurring in the thermal (non acid-catalysed) conversion of
2-nitrodiphenymethane to 3-phenylanthranil in paraffin oil at 300
(Scheme 3.6).

Liquid paraffin
300 °C

Scheme 3.6
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Chapter 4.
The formation of 4-aminophenyltriflates
in trifluoromethanesulphonic acid.

4.1 Introduction.

The previous chapter dealt with a reaction which is initiated by an
intramolecular shift of a hydrogen atom from a benzylic carbon atom to the
oxygen atom o f an adjacent protonated nitro substituent.

The work in this

chapter was carried out in order to determine whether such hydrogen shifts
occur in compounds similar to -ethylnitrobenzene, but with different levels of
2

oxidation at the benzylic carbon atom, such as
2

2

-nitrobenzaldehyde and

-nitrobenzyl alcohol.

4.2 The reaction of 2-nitrobenzyl alcohol with trifluorom ethanesulphonic
acid.

If the reaction of 2-nitrobenzyl alcohol with trifluoromethanesulphonic
acid proceeds in a similar way to the reaction o f

2

-ethylnitrobenzene with

trifluoromethanesulphonic acid (Chapter 3), then the product of the reaction is
likely to be 3-bydroxyanthranil 67. However, this compound is thought^^ to
exist in a different tautomeric form as 2, l-benzisoxazolin-3-one

6

8

.
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0 ^ 0
\

rr
V

(1

67

68

h

V

Instead of the foiination of

6 8

, 2-nitrobenzyl alcohol might alternatively

form other products in trifluoromethanesulphonic acid.

For example, the

reaction of -nitrobenzyl alcohol with ^-toluenesulphonic acid in toluene is
2

rather complex, and leads to the formation of benzidine-3,3 -dicarboxylic
acid 69, di-(2-nitrobenzyl)-azoxybenzene-2,2'-dicarboxylate 70, and H, 12H6

indazolop, 1-a]indazole- , 12-dione, 71.
6

COjH

COjH

OjN
70

71

The reaction of 2-nitrobenzyl alcohol with trifluoromethanesulphonic acid
was initially studied using

n.m.r. spectroscopy, and the spectra indicated

that a fairly clean reaction was occurring at 90 °C. The reaction was repeated
on a preparative scale, and a white crystalline solid was obtained after
treatment of the crude product with activated charcoal, followed by
recrystallisation from chloroform. Using a combination of

and

n.m.r.
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and elemental

analysis, the product was identified as 4-amino-3-carboxyphenyltriflate 72,
isolated in
The

6 6

% yield.
n.m.r. spectrum of 72 in dg-dimethylsulphoxide contained very

broad peaks corresponding to the -CO H and -NH protons, presumably due to
2

2

intramolecular hydrogen bonding. However, the chemical shifts and splitting
patterns of aromatic protons made it possible to establish that the triflate group
was para to the amine substituent rather than to the carboxylic acid substituent,
and the line listing of this spectrum is given on page 171.

The

n.m.r.

spectrum of 72 in trifluoromethanesulphonic acid shows the amine resonance
more clearly than the spectrum in dg-dimethylsulphoxide since the nitrogen
atom is protonated, and the observed resonance is due to

This

spectrum is shown, with assignment, in Figure 4.1.
The formation of 72 from 2-nitrobenzyl alcohol was unexpected, and the
reaction has two rather novel features, one being the substitution o f the weakly
nucleophilic trifluoromethanesulphonate anion into the benzene ring, and the
other being the oxidation reduction interaction between the nitro and benzyl
alcohol substituents leading to complete reduction o f the former, and to
complete oxidation o f the latter. Intramolecular oxidation reduction reactions
involving nitro substituents are certainly well known, but in most examples the
reaction stops at the nitroso compound, and a reaction such as that described
here involving a more complete oxidation reduction process is far less
common.

OH
2

CF3SO3
72
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Figure 4.1
n.m.r. spectrum o f 72 in triflic acid.

NH
CF.SO
Hb

NH

b

b

4-

8

9

5 0

M
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4.3 T he reaction of 2-nitrobenzyI chloride w ith trifluorom ethanesulphonic
acid.

The reaction of 2-nitrobenzyl chloride with trifluoromethanesulphonic acid
was carried out in the same way as the reaction o f -nitrobenzyl alcohol, and
2

the same product, 4-amino-3-carboxyphenyltriflate, was obtained in 67 %
yield. Experiments using
2

n.m.r. spectroscopy indicated that the reactions of

-nitrobenzyl alcohol and of

2

-nitrobenzyl chloride both pass through a

common intermediate. It was found that the initial spectrum o f 2-nitrobenzyl
chloride in trifluoromethanesulphonic acid smoothly changed on heating at
50 °C to give a spectrum identical to the initial spectrum o f

2

-nitrobenzyl

alcohol in the acid. No further reaction occurs at 50 °C, and heating at 90 °C is
then required in order to complete the reaction. Some of the spectra are shown
in Figure 4.2.

The top spectrum is that o f 2-nitrobenzyl chloride in

trifluoromethanesulphonic acid after about

1 0

minutes at room temperature.

The middle spectrum is of the same sample, but after 20 minutes o f heating
at 50 °C.

The bottom spectrum is that o f

trifluoromethanesulphonic acid after about

1 0

2

-nitrobenzyl alcohol in

minutes at room temperature.

The spectrum of 2-nitrobenzyl chloride became identical to the bottom
spectrum after heating the sample for about one hour at 50 °C.
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Figure 4.2
H n.m .r. spectra o f 2-nitrobenzyl chloride in triflic acid at ro o m tem p eratu re
(top spectrum ), and after heating (m iddle spectrum ), along w ith the

n.m .r.

spectrum o f 2 -nitrobenzyl alcohol in triflic acid at room tem perature.
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The compound formed initially from both 2-nitrobenzyl alcohol and
2

-nitrobenzyl chloride in trifluoromethanesulphonic acid is likely to be the

heterocyclic cation 73.

This species would be formed by means of

intramolecular nucleophilic participation from an oxygen atom of the nitro
group with the loss of either water or hydrogen chloride at the benzylic carbon
atom. The formation of 73 occurs more rapidly from 2-nitrobenzyl alcohol
than from

2

-nitrobenzyl chloride presumably because of

0

-protonation of the

benzyl alcohol, for - H "^ is a better leaving group than chlorine.
0

2

73

Cations

similar to

73 have been

formed

from

the

reaction

of

2-nitrocyclopropylbenzenes with concentrated sulphuric acid. For example, 74
is formed from the reaction of -methyl-l-( -nitrophenyl)-cyclopropane with
1

sulphmic acid^^'

2

(Scheme 4.1).

Me.

Me.
NO

Û=0
H,SO

Scheme 4.1

74
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If 73 is formed from 2-nitrobenzyl chbnc;lethrough a mechanism involving
an intramolecular nucleophilic displacement of a chloride ion by the nitro
group, then this initial reaction should follow first-order kinetics. The kinetics
o f the reaction o f 2-nitrobenzyl chloride with trifluoromethanesulphonic acid at
50 °C were followed by integration of the

n.m.r. spectra taken during the

reaction; the concentration data are shown in Table 4.1, and a first-order plot of
these data is shown in Figure 4.3. From Figure 4.3 it can be seen that this
initial reaction follows first-order kinetics very well with a correlation
coefficient of r = 0.9995, and a first-order rate coefficient o f

= 4.60 x 10"^ s"\

Table 4.1
C oncentration data for the reaction o f 2-nitrobenzyl chloride (2-N B C )
w ith 98.68 % triflic acid at 50 °C.

r/s

[2-NBCl/mol dm-^

0
300

0.194
0.170

600

0.146

900

0.125
0.108
0.095
0.084
0.074

1200
1500
1800
2100
2400
3000

0.063
0.049
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Figure 4.3
F irst-order plot for the reaction o f 2-nitrobenzyl chloride
(2-N B C ) w ith 98.68 % triflic acid at 50 °C.
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4.4 T he reaction of 2-nitrosobenzaldehyde w ith trifluorom ethanesulphonic
acid.

Once 73 has been formed from either 2-mtrobenzyl

alcohol

or

2-nitrobenzyl chloride in trifluoromethanesulphonic acid, no further reaction
occurs at 50 °C, and the next step in the formation o f 4-amino-3carboxyphenyltriflate must therefore require much greater activation than the
initial reaction. A likely possibility for this next step is the deprotonation o f 73
to give 2-nitrosobenzaldehyde (Scheme 4.2).
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H'r'Uo
-H+
Scheme 4.2

A mechanism containing steps very similar to those in Schemes 4.1 and 4.2
has been proposed to account for the formation of 2-nitrosobenzophenone
from the reaction of 2-nitrobenzhydrol with tosyl chloride in pyridine^^
(Scheme 4.3). The cation 74 was not isolated with a counter ion or observed
spectroscopically, and is likely to be short lived since the deprotonation step
would be far more facile in pyridine than the similar deprotonation proposed in
trifluoromethanesulphonic acid in Scheme 4.2.

H

H

OH

OTs

tosyl chloride
pyridine
5 °C

-H+

rrISSo
5
74

Scheme 4.3

If 2-nitrosobenzaldehyde is an intermediate in the formation o f 4-amino-3carboxyphenyltriflate from 2-nitrobenzyl alcohol in trifluoromethanesulphonic
acid, then it should undergo the same reaction at least as fast as 2-nitrobenzyl
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alcohol to give the same product in a similar yield. However, this would not
prove conclusively that 2-nitrosobenzaldehyde is an intermediate in the
reaction of 2-nitrobenzyl alcohol.

Alternatively, if it did not react to give

4-amino-3 -carboxyphenyltriflate, then it would certainly be proven not be an
intermediate in the reaction of 2-nitrobenzyl alcohol.
The synthesis of 2-nitrosobenzaldehyde was first reported by Bamberger in
1918,^^ and a more recent synthesis used the same c h e m i s t r y . T h e route
(Scheme 4.4) involves firstly the reduction of 2-nitrobenzaldehyde to give a
compound 75 named agnotobenzaldehyde by Bamberger.

Treatment o f 75

with acetic anhydride leads to the formation o f N-acetylbenzisoxazolin-3-ol 76,
which may then be oxidised to 2-nitrosobenzaldehyde using aqueous calcium
hypochlorite.

CHO
Zn/NHXI
NO

ether/water

HO

OH
CHO

Ca(OCl).

NO
Scheme 4.4

The synthesis of 2-nitrosobenzaldehyde according to Scheme 4.4 was
successfully carried out. A 62 % yield of 4-amino-3-carboxyphenyltriflate was
obtained

from

the

reaction

of

2-nitrosobenzaldehyde

with
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An experiment using

spectroscopy indicated that the reaction of

2
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n.m.r.

-nitrosobenzaldehyj with
«2

trifluoromethanesulphonic acid is complete after about 5 minutes at 90 °C. It
is therefore likely that 2-nitrosobenzaldehyde is an intermediate in the
formation of 4-amino-3-carboxyphenyltriflate from 2-nitrobenzyl alcohol, and
that the rate-determining step of the reaction is the deprotonation of 73
(Scheme 3.2).
In an additional experiment, 2-nitrobenzaldehyde was found to be
completely stable m trifluoromethanesulphonic acid at 90 °C.

4.5 M echanism

of form ation

of 4-am ino-3-carboxyphenyltriflate from

2-nitrosobenzaldehyde.

The previous sections have shown that 2-nitrosobenzaldehyde is very
likely to be an intermediate in the reaction o f 2-nitrobenzyl alcohol with
trifluoromethanesulphonic acid.

Once 2-nitrosobenzaldehyde is formed, the

intramolecular oxidation reduction reaction is half complete, but the
completion of the redox reaction and the incorporation o f a triflate nucleophile
must still be rationalised.

The structure of 4-amino-3-carboxyphenyltriflate

suggests that it could be formed through a pathway similar to the Bamberger
rearrangement o f N-phenylhydroxylamines (see Section 1.4.6).

A likely

pathway would be through protonation of the 2-nitrosobenzaldehyde (at the
aldehyde oxygen atom) followed by cyclisation to form a cyclic nitrenium ion
77 (Scheme 4.5).
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.H
ft

77
Scheme 4.5

Once the nitreninm ion 77 has been formed it can couple with a triflate
anion to give the cyclic intermediate 78 (Scheme 4.6).

Bamberger

rearrangements always give principally the product in which the nucleophile
adds to the position para to the nitrogen atom as in Scheme 4.6.

HO

HO

HO

H+

NH

CF,SO

CF,SO
Scheme 4.6

The reaction could then be completed by deprotonation at the benzylic
carbon atom of 78 along with protonation at the nitrogen atom and opening o f
the heterocyclic ring (Scheme 4.7).
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HO
NH.

Scheme 4.7

The

Bamberger

rearrangement

of

N-phenylhydroxylamine

in

trifluoromethanesulphonic acid alone has not been reported, and only a small
yield o f a triflate substituted product has been formed in a mixed solvent"^^
(Section 1.4.6). A Bamberger-type rearrangement is the only pathway which
easily accounts for nucleophilic substitution by the triflate anion, and an
experiment was conducted in order to determine whether the Bamberger
rearrangement does in fact occur efficiently in trifluoromethanesulphonic
acid.

A

sample

of

N-phenylhydroxylamine

was

prepared

using

a

standard method involving the reduction of nitrobenzene with zinc in
aqueous ammonium c h l o r i d e . T h e reaction o f N-phenyhydroxylamine with
trifluoromethanesulphonic acid led to violent charring of the material at room
temperature, and had to be carried out by carefully adding the material to the
frozen acid at -78 °C, followed by allowing the acid to melt. A 78 % yield of
4-aminophenyltriflate 79 was obtained using this method (Scheme 4.8). The
reaction was also found to occur using the simpler method o f adding the
N-phenylhydroxylamine to a stirred mixture of trifluoromethanesulphonic acid
and dichloromethane at room temperature, again giving 4-aminophenyltriflate
in 78 % yield.
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79
Scheme 4.8

chbrick
In

summary,

2-nitrobenzyl

alcohol

and 2-nitrobenzyl^ undergo

an

intramolecular oxidation reduction reaction along with the incorporation o f a
triflate nucleophile on heating in trifluoromethanesulphonic acid, with the final
product being 4-amino-3-carboxyphenyltriflate.

The oxidation reduction

reaction is not initiated by protonation of the nitro group as in the chemistry
described in Chapters 2 and 3, but is thought to occur through an
intramolecular nucleophilic substitution reaction to give the heterocyclic cation
73,

followed

by

deprotonation

to

give

2-nitrosobenzaldehyde.

2-Nitrosobenzaldehyde was shown to form 4-amino-3-carboxyphenyltriflate
under the same conditions, which supports the suggestion that it is an
intermediate in the reactions of 2-nitrobenzyl alcohol and 2-nitrobenzyl
chloride.

The final stages of the reaction are thought to be initiated by

0 -protonation of the 2-nitrosobenzaldehyde followed by cyclisation and a
Bamberger-type rearrangement. To support the possibility of the involvement
of

a

Bamberger-type

N-phenylhydroxylamine

was

rearrangement
shown

to

in
give

the

reaction

path,

4-aminophenyltriflate

good yield on reaction with trifluoromethanesulphonic acid.

m
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Chapter 5.
Experimental.

5.1 A pparatus and reagents.

Microanalyses were carried out by the microanalytical section of the
Chemistry Department, University College London.

Melting points were

determined using a Reickert microscope apparatus. The infrared spectra were
determined on a Perkin-Ehner PE-983 spectrophotometer, and the absorptions
are recorded in terms of frequency (y^ax.

cm’^).

The proton nuclear

magnetic resonance spectra were recorded on a Varian XL-200 (200 MHz) or
on a Varian VXR-400 (400 MHz) spectrometer, and are reported in ô values
relative to tetramethylsilane. The ^^C nuclear magnetic resonance spectra were
all recorded on the Varian VXR-400 spectrometer, and are also reported as
6 values relative to tetramethylsilane.

Proton nuclear magnetic resonance

spectra of triflic acid solutions were recorded on a Jeol PS-100 (100 MHz)
continuous wave spectrometer, or on a Varian VXR-400 spectrometer, and are
referenced to tétraméthylammonium triflate, the signal o f which is set to be
3.10 ppm downfield from tetramethylsilane.^^’^^

Samples recorded on the

VXR-400 instrument also contained a capillary of deuterated solvent (D O or
2

dg-dimethylsulphoxide) which is required for the n.m.r. lock. The

nuclear

magnetic resonance spectra of triflic acid solutions were all recorded on a
Varian

VXR-400

spectrometer,

and

are

referenced

to

capillary

d^-dimethylsulphoxide, the signal of which is set to be 39.5 ppm downfield
from tetramethylsilane.

The following abbreviations are used in signal

assignments; s (singlet), d (doublet), ABq (AB quartet), m (multiplet),
br. (broad).

Mass spectra were recorded on a VG7070H mass spectrometer
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with Finnigan Incos II data system at University College, or on a VG ZAB-2F
mass spectrometer at the London School o f Pharmacy. Only molecular ions
(M^) and base peaks along with the most important fragment peaks are
normally given. Electron spin resonance spectra were recorded on Bru ker
ESP300 e.s.r. spectrometer.
Triflic acid was obtained from the Aldrich Chemical Co. Ltd. and was
stored in a Schlenk tube under dry argon, and was used without further
purification. The acid was normally titrated against standard sodium hydroxide
solution before use, and was in all cases found to be greater than 98 weight %
pure.

In the case of the kinetic runs, the purity of the acid determined by

titration is quoted. Solvents such as dichloromethane or diethylether that are
described as being dry were freshly distilled from sodium or sodium hydride.
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5.2 Synthesis and isolation of compounds, and n.m.r. spectroscopic studies.

5.2.1 T he reaction between l,3-dim ethyI-2-chlorobenzene and triflic acid.

This reaction was initially studied using

n.m.r.

spectroscopy.

1,3-Dimethyl-2-chlorobenzene (0.05 g, 0.36 mmol) was placed in an n.m.r.
tube along with triflic acid.

The sample was then heated at 70 °C in a

thermostated oil bath and removed at regular intervals to take spectra, which
became rather complex after several hours. The reaction was found to proceed
in exactly the same way when carried out under dry argon. The experiment
was repeated, but at room temperature, and it was found that l,3-dimethyl-2chlorobenzene could be isolated unchanged on quenching with water followed
by extraction with dichloromethane.
The reaction was carried out on a larger scale by placing l,3-dimethyl-2chlorobenzene (0.8 g, 5.7 mmol) in a Schlenk tube along with triflic acid
(12 ml) and heating at 70 °C for 8 hours.

The reaction mixture was then

poured onto iced water (150 ml) and extracted with dichloromethane
(5 X 30 ml). The extracts were then dried over magnesium sulphate before
removal of the solvent under reduced pressure leaving a yellow oil (0.68 g). A
n.m.r. spectrum of the product indicated the presence o f a complicated
mixture.

This material was analysed by h.p.l.c. using 2 x 25 cm x 1 cm

Lichoprep 5-20 pm silica gel columns, refractive index detection, and elution
with neat n-hexane. The chromatographic analysis indicated that the product
contained several poorly resolved components, and no attempt was made to
collect and identify them.
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1,4-

dinitrobenzene in triflic acid.

This reaction was initially studied using

n.m.r spectroscopy. Typically,

l,3-dimethyl-2-chlorobenzene (0.05 g, 0.36 mmol) would be placed in an
n.m.r. tube along with triflic acid (0.80 ml) and 1,4-dinitrobenzene (amounts
vaiying from 0.01 g, 0.06 mmol to 0.02 g, 0.12 mmol). The tube would then
be heated at 70 °C in a thermostated oil bath, and

n.m.r. spectra would be

taken at regular intervals. The reaction was found to proceed in exactly the
same way when carried out under dry argon.
The reaction was carried out on a larger scale by placing l,3-dimethyl-2chlorobenzene (0.50 g, 3.56 mmol) m a Schlenk tube along with triflic acid
(8.0 ml) and 1,4-dinitrobenzene (0.10 g, 0.60 mmol). The Schlenk tube was
then swept out with dry argon and heated at 70 °C for
contents were poured onto iced water (50 ml)

6

hours when the

and extracted with

dichloromethane (10 x 30 ml). The extracts were then dried over magnesium
sulphate before the solvent was removed under reduced pressure leaving a dark
brown gum (0.48 g).

This material was then analysed by h.p.l.c. using

2 X 25 cm X 1 cm Lichoprep 5-20 pm silica gel columns, refractive
index detection, and elution with n-hexane : ethyl acetate (97 : 3).

The

major product, 4,4',4"-trichloro-3,5,3',5',3",5"-hexamethyltriphenylmethanol,
was obtained as a pale orange solid (179 mg, 45 %). Two recrystallisations of
this material from methanol served to remove the traces o f highly coloured
impurities and gave the triarylmethanol as a white crystalline solid.

M. pt:

200-202 °C.
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446 (NT), 429 (M^-17), 307 (M^-139), 167 (M^-279),
139 (M+-307).

'H n.m.r. ÔCCDClj):

6.95 ( H, s), 2.62 (IH . s), 2.33 (18H, s).
6

'H n.m.r. SCCFjSOjH): 7.35 ( H, s), 2.49 (18H, s).
6

13

C n.m.r. SCCDClj):

13

Cn.m .r. ÔCCFjSOjH): 203.7, 151.4, 139.2, 138.7, 137, 18.2.

144.1, 135.8, 133.9, 127.8, 80.9, 20.9.

IR (CH CI ):

3582 cm-' (OH).

Analysis:

Calc, for C H OCI :

C, 67.05; H, 5.63; Cl, 23.75.

Found:

C, 66.82; H, 5.61; Cl, 23.71.

2

2

2 5

2 5

3

The aqueous layer from this reaction was then basifred using

2

molar

sodium hydroxide solution and was then extracted again with dichloromethane
(5 X 30 ml). The extracts were then dried over magnesium sulphate before
removal

of the

solvent

under

reduced

pressure

which

1.4-diaminobenzene as a purple solid (33 mg, 51 %).
achieved

by

column

chromatography

dichloromethane : methanol (99 : 1).

on

alumina

gave

crude

Purification was
and

elution

with

The purified material gave identical

n.m.r. and IR spectra to those taken from a commercial sample of
1.4-diaminobenzene.
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5.2.3 The reactions of m-xyiene and toluene with 1,4-dinitrobenzene in
triflic acid.

These reactions were followed using

n.m.r spectroscopy by placing

m-xylene (0.05 g, 0.47 mmol) or toluene (0.05 g, 0.54 mmol) in an n.m.r. tube
along with triflic acid (0.80 ml) and 1,4-dinitrobenzene (0.02 g, 0.12 mmol).
These samples were then heated in a thermostated oil bath and

n.m.r.

spectra were taken at regular intervals. These experiments were repeated at
several temperatures between 40 °C and 70 °C, and in all cases the

n.m.r.

spectra became very complex since extensive decomposition appeared to be
occurring. The contents of the n.m.r. tubes were then poured onto iced water
(40 ml) and extracted with dichloromethane

( 8

x 30 ml). The extracts were

then dried over magnesium sulphate before removal of the solvent under
reduced pressure which left some black, charred material.

In all cases the

n.m.r. spectra of the products in deuterochloroform indicated that most of
the starting material had decomposed.

5.2.4 T he stability o f 2-chIorotoIuene and 3-chlorotoIuene in triflic acid.

To determine whether 2-chlorotoluene or 3-chlorotoluene react with triflic
acid alone, samples of each (0.05 g, 0.39 mmol) were placed in n.m.r. tubes
along with triflic acid (0.80 ml). These samples were then heated at 80 °C in a
thermostated oil bath and spectra were taken at regular intervals.
14 hours no changes were observed in the
compound.

After

n.m.r. spectra o f either
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5.2.5 The reaction between 2-chIorotoluene and 1,4-dinitrobenzene in triflic
acid.

This reaction was first followed using
2-chlorotoluene (0.05

g,

n.m.r. spectroscopy by placing

0.39 mmol) in an n.m.r.

tube

along with

1,4-dinitrobenzene (0.02 g, 0.12 mmol) and triflic acid (0.80 ml). This sample
was then heated at 70 °C in a thermostated oil bath and spectra were taken at
regular intervals. After 14 hours the contents o f the tube were poured onto iced
water (40 ml) and extracted with dichloromethane

( 8

x 30 ml). The extracts

were then dried over magnesium sulphate before removal o f the solvent under
reduced pressure. The

n.m.r. spectrum o f the product in deuterochloroform

indicated that a fairly clean reaction had occurred.
The reaction was repeated on a larger scale by placing 2-chlorotoluene
(0.50 g, 3.95 mmol) in a Schlenk tube along with 1,4-dinitrobenzene (0.20 g,
1.20 mmol) and triflic acid (8.0 ml). The tube was then heated at 70 °C for
14 hours, after which the contents were poured onto iced water (100 ml) and
extracted with dichloromethane (10 x 50 ml). The extracts were then dried
over magnesium sulphate and the solvent removed leaving a brown gum
(0.42 g). Analysis by h.p.l.c. using 2 x 25 cm x 1 cm Lichoprep 5-20 pm silica
gel columns, refractive index detection, and elution with n-hexane : ethyl
acetate (85 : 15) revealed one major component, which was a mixture of
triarylmethanol isomers 27a-d of molecular formula C H OCI , (169 mg,
2 2

1 9

3

43% ).

M.S. m/e\

404 (M^), 387 (M^-17), 279 (M+-125), 153 (M+-251),
125(M^-279).
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5.2.6 The reaction between 3-chlorotoluene and 1,4-dinitrobenzene in triflic
acid.

This reaction was first followed using
3-chlorotoluene (0.05

g,

n.m.r. spectroscopy by placing

0.39 mmol) in an n.m.r.

tube

along with

1,4-dinitrobenzene (0.02 g, 0.12 mmol) and triflic acid (0.80 ml). This sample
was then heated at 70 °C in a thermostated oil bath and spectra were taken at
regular intervals. After

8

hours the contents of the tube were poured onto iced

water (50 ml) and extracted with dichloromethane

( 6

x 40 ml). The extracts

were then dried over magnesium sulphate before removal of the solvent under
reduced pressure. The

n.m.r. spectrum of the product in deuterochloroform

indicated that a fairly clean reaction had occurred.
The reaction was repeated on a larger scale by placing 3-chlorotoluene
(0.50 g, 3.95 mmol) in a Schlenk tube along with 1,4-dinitrobenzene (0.20 g,
1.20 mmol) and triflic acid (8.0 ml). The tube was then heated at 70 °C for
7 hours, after which the contents were poured onto iced water (100 ml) and
extracted with dichloromethane (5 x 50 ml). The extracts were then dried over
magnesium sulphate and the solvent removed leaving a brown gum (0.44 g).
Analysis by h.p.l.c. using 2 x 25 cm x 1 cm Lichoprep 5-20 pm silica gel
columns, refractive index detection, and elution with n-hexane : ethyl acetate
(85 : 15) revealed one major component which was found to be impure
3,3^3"-trichloro-5,5',5"-trimethyltriphenylmethanol (166 mg, 42 %). This
material was then recrystallised twice from n-hexane at low temperature which
gave a small sample of the pure compound.

M. pt:

184-185 °C.
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404 (M+), 387 (M^-17), 279 (M^-125), 153 (M+-251),

M.S. m/e\

125(M+-279).

'H n.m.r. (CDCl ):
5

3

7.10 (3H ,s), 7.00 (3H, s), 6.92 (3H, s), 2.69 (IH , s),
2.28 (9H, s).

13

C n.m.r. d(CDCl^):

Analysis:

147.5, 139.7, 133.9, 128.6, 126.6, 125.0, 81.0, 21.4.

Calc, for C H OCI :

C, 65.12; H, 4.72; Cl, 26.21.

Found:

C, 64.68; H, 4.78; Cl, 25.97.

2 2

1 9

3

5.2.7 Preparation of 3-chloro-l-[^^C]m ethylbenzene.

To a suspension of finely chopped lithium (0.20 g, 28 mmol) in dry ether
(20 ml) under dry nitrogen was added [^^C]iodomethane (2.00 g, 14 mmol) in
dry ether (40 ml) with stirring for

1

hour at room temperature. To this solution

of [^^C]methyHithium was added 3-chloro- -iodobenzene (3.34 g, 14 mmol) in
1

dry ether with stirring for 90 minutes.

The resulting solution was then

quenched with water (30 ml) followed by sodium metabisulphite solution
( 2

mol dm‘^, 30 ml).

The aqueous layer was then extracted with ether

(3 X 50 ml), before drying over calcium chloride and removal o f the solvent
under reduced pressure. Purification was achieved using preparative gas liquid
chromatography [column: 10 ft x 0.375" 7 % Bentone 34 + 7 % di-isodecyl
phthalate on Chromosorb W 85-100 mesh, injector temperature: 200 °C, oven
temperature: 140 °C] which gave the title compound as a colourless oil
(150 mg, 9 %).
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'H n.m.r. ÔCCDClj);

7.17-7.04 (4H, m), 2.33 (3H, d,

= 126.9 Hz).

" c n.m.r. 8(0001;):

139.8 (d, 'Jc ; = 44.1 Hz), 133.9 (d), 129.4 (d), 129.2
4

(d), 127.2 (d), 125.5 (s), 21.17 (s).

5.2.8

T he

reaction

betw een

3-chIoro-l-[*^C ]niethylbenzene

and

1,4-

dinitrobenzene in triflic acid.

Into a round bottomed flask were placed 3-chloro-l-[^^C]methylbenzene
(0.045 g, 0.353 mmol), 1,4-dinitrobenzene (0.02 g, 0.12 mmol), and triflic acid
(1.0 ml). The flask was then sealed and heated at 70 °C in a thermostated oil
bath for 9 hours, after which the contents were poured onto iced water (30 ml)
and extracted with dichloromethane (10 x 30 ml). The extracts were then dried
over magnesium sulphate before removal of the solvent under reduced
pressure.

Purification was achieved by h.p.l.c. using 2 x 25 cm x 1 cm

Lichoprep 5-20 pm silica gel columns, refractive index detection, and elution
with n-hexane : ethyl acetate (92 : ). The fraction with the same retention
8

time as a pure sample of 3,3',3"-trichloro-5,5',5"-trimethyltriphenyhnethanol
was collected.

This product was found to be 3,3',3"-trichloro-5,5',5"-tri-

[ ^^C]methyltriphenyl- [ ^^C]methanol.

M.S. m/e:

408 (M^), 282 (M^-126), 155 (M^-253), 126(M+-282).

n.m.r. (CDCl ):
0

3

7.10 (3H, s), 7.00 (3H, s), 6.92 (3H, s), 2.67 (IH , s),
2.28 (9H, d, V c = 127.2 Hz).
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5

3
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81.0 (A tj^CO H ), 21.4 (“ CH ).
3

5.2.9 Isolation of 4,4'-D ichioro-3,3',5,5'-tetram ethyIdiphenyIm ethanoI.

Into a Schlenk tube were placed 1,3-dhnethyl-2-chlorobenzene (

2 . 0

g,

14.4 mmol), triflic acid (32 ml), and 1,4-dinitrobenzene (0.4 g, 2.4 mmol). The
Schlenk tube was then swept out with dry argon and heated at 70 °C for
35 minutes, after which the contents were poured onto iced water (200 ml).
The resulting solution was then extracted with dichloromethane (10 x 30 ml)
and the extracts were dried over magnesium sulphate followed by removal of
the solvent under reduced pressure. The remaining unreacted l,3-dimethyl-2chlorobenzene was then removed by vacuum distillation. Purification was then
achieved by h.p.l.c. using 2 x 25 cm x 1 cm Lichoprep 5-20 pm silica gel
columns, refractive index detection, and elution with n-hexane : ethyl acetate
(9 : 1). This procedure gave the title compound as a pale orange solid (20 mg,
1.4 %).

M.S. m/e\

308 (MT), 307 (M+-1), 291 (M+-17), 167 (M^-141).

n.m.r. (CDCl ):
0

3

7.07 (4H, s), 5.66 (IH , s, CHOH), 2.36 (12H, s), 2.11
(IH, s, CHOH).

^H n.m.r. (CF S
0

13

3

0

3

H): 9.33 (IH, s), .11 (4H, s), 2.57 (12H, s).

C n.m.r SCCDCy:

8

141.3, 136.4, 133.9, 126.3, 75.2, 20.8.
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Analysis:

Calc, for C H OCI :

C, 66.03; H, 5.87.

Found:

C, 65.84; H, 5.98.

1 7

1 8

2
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5.2.10 K inetic study o f the reaction between l,3-d im ethyl-2-chlorobenzen e
and 1,4-dinitrobenzene in triflic acid.

Into a

ml volumetric flask were placed 1,4-dinitrobenzene (0.0248 g,

2

0.148 mmol), tétraméthylammonium triflate (0.0057 g, 0.026 mmol), and triflic
acid (99.09 %, 2.0 ml). 1,3-Dimethyl-2-chlorobenzene (0.0322 g, 0.229 mmol)
was then placed in an n.m.r. tube along with 0.50 ml of the above solution. The
tube was then sealed, and the reaction was followed at 70 °C using

n.m.r.

spectroscopy. Integration o f the peaks in the spectra enabled calculation o f the
concentrations of the species present.
In order to investigate the effect o f varying the concentration of
1,4-dinitrobenzene, two further solutions were prepared. The first contained
l,3-dimethyl-2-chlorobenzene (0.0267 g, 0.190 mmol), 1,4-dinitrobenzene
(0.0055

g,

0.033

mmol),

tétraméthylammonium

triflate

(0.0050

g,

0.022 mmol), and triflic acid (98.87 %, 0.50 ml).

The second solution

contained

0.194

1,3-dimethyl-2-chlorobenzene

dinitrobenzene

(0.0272

g,

mmol),

1,4-

(0.0107 g, 0.064 mmol), tétraméthylammonium triflate

(0.0051 g, 0.023 mmol), and triflic acid (98.87 %, 0.50 ml). The tubes were
then sealed, and the reactions were followed at 80 °C using
spectroscopy.

n.m.r.
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1,4-

dinitrobenzene in deuterotriflic acid.

l,3-Diniethyl-2-chlorobenzene (0.030 g, 0.213 mmol) was placed in an
n.m.r. tube along with 1,4-dinitrobenzene (0.011 g, 0.065 mmol) and
deuterotriflic acid (98 atom % D, 0.50 ml). The tube was sealed, placed in the
Varian VXR-400 spectrometer probe at 70 °C, and

n.m.r. spectra were

taken at regular intervals.
A second sample containing

1,3-dhnethyl-2-chlorobenzene (0.05 g,

0.356 mmol), 1,4-dinitrobenzene (0.011 g, 0.065 mmol) and deuterotriflic acid
(98 atom % D, 0.8 ml) was heated at 70 °C for 30 minutes, and was then
poured onto iced water (50 ml) and extracted with dichloromethane
(3 X 30 ml). The extracts were then dried over magnesium sulphate followed
by removal of the solvent under reduced pressure. A

n.m.r. spectrum o f the

material indicated that it consisted principally of a mixture of ring-deuterated
1,3-dimethyl-2-chlorobenzene,

and ring-deuterated 4,4'-Dichloro-3,3',5,5'-

tetramethyldiphenylmethanol.

A

indicated that no more than

1

or

2

n.m.r. spectrum of the same sample
% of deuterium was present in the methyl

groups o f either compound, and significant H/D exchange had therefore not
occurred.

5.2.12

T he

reaction

between

nitrom ethane

and

l,3-dim ethyI-2-

chlorobenzene in triflic acid.

Into an n.m.r. tube were placed 1,3-dimethyl-2-chlorobenzene (0.05 g, 0.36
mmol), nitromethane (0.01 g, 0.16 mmol), and triflic acid (0.8 ml). The tube
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was then sealed and heated at 70 °C for several hours.
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n.m.r. spectra

indicated that no reaction was occurring.

5.2.13

T he

reaction

between

l,3-dim ethyl-2-chIorobenzene and

1,3,5-

trinitrobenzene in triflic acid.

Into an n.m.r. tube were placed 1,3-dimethy 1-2-chlorobenzene (0.0476 g,
0.339 mmol), 1,3,5-trinitrobenzene (0.0120 g, 0.056 mmol), and triflic acid
(0.80 ml). The n.m.r. tube was heated at 70 °C in a thermostated oil bath and
n.m.r. spectra were recorded at regular intervals.

The formation of

diaryImethyl and triarylmethyl cations proceeded at a slightly slower rate than
in the reaction involving 1,4-dinitrobenzene, but the fate o f the 1,3,5trinitrobenzene appeared complex and was not studied further.

5.2.14

T he

reaction

between

l,3-dim ethyI-2-chlorobenzene

and

4-nitroaniIine in triflic acid.

Into an n.m.r. tube were placed 1,3-dimethyl-2-chlorobenzene (0.0461 g,
0.328 mmol), 4-nitioaniline (0.0124 g, 0.090 mmol), and triflic acid (0.80 ml).
The n.m.r. tube was heated at 70 °C in a thermostated oil bath and

n.m.r.

spectra were recorded at regular intervals. The formation o f diarylmethyl and
triarylmethyl cations proceeded more slowly than in the reaction involving
1,4-dmitrobenzene, and the spectra indicated that the 4-nitroaniline was being
reduced to 1,4-diaminobenzene.
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and

nitrobenzene in triflic acid.

Into an n.m.r. tube were placed l,3-dimethyl-2-clilorobenzene (0.0465 g,
0.331 mmol), nitrobenzene (0.0112 g, 0.091 mmol), and triflic acid (0.80 ml).
The n.m.r. tube was heated at 70 °C in a thermostated oil bath and

n.m.r.

spectra were recorded at regular intervals. The formation o f diarylmethyl and
triarylmethyl cations proceeded more slowly than in the reaction involving
1,4-dinitrobenzene, and the spectra indicated that the nitrobenzene was being
converted to 4-aminophenyltriflate.
The reaction was repeated on a larger scale by sealing l,3-dimethyl-2chlorobenzene (0.60 g, 4.27 mmol), nitrobenzene (0.25 g, 2.03 mmol), and
triflic acid (15 ml) in a Schlenk tube, followed by heating at 70 °C for
12 hours. The reaction mixture was then poured onto iced water (150 ml) and
extracted with dichloromethane ( 6 x 3 0 ml). Sodium hydrogen carbonate was
then added to the aqueous layer until it had a pH of about , and this solution
8

was then extracted again with dichloromethane ( 6 x 3 0 ml). The extracts were
then dried over magnesium sulphate followed by removal o f the solvent under
reduced pressure; this gave 4-aminophenyltriflate as a yellow oil (0.23 g, 47 %).
This sample gave an identical

n.m.r. spectrum to an authentic sample of

4-aminophenyltriflate (Section 5.2.29).
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1,4-

dinitrobenzene in trifluoroacetic acid.

Into an n.m.r. tube were placed l,3-dimethyl-2-chlorobenzene (0.05 g,
0.36 mmol), 1,4-dinitrobenzene (0.02 g, 0.12 mmol), and trifluoroacetic acid
(0.80 ml). The tube was then sealed and heated at 70 °C for several hours.
Some^H n.m.r. spectra of the sample were taken during the heating, and these
indicated that no reaction was occurring.

5.2.17 E lectron spin resonance spectroscopy o f the reaction betw een 1,3dim ethyl-2-chIorobenzene and 1,4-dinitrobenzene in triflic acid.

Into an e.s.r. tube were placed 1,3-dimethyl-2-chlorobenzene (0.05 g,
0.36 mmol),

1,4-dinitrobenzene (0.01 g, 0.06 mmol), and triflic acid

(0.80 ml). The tube was then swept out with dry argon, sealed, and an e.s.r.
spectrum was then taken while the temperature was kept at -16 °C.
spectrum indicated the presence of unidentified radical species.

The
When

rigorously purified 1,3-dimethy - -chlorobenzene was used, no radical species
1

2

were detected using e.s.r. spectroscopy at -16 °C, or on heating the sample at
70 °C. The 1,3-dimethyl-2-chlorobenzene had been purified by h.p.l.c. using
2 X 25 cm X 1 cm Lichoprep 5-20 pm silica gel columns, refractive index
detection, and elution with neat n-hexane.
The reaction o f the purified 1,3-dimethyl- -chlorobenzene with 1,42

dinitrobenzene in triflic acid was followed using

n.m.r. spectroscopy, and

was compared with the same reaction involving the unpurified material. One
sample

contained

1,3-dimethyl-2-chlorobenzene

(h.p.l.c.

pure,

0.05

g.
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0.36 mmol), 1,4-dinitrobenzene (0.01 g, 0.06 mmol), and triflic acid (0.80 ml).
The other sample contained l,3-dimethyl-2-chlorobenzene (unpurified, 0.05 g,
0.36 mmol), 1,4-dinitrobenzene (0.01 g, 0.06 mmol), and triflic acid (0.80 ml).
The samples were heated at 70 °C in a thermostated oil bath and were removed
at regular intervals in order to record spectra. The

n.m.r. spectra indicated

that the reaction proceeded in the same way and qualitatively at the same rate
in both samples.

5.2.18 Preparation of 4,4',4"-trim ethyltriphenyIm ethanoI.

4-Methylphenylmagnesium bromide solution in ether (1 mol dm'^, 100 ml,
obtained from Aldrich) was transferred through a double-ended needle into a
dry nitrogen-flushed flask through a rubber septum.

A solution of ethyl-4-

methyl benzoate (8.21 g, 0.05 mol) in dry ether (25 ml) was added dropwise,
followed by heating the reaction mixture under reflux for 90 minutes.
reaction mixture was then poured onto a mixture o f iced water
concentrated sulphuric acid (10 ml).

( 2 0 0

The

ml) and

The organic layer was then separated,

washed with water (50 ml), aqueous sodium hydrogen carbonate (5 %, 50 ml),
and again with water (50 ml). The extracts were then dried over magnesium
sulphate before removal of the solvent under reduced pressure leaving the
crude product as a pale yellow solid (14.61 g, 97 %). This material was then
recrystallised three times from n-hexane, which gave the title compound as a
white solid (4.67 g, 31 %).

M.pt:

93-94 °C (lit.^^ 92-94 °C).
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M.S. m/e:

302 (M"), 285 (M+-17), 211 (M^-91), 119 (M^-183).

'H n.m .r. SCCDCl,):

7.18-7.10 (12H, ABq), 2.70 (IH , s), 2.35 (9H, s).

'H n.m.r. SCCFjSOjH): 7.60-7.48 (12H, ABq), 2.61 (9H, s).

13

C n.m.r. ôCCDCy:

Analysis:

144.3, 136.7, 128.5, 127.8, 81.6,

2

1

. .
0

Calc, for C H O: C, 87.38; H, 7.33.
2 2

Found:

2 2

C, 87.10; H, 7.00.

5.2.19 P reparation of 4,4',4"-trim ethyltriphenyIm ethane.

Sodium borohydride (3 g, 0.097 mol) was added to trifluoroacetic acid
(50 ml) at 0 °C under nitrogen. 4,4',4"-Trimethyltriphenylmethanol (3.02 g,
0.01 mol) in dry dichloromethane (30 ml) was then added dropwise to this
solution, and the resulting dark green solution was stirred for 2 hours.
reaction mixture was then poured onto water

( 2 0 0

The

ml) and basified with

sodium hydroxide pellets, followed by extraction with ether (5 x 80 ml). The
extracts were then dried over magnesium sulphate before removal o f the
solvent under reduced pressure which gave a pale yellow solid. The solid was
then recrystallised twice from methanol which gave the title compound as a
white solid (1.40 g, 49 %).

M. pt:

62-63 °C (lit.” 63 °C).
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M.S. m/e\

286 (M*-), 271 (Ivf-15), 195 (M+-91). 91 (M+-195).

'H n.m.r. SCCDClj):

7.13-7.03 (12H, ABq), 5.48 (IH , s), 2.35 (9H, s).

13

141.4, 135.7, 129.3, 129.0, 55.7, 21.1.

C n.m.r. ôCCDCy:

Analysis:

Calc, for C H :

C, 92.26; H, 7.74.

Found:

C, 91.86; H, 7.72.

2 2

2 2

5.2.20 Preparation of 4,4',4"-trichiorotriphenylm ethanol.

4-Chlorophenylmagnesium bromide solution in ether (1 mol dm"^, 100 ml,
obtained from Aldrich) was transferred through a double-ended needle into a
dry nitrogen-flushed flask through a rubber septum. To this was then added
4,4'-dichlorobenzophenone (25 g, 0.1 mol) in dry ether (350 ml) with stirring
for 2 hours. The reaction mixture was then heated under reflux for 1 hour
before it was poured onto a mixture of iced water (200 ml) and concentrated
sulphuric acid (10 ml). This was then extracted with ether (5 x 50 ml). The
extracts were then dried over magnesium sulphate before removal o f the
solvent under reduced pressure which gave the crude product as a yellow solid
(25.23 g, 69 %). The product was then recrystallised 3 times from n-hexane
which gave the title compound as a white solid (15.29 g, 42 %).

M. pt:

97-98 °C (lit.^^ 97 °C).

Experimental
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362.0027 (C^HijO^^Cls requires 362.0032).
362 (M+X

‘H n.m.r. SCCDClj);

345 (M^-17), 251 (M T -lll), 139 (M+-223).

7.29-7.15 (12H, ABq), 2.74 (IH , s).

'H n.m.r. SCCFjSOjH): 7.81-7.58 (12H, ABq).

13

C n.m.r. ôCCDCy:

Analysis:

144.5, 133.7, 129.1, 128.3, 80.9.

Calc, for C H OCI :

C, 62.75; H, 3.60; Cl, 29.25.

Found:

C, 62.22; H, 3.42; Cl, 29.53.

1 9

1 3

3

5.2.21 P reparation of 4,4',4"-trichIorotriphenyIm ethane.

To a solution of lithium aluminium hydride (1.14 g, 30 mmol) in dry ether
(30 ml) was added a solution of aluminium chloride (4.00 g, 30 mmol) in dry
ether (30 ml) with stirring for 5 minutes. To this solution was slowly added a
solution of 4,4',4"-trichlorotriphenylmethanol (10.90 g, 30 mmol) in dry ether
(60 ml).

This solution was then stirred for 30 minutes followed by heating

under reflux for a further 30 minutes.

The reaction was then carefully

quenched with water (50 ml) followed by sulphuric acid (4 mol dm‘^). The
resulting solution was then extracted with ether (4 x 50 ml), and the extracts
dried over magnesium sulphate followed by removal of the solvent under
reduced pressure which gave a white solid (8.24 g, 79 %). This material was
then purified by recrystallisation twice from methanol which gave the title
compound as a white solid (6.04 g, 58 %).

Experimental

M. pt:

90-91 °C.

M.S. m/e:

346.0091

168

requires 346.0083).

346 (MT), 311 (M^-35), 235 (M^-111).

’H n.m.r. SCCDCIj);

7.27-6.98 (12H, ABq), 5.45 (IH , s).

13

141.4, 132.6, 130.5, 128.7, 54.8.

C n.m.r. ôCCDCy:

Analysis:

Calc, for C H CI : C, 65.64; H, 3.77; Cl, 30.59.
1 9

Found:

1 3

3

C, 65.66; H, 3.64; Cl, 30.75.

5.2.22 The reaction of 4,4',4"-trim ethyltriphenylm ethane with triflic acid.

4,4',4"-Trimethyltriphenylmethane (0.025 g, 0.087 mmol) was placed in an
n.m.r. tube along with triflic acid (0.50 ml). The tube was then sealed and a
n.m.r. spectrum was immediately taken which showed that the compound had
been completely cleaved by the acid. 4,4',4"-Trichlorotriphenyhnethane was
found to have a veiy low solubility in triflic acid, and also underwent cleavage,
but at a somewhat slower rate.

Experimental

169

5.2.23 The reaction of nitrosobenzene with triflic acid.

Nitrosobenzene (0.025 g, 0.234 mmol) was placed in an n.m.r. tube along
with triflic acid (0.50 ml).

n.m.r. spectra indicated that a complicated

decomposition was rapidly occurring at room temperature. After 2 hours the
contents were poured onto iced water (50 ml)

and extracted with

dichloromethane (4 x 30 ml). The extracts were then dried over magnesium
sulphate before removal o f the solvent under reduced pressure.

and

n.m.r. spectra of the resulting material in deuterochloroform indicated the
presence o f a very complex mixture.

5.2.24 T he reaction of 1,3-dim ethyI-2-chIorobenzene w ith nitrosobenzene in
triflic acid.

Nitrosobenzene (0.025 g, 0.234 mmol), 1,3-dimethyl-2-chlorobenzene
(0.05 g, 0.36 mmol), and triflic acid (0.80 ml) were weighed into an n.m.r.
tube. The sample was heated at 70 °C in a thermostated oil bath, and
spectra were taken at regular intervals.

n.m.r.

Complex decomposition of the

nitrosobenzene appeared to be occurring, and no sign of triarylmethyl cation
formation was apparent.
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5.2.25 The reaction of [^H^jnitromethane with triflic acid.

Into an n.m.r. tube were placed [^H^jnitromethane (98 atom % D, 0.010 g,
0.156 mmol) and triflic acid (0.80 ml).

n.m.r. spectra o f the sample

indicated that no exchange of deuterium with protons in the acid had occurred,
even after several hours at room temperature. The sample was then heated at
70 °C in a thermostated oil bath, and again no exchange had occurred after
several hours, although a small amount o f decomposition appeared to be
occurring.

5.2.26 T he reaction between 2-nitrobenzyI alcohol and triflic acid.

This reaction was initially studied using

n.m.r. spectroscopy by placing

2-nitrobenzyl alcohol (0.08 g, 0.52 mmol) in an n.m.r. tube along with triflic
acid (0.80 ml). The tube was then heated at 90 °C m a thermostated oil bath,
and removed at regular intervals in order to acquire spectra.

A fairly clean

reaction appeared to be occurring which was complete after about

8

hours.

The reaction was repeated by placing 2-nitrobenzyl alcohol (1.5 g,
9.8 mmol) in a Schlenk tube along with triflic acid (15 ml). The tube was then
swept out with dry argon, sealed and heated at 90 °C for
mixture was then poured onto iced water
dichloromethane

( 8

( 2 0 0

8

hours. The reaction

ml) and extracted with

x 50 ml). The extracts were then dried over magnesium

sulphate before removal of the solvent under reduced pressure which gave a
deep red solid.

This material was then dissolved in chloroform (100 ml),

boiled with activated charcoal, and then recrystallised from chloroform
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which gave 4-amino-3-carboxyphenyltriflate as a white crystalline solid
(1.82 g, 65.5 %).

M. pt:

162 °C.

M.S. m/e:

284.9928 (CgH^NOjFjS requires 284.9919).
285 (M+), 152 (M+-133),134 (M+-151), 106 (M+-179).

'H n.m.r. 5(DMS0):

8.60 (hr. s). 7.61 (IH , d. J = 3.0 Hz), 7.34 (IH , dd,
J = 3.2 Hz, J = 9.2 Hz), 6.85 (IH , d, J = 9.2 Hz).

'^Cn.m .r. 5(DMS0):

168.2, 151.4, 137.6, 127.1, 123.1, 118.3
(q,'Jc-F

=321.2 Hz), 117.9, 109.1.

IR (KBr);

3493 (NHj), 3379 (NH^), 2965 (OH), 1682 cm ' (CO).

Analysis:

Calc, for CgHjNOsFjS: C, 33.69; H, .
2

Found:

1 2

; N, 4.91.

C, 33.44; H, 1.89; N, 4.76.

5.2.27 The reaction between 2-nitrobenzyI chloride and triflic acid.

Into a Schlenk tube were placed -nitrobenzyl chloride (
2

0 . 6

g, 3.2 mmol)

and triflic acid (15 ml). The tube was then swept out with dry argon, sealed
and heated at 90 °C for

8

hours. The reaction mixture was then poured onto

iced water (150 ml) and extracted with dichloromethane (5 x 50 ml).

The

extracts were then dried over magnesium sulphate before removal o f the
solvent under reduced pressure leaving a red solid.

This material was then
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dissolved in chloroform (50 ml), boiled with activated charcoal, and then
recrystallised jfrom chloroform which gave 4-amino-3-carboxyphenyltriflate as
a white crystalline solid (0.61 g, 66.9 %). This material gave the same melting
point and

n.m.r.

spectrum as the

earlier sample

o f 4-amino-3-

carboxyphenyltriflate (Section 5.2.26).

5.2.28 Preparation o f N -phenylhydroxylam ine.

To a mixture of nitrobenzene (25g, 203 mmol), ammonium chloride
(12.5 g, 234 mmol), and water (400 ml) was slowly added zinc dust (26 g,
397 mmol) with vigorous stirring for 30 minutes. The resulting zinc oxide was
then removed by vacuum filtration, and washed with hot water (150 ml).
Sodium chloride (100 g) was added to the filtrate which was then cooled in an
ice bath for 1 hour. The yellow crystals of crude N-phenylhydroxylamine were
then filtered and recrystallised from toluene, and then recrystallised from
petroleum spirit (b.p. 60-80 °C) : dichloromethane (95 : 5) which gave
N-phenylhydroxylamine as white needles (8.34 g, 38 %).

M. pt:

81°C(lit.^^ 81 °C).

n.m.r. (CDCl ):
5

13

3

C n.m.r. (CDCl ):
0

Analysis:

3

7.32-7.27 (2H, m), 7.03-6.99 (3H, m), 5.95 (2H, br. s)

149.4, 128.9, 122.5, 114.8.

Calc, for C^H^NO:

C, 66.04; H, 6.47; N, 12.84.
C, 65.98; H, 6.39; N, 12.93.
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5.2.29 Reaction of N-phenylhydroxylamine with triflic acid.

N-phenylhydroxylamine (0.08 g, 0.73 mmol) was very carefully added in
small portions to frozen triflic acid (4 ml) at about -78 °C. After the addition
of each portion, the acid was allowed to melt and dissolve the substrate, and
was then frozen again ready for the next addition. A less careful procedure
resulted in violent charring of the substrate. The reaction mixture was then
allowed to warm to room temperature and stand for

1

hour before being poured

onto iced water (50 ml), and was then made slightly basic with sodium
hydrogen carbonate. This solution was then extracted with dichloromethane
(4 X 50 ml), and the extracts were then dried over magnesium sulphate
before

removal

of the

solvent under reduced

pressure

which

gave

4-aminophenyltriflate as a pale yellow oil (0.138 g, 78 %).

'H n.m.r SCCDClj):

7.06-6.63 (4H, ABq), 3.79 (2H, br. s).

" C n.m.r. SCCDClj):

146.5, 141.6, 122.3, 118.8(q, ’J c_f = 321.2 Hz), 115.5.

IR (CH CI ):

3474 (NH ), 3388 cm ' (NH ).

Analysis:

Calc, for CyHgNOjSFj: C, 34.86; H, 2.51; N, 5.81.

2

2

2

2

C, 35.16; H, 2.37; N, 5.73.
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R eaction

of

N -phenylhydroxylam ine

w ith

triflic

acid

174

in

dichlorom ethane.

N-phenylhydroxylamine (0.15 g, 1.38 mmol) was dissolved in dry
dichloromethane

( 1 0

ml) in a round-bottomed flask and was sealed with a

rubber septum under dry argon.
bath, and triflic acid (

2 . 0

This solution was then cooled with an ice

ml) was added through a syringe. The solution was

then stirred for 2 hours before being poured onto iced water (150 ml) and
extracted with dichloromethane (5 x 50 ml). The extracts were then dried over
magnesium sulphate before removal of the solvent under reduced pressure
which gave 4-aminophenyltriflate as a yellow oil (0.26 g, 78 %). This sample
gave identical IR and

n.m.r. spectra to the sample o f 4-aminophenyltriflate

prepared in Section 5.2.29.

5.2.31 Preparation of agnotobenzaldehyde 75.

Into a large beaker were placed

2

-nitrobenzaldehyde (25 g, 0.17 mol),

ammonium chloride (15 g, 0.28 mol), ether (500 ml), and water (300 ml). Zinc
dust (37.5 g, 0.57 mol) was then added to the stirred mixture over a period of
30 minutes while the temperature was kept between 0-5 °C.

The metal

residues were then removed by filtration, followed by separation o f the organic
and aqueous layers, and extraction o f the aqueous layer with ether
(3 X 100 ml). The volume of the extracts was then reduced to about 150 ml,
and the resulting solution was stored in a refrigerator overnight. The product
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was then removed by filtration and washed with ether which gave the title
compound as a yellow solid (10.87 g, 44.4 %).

M. pt:

98 °C

99 °C).

5.2.32 P reparation of N-acetyIbenzisoxazolin-3-ol.

Agnotobenzaldehyde (10.5 g, 36.5 mmol) was placed in a beaker and was
cooled to 5 °C. Acetic anhydride (3.8 g, 37.3 mmol) was then slowly added
followed by benzene (3 ml) with stirring to form a pale yellow cream which
was left to stand for 18 hours in a refrigerator.

The resulting solid was

removed by filtration and washed with ice cold toluene which gave
N-acetylbenzisoxazolin-3-ol as a pale yellow solid (2.81 g, 43.1 %).

M, pt:

'H n.m.r.

126 °C

SCCDClj):

126.5-127 °C).

7.76 (IH. d, J = 8.0 Hz). 7.40 (2H, m), 7.24 (IH , t,
J = 6.7 Hz), 6.58, (IH , d, J = 10.7 Hz), 4.80 (IH , d,
J = 10.7 Hz), 2.06 (3H, s).

" C n.m.r.

5

(CDCl ):
3

166.8, 135.9, 130.7, 127.7, 125.1, 123.3, 114.2, 99.3,
21.4.
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5.2.33 Oxidation of N-acetylbenzisoxazolin-3-oI.

Calcium hypochlorite (65 %, 1.93 g) was dissolved in water (25 ml) with
stirring to form a solution of the oxidising agent.

N-acetylbenzisoxazolin-3-ol

(1.0 g, 5.6 mmol) was then dissolved in water (200 ml) followed by dropwise
addition of 10 ml of the calcium hypochlorite solution. The resulting green
solution was stirred for 90 minutes and the precipitate removed by filtration.
The precipitate was then washed with iced water and dried under reduced
pressure which gave 2-nitrosobenzaldehyde as a pale brown solid (0.54 g,
72% ).

M .pt:

113°C (lit.’“ l l l - 1 1 2 ° C ) .

M.S. m/e:

135 (M*"), 119 (M^-16), 105 (M^-30).

*H n.m.r. aCCDClj):

12.06 (IH , s), 8.21 (IH , d, J = 7.7 Hz), 7.90 (IH ,
t, J = 7.6 Hz), 7.68 (IH , t, J = 8.7 Hz), 6.44 (IH ,
d, J = 8.1 Hz).

13

Cn.m .r. (CDCl ):
0

3

193.7, 162.1, 136.4, 134.1, 132.8, 127.8, 106.3.

5.2.34 The reaction between 2-nitrosobenzaldehyde and triflic acid.

Into a round bottomed flask were placed 2-nitrosobenzaldehyde (0.30 g,
2 . 2 2

1

mmol) and triflic acid (4.0 ml). The flask was then heated at 90 °C for

hour, after which the reaction mixture was poured onto iced water

( 1 0 0

ml)

and extracted with dichloromethane (5 x 50 ml). The extracts were then dried
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over magnesium sulphate and the solvent removed under reduced pressure.
The residue was tlien boiled in chloroform with activated charcoal, and then
recrystallised from chloroform giving 4-amino-3-carboxyphenyltriflate as a
white solid (0.39 g, 61.6 %). This material gave the same melting point and
n.m.r. spectrum as the earlier sample o f 4-amino-3-carboxyphenyltriflate
(Section 5.2.26).

5.2.35 The stability of -nitrobenzaldehyde in triflic acid.
2

2-Nitrobenzaldehyde (0.025 g, 0.17 mmol) was placed in an n.m.r. tube
along with triflic acid. The tube was then heated at 90 °C in a thermostated oil
bath for several hours, and removed at regular intervals in order to record
n.m.r. spectra of the sample. There were no changes in the spectra, even after
1 2

hours at 90 °C.

5.2.36 P reparation of tétram éthylam m onium triflate.

Tétraméthylammonium hydroxide pentahydrate (1.62 g, 8.95 mmol) was
dissolved in water (5 ml). The solution was then neutralised with a solution of
triftic acid (1.35 g, 9.00 mmol) in water (15 ml) using universal indicator paper
to detect the approximate endpoint.

The water was then removed by

evaporation, and the product was finally recrystallised twice from ethanol :
water (95 : 5) and dried under high vacuum.

Analysis:

Calc, for C H NO F S: C, 26.91; H, 5.42; N, 6.28.
5

Found:

12

3

3

C, 26.85: H, 5.44; N, 6.12.
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5.3 Kinetics.

All kinetic runs were followed using a Varian VXR-400 n.m.r.
spectrometer.

The concentrations of compounds were determined in the

following way. Firstly an appropriate peak resulting from the compound in
question would be integrated, and this integral would then be divided by the
integral for the peak resulting from the tétraméthylammonium triflate present as
an internal standard. The concentration of substrate at time t is then given by
dividing this ratio by the same ratio at time t = , and by multiplying this result
0

by the concentration of the compound at time t = 0. The concentration data
were analysed using a curve fitting computer program. To obtain the initial
reaction rates, the initial points were fitted to a quadratic equation, with the
initial rate being given by the slope of the fitted curve at time t -

0

.

The temperature in the spectrometer probe was calibrated by recording the
n.m.r. spectrum of an ethylene glycol sample before each experiment, the
difference in chemical shift of its two resonances being a known function of
temperature.
±0.2 °C.

The temperature measured in this way is accurate to about

All of the reactions studied proceed at a negligible rate at room

temperature, and the timing of the kinetic runs began after the sample had been
in the spectrometer probe for 30 seconds to allow for equilibration.
The concentration of the triflic acid used in kinetic runs was determined
from the average value of three titrations against standard sodium hydroxide
solution using screened methyl orange to detect the end-point.

Solutions of

triflic acid o f lower concentration were prepared by carefully adding h.p.l.c.
grade water to the acid followed by titration to determine the new
concentration.

The values of H q corresponding to these triflic acid

concentrations were then interpolated from the acidity function data of
Marziano.^"*
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The l,3-diinethyl~2-chiorobenzene used in kinetic runs was first purified
using preparative h.p.l.c. with

2

x 25 cm x 1 cm Lichoprep 5-20 pm silica gel

columns, and elution with neat n-hexane.
The n.m.r. acquisition parameters used were non-standard and are shown
in Table 5.1. In particular the pulse width used was short (5 ps instead o f the
standard

2 0

ps) which is necessary to prevent r.f. overload resulting from the

large solvent resonance. The short pulse width also has the beneficial effect of
making the proton relaxation more rapid, and hence the integration of peaks
can be regarded as being particularly reliable.

Table 5.1.
P ro to n n.m .r. acquisition param eters used in kinetic runs.

Sweep width:

5624.3 Hz

Transmission offset:

-283.3 Hz

Acquisition time:
Pulse width:

2

s

5 ps

Number of transients:

1 0

5.3.1 K inetics of the reaction between 2-nitroethylbenzene and triflic acid
w ith and w ithout the presence of 1,4-dinitrobenzene.

Into

a

1

ml

measuring

cylinder

were

accurately

weighed

2

-

nitroethylbenzene (0.0618 g, 0.409 mmol), tétraméthylammonium triflate
(0.0101 g, 0.045 mmol), 1,4-dinitrobenzene (0.0200 g, 0.122 mmol), and the
volume was then made up to 1 ml with triflic acid (99.06 %). Using a syringe.
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0.50 ml of the solution was placed in an n.m.r. tube along with a capillary of
dg-dimethylsulphoxide, and the tube was then sealed.

The tube was then

placed in the probe of the spectrometer at 96.3 °C, and

n.m.r. spectra were

taken at regular intervals, and the reaction was followed for 5 hours. A second
sample was run under identical conditions except for the absence of
1,4-dinitrobenzene.

5.3.2

A cidity

dependence

kinetics

of

the

reaction

betw een

2-nitroethvlbenzene and triflic acid.

Each sample was prepared by accurately weighing 2-nitroethylbenzene
(0.0083 g, 0.055 mmol) and tétraméthylammonium triflate (0.0020 g,
0.009 mmol) into n.m.r. tubes followed by triflic acid (0.50 ml, 5 different
concentrations; 98.87 %, 98.68 %, 97.98 %, 97.46 %, and 96.50 %).

A

capillary of dg-dimethylsulphoxide was inserted into each tube, and the tubes
were then sealed. The tubes were then placed in the probe o f the spectrometer
at

1 0 0 . 0

°C, and

n.m.r. spectra were taken at regular intervals, and each

reaction was followed for between 4 and

6

hours.
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5.3.3 kinetics of the reaction between l,3-dim ethyI-2-chIorobenzene and
various arom atic nitro compounds in triflic acid using the method o f initial
reaction rates.

Ten samples were prepared by accurately weighing the masses of
compounds shown in Table 5.2 into n.m.r. tubes, followed by the addition of
triflic acid (0.50 ml, 98.69 %).

Table 5.2
M asses o f com pounds used for initial rates kinetics.

Nitro compound

Mass of nitro

Mass of

Mass of
DMCB/g

compound/g

TMAT/g

0.0064
0.0130
0.0190

0.0216
0.0213
0.0219
0.0154

1,4-Dinitrobenzene
1,4-Dinitrobenzene
1,4-Dinitrobenzene
1,4-Dinitrobenzene
Nitrobenzene

0.0093

0.0029
0.0037
0.0032
0.0035
0.0032

4-Chloronitrobenzene

0 . 0 1 2 1

0.0034

0.0213

4-Fluoronitrobenzene
4-Nitroaniline

0.0106
0.0104

0.0033

0.0215

0.0028

0.0218

4-Nitrotoluene

0 . 0 1 0 2

0.0035

0.0217

1,3,5-T rinitrobenzene

0.0163

0.0031

0.0216

0 . 0 2 0 1

0 . 0 2 1 2

A capillary of dg-dimethylsulphoxide was inserted into each tube, and the
tubes were then sealed. The tubes were then placed in the probe o f the n.m.r.
spectrometer at 70.0 °C, and

n.m.r. spectra were taken at regular intervals;

each reaction was followed for 30 minutes. The tubes were then placed in a
thermostated oil bath at 70 °C for a further 24 hours before final

n.m.r.
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spectra were recorded. Integration of these spectra enabled calculation o f the
yield of each reaction.

5.3.4 K inetics o f the reaction of l,3-d im ethyl-2-chlorobenzen e w ith triflic
acid.

Three samples were prepared by accurately weighing the masses of
compounds shown in Table 5.3 into n.m.r. tubes, followed by the addition of
triflic acid (0.50 ml, 98.69 %).

Table 5.3
M asses o f com pounds used for the kinetics o f the reaction
o f l,3-dim ethyl-2-chlorobenzene w ith triflic acid.

Sample
Sample

1

Sample
Sample 3
2

Mass of DMCB/g

Mass of TMAT/g

0.0213
0.0165
0.0109

0.0041
0.0040
0.0044

A capillary of dg-dimethylsulphoxide was inserted into each tube and the
tubes were then sealed. The tubes were then placed in the probe o f the n.m.r.
spectrometer at 70.0 °C, and

n.m.r. spectra were taken at regular intervals.

Each reaction was followed for 30 minutes.
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5.3.5 Acidity dependence kinetics of the reaction between l,3-dimethyl-2chlorobenzene and 1,4-dinitrobenzene in triflic acid.

This reaction had already been followed using a concentration o f triflic
acid of 98.69 % (Section 5.3.3). This experiment followed the kinetics at four
other acidities. The four samples were prepared by accurately weighing out the
masses of compounds shown in Table 5.4 into n.m.r. tubes, along with 0.50 ml
of triflic acid of the concentration shown in Table 5.4.

Table 5.4
M asses o f com pounds used for the acidity dependence kinetics o f the reaction
betw een 1,3-dim ethyl-2-chlorobenzene and 1,4-dinitrobenzene in triflic acid.

Sample

Mass of
DMCB/g

Mass of
DNB/g

Mass of TMAT

[CF SO H]
/%
3

3

0.0214

0.0190
0.0192

/g
0.0032
0.0030

Sample 3

0 . 0 2 1 2

0.0190

0.0033

97.32

Sample 4

0 . 0 2 1 1

0.0189

0.0031

96.61

Sample 1
Sample 2

0 . 0 2 1 0

98.29
97.77

A capillary of dg-dimethylsulphoxide was inserted into each tube, and the
tubes were then sealed. The tubes were then placed in the probe o f the n.m.r.
spectrometer at 70 °C, and

n.m.r. spectra were taken at regular intervals.

Each reaction was followed for 30 minutes.
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5.4 M olecular O rbital Calculations.

Initial estimates o f the geometries of ground state structures were obtained
using a molecular mechanics program (PCMODEL-PI).^^ Structures obtained
in this way were then fully optimised using the semi-empirical AM I or PM3
methods combined with the eigenvector following procedure (keyword EF)
within the MOP AC

6 . 0

program.

Transition state structures were obtained

from the optimised reactant and product geometries using the saddle point
location procedure within MOP AC (keyword SADDLE). The transition state
geometries obtained in this way were then further optimised using the
eigenvector

following

method

(keyword

TS).

Vibrational

calculations

(keyword FORCE) showed the transition states each to have one negative
force constant as expected.

All calculations were carried out using the

restricted Hartree-Fock (RHF) formalism, and were implemented on a
486/33 MHz PC.
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Novel Oxidation Reduction Reactions Involving Nitro Groups and Methyl Groups in
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Novel Oxidation Reduction Reactions Involving Nitro Groups and Methyi Groups in
Trifluoromethanesulfonic Acid
Rupert P. Austin and John H. Ridd*
Chemistry Department, University Coiiege, 20 Gordon Street, London WC1H OAJ, UK
2-Chloro-1,3-dimethylbenzene reacts with p-dinitrobenzene in trifluorom ethanesulfonic acid at 70 °C to give th e
corresponding triarylm ethyl cation and p-diam inobenzene.
The extension of our study of rearrangement reactions in
trifluoromethanesulfonic acid from aromatic nitro compounds^ to aromatic halogeno compounds has revealed an
unexpected reaction between some of the aromatic substrates
and the p-dinitrobenzene present as a
NMR standard.

Thus, when a solution containing 2-chIoro-l,3-dimethylbenzene (0.4 mol dm~3) and p-dinitrobenzene (0.14
mol dm~^) is heated in trifluoromethanesulfonic acid (99.1%)
for 3 h at 70 “C, the NMR spectrum indicates the formation of
the triarylmethyl cation 1 (Scheme 1); this product was

1600

J. ( HI M. SOC . , ( HKM. COMMUN., l y y :

c i - H

Me

HzC

Me
CF3S03H
70 °C

\ — /

a -T S

C,H4(N03)2

Me

0

Cl

Me

_ C H ,- 0 - C
Me

m/

2

Scheme 1
CgH4(N02)2 + 8 CgH3 Me2 CI + 6 H*

HC—
2

2(CgH2Me2CI)3C* + CgH4(NH3*)2 + ZCgH^MeCI + 4H3O*

5a; R = H
b;R = OH

Scheme 2
isolated, after extraction, as the corresponding alcohol and
was identified by its elemental analysis, the
and
NMR
spectra, and the mass spectrum. The only other significant
product is p-diaminobenzene. In the absence of the p-dinitro
benzene, 2-chloro-l,3-dimethylbenzene reacts more slowly to
give a very complex mixture of products; the triarylmethyl
cation 1 is not formed. In the absence of the 2-chloro-l,3dimethylbenzene, p-dinitrobenzene does not react. In a less
acidic solvent (trifluoroacetic acid), no reaction occurs.
3-Chloro-l-methylbenzene also reacts with p-dinitro
benzene in trifluoromethanesulfonic acid to give the corre
sponding triarylmethyl cation. When this reaction was
repeated using 3-chloro-l-[^3C]methylbenzene, the central
carbon atom of the triarylmethyl cation was found to be
labelled with
to the same extent as the methyl groups. The
central carbon is therefore derived from one of the original
methyl groups.
From this result and the formation of 1,4-diaminobenzene,
the reaction in Scheme 1 appears to require the overall
stoichiometry shown in Scheme 2. However, the reaction is
not quantitative and the final yield of the triarylmethanol is
only about 40% of that expected from this scheme. Minor
quantities of a number of other aromatic compounds are
formed but 2 -chlorotoluene has not been detected; we have
shown that it reacts further under these conditions to give a
mixture of triarylmethyl cations.
The p-dinitrobenzene can be replaced by a number of
aromatic nitro compounds (nitrobenzene, 1,3,5-trinitroben
zene, p-nitroardline) without large changes in the reaction rate
but reaction did not occur when an aliphatic nitro compound
(nitromethane) was used. As outlined above, reaction also

occurs with other alkylchlorobenzenes but not with toluene or
m-xylene; these decompose under the reaction conditions.
From the
labelling experiments, we suggest that the
reaction in Scheme 1 starts with the oxidation of one of the
methyl groups by the nitro compound to form the benzyl
cation 2, and that this is followed by a Friedel-Crafts reaction
to form the diarylmethane 3; this can then undergo a reverse
Friedel-Crafts reaction to form the cation 4 and a further
Friedel-Crafts reaction to form the diarylmethane 5a. Further
oxidation and substitution reactions of these types would then
complete the formation of the triarylmethyl cation. This
interpretation is supported by the fact that some of the alcohol
5b can be extracted from the reaction mixture at early stages of
the reaction.
Related sequences of benzylation, débenzylation and
rebenzylation have been observed in other Friedel-Crafts
r e a c t i o n s . 2 The unusual feature of the present work is the
facility with which nitro compounds in this highly acidic
medium appear to abstract hydride ions from aromatic methyl
groups and are thereby reduced to amino compounds. The
range and mechanism of this reaction are currently under
investigation.
One of us (R. P. A.) thanks the SERC for a studentship.
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The Mechanism of Cyclisation of 1 -Ethyl-2-nitrobenzene to give
3-Methylanthranil in Trifluoromethanesulfonic acid. Evidence for an
Intramolecular Hydrogen Transfer
Rupert P. A ustin and J o h n H. Ridd*
Chemistry Department, University College. 2 0 Gordon Street. London UK WC1H OAJ
D euterium labelling has b een used to sh o w th a t th e cyclisation in trifluorom ethanesulfonic acid of
1 -eth y l-2 -n itro b en z en e to 3 -m ethylanthranil d o e s n ot pro ceed th ro u g h an equilibrium co n cen tratio n
of th e ac/-form of th e substrate. Instead, th e rate-d eterm in in g ste p ap p ears to involve th e
intram olecular transfer of hydrogen from th e a -c arb o n ato m to o n e of th e oxygen ato m s of th e
p ro to n ated nitro group. This co n clu sio n is su p p o rted by sem i-em pirical m olecular orbital
calculations.

1-Ethyl-2-nitrobenzene has recently been shown ‘ to undergo
dehydration and cyclisation to form 3-methylanthranil 2
(Scheme 1) in trifluoromethanesulfonic acid at 90 °C; no other
products were detected and, from the NMR spectra, the yield
appeared to be quantitative. The product was shown to be
identical to a sample of 3-methylanthranil prepared by a
standard method. The reaction was considered to occur
through an equilibrium concentration of the on-fonp of 1 -ethyl2-nitrobenzene 1, as shown in Scheme 1. This mechanism
OH

OH

0.8

0.6

oo>
+

0.4

lO
0.2

11

11.5

-Ho

12

Fig. 1 Curve (a); the variation of log k i with

-H jO

OH— 0

Scheme 1

accords with that suggested for the general acid-catalysed
formation of anthranils from 2-nitrobenzyl sy ste m s.H o w 
ever, recent evidence* that protonated nitro groups act as
hydride ion acceptors in trifluoromethanesulfonic acid has led
us to reconsider this mechanism and the studies now reported
show it to be incorrect.

Results
The rate of cyclisation of 1-ethy1-2-nitrobenzene was followed
from the change in the height of the central component of the
methyl triplet in the
NMR spectrum of the starting material.
Good first-order kinetics were observed during an individual
run although there was evidence for a slight decrease in the firstorder rate coefficient when the concentration of the substrate
was increased. The resulting first-order rate coefficients are
given as a function of acidity in Table 1 and plotted against the
H q function in Fig. 1, curve (a). These H q values are calculated
from the extent of protonation of picramide and p-nitrotoluene
in trifluoromethanesulfonic acid ®at 25 °C but are based on the
assumption that the pÆ^ of picramide® is —1 0 . 0 since the full

for the conversion of
1-ethyl-2-nitrobenzene to 3-methylanthranil in aqueous trifluoro
methanesulfonic acid. Curve (b); the curvature expected in a unimolecular reaction occurring in the conjugate acid of a hypothetical
substrate with pA^, = —1 2 .
acidity function for trifluoromethanesulfonic acid is not yet
available. This acidity dependence was missed in the pre
liminary kinetic study * probably because the temperature of
one of the two kinetic runs was incorrectly recorded.
l-(l-^H 2 )Ethyl-2 -nitrobenzene has been prepared by the
reduction of acetophenone with lithium aluminium deuteride
followed by nitration and the separation of the isomers by
preparative GLC. The extent of reaction of this compound in
trifluoromethanesulfonic acid has been followed from the
decrease in the height of the methyl singlet in the
NMR
spectra. During reaction, this peak remains a singlet and there
is no formation of the quartet derived from the -C H j- group
in the undeuteriated substrate (Fig. 2); it appears therefore
that cychsation occurs without any exchange of the -C D jdeuterons with the medium. The rate of reaction of the
deuteriated substrate is significantly slower than the normal
substrate (Table 1), giving an isotope effect of ^h/^d = 3.1 at
100 °C.
Studies have also been carried out on the reactions of 1methyl-2-nitrobenzene in 98.9% trifluoromethanesulfonic acid
at 100 °C. The overall reaction is extremely slow but, after
14 days, the height of the methyl singlet relative to 1,4dinitrobenzene (present as an NMR standard) is reduced by a
factor of two. However, the comparison of the aromatic region
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Table 1 First-order rate coefficients (t,) for the cyclisation of 1-ethy1-2-nitrobenzene and l-(l-^H2 )ethyl-2 -nitrobenzene in aqueous
trifluoromethanesulfonic acid at 100 °C (except where indicated). Tétraméthylammonium trifluoromethanesulfonate (TMAT) was used as the
standard for integration except where indicated
Substrate (S)

[S]/mol dm ^

CH3 CH2 Q H 4 NO2
CH3 CH2 QH*N0 2
CH3 CH2 QH 4 NO2
CH3 CH2 QH 4 NO2
CH3CH2QH^N02
CH3 CH2 C6 H4 NO2
CH3 CH2 QH 4 NO2
CH3 CH2 QH 4 NO2
CH3 CD2 Q H 4 NO2

0 .1 1
0.1 1
0 .1 1
0 .1 1
0.1 1

0.409
0.409
0.369
0.369

Acid(%)

—Ho

[TMAT]/mol dm ^

1 0

96.5
97.46
97.98
98.68
98.87
99.06
99.06
98.86
98.86

11.18
11.45
11.62
11.90
11.96
12.04
12.04
11.95
11.95

0.018
0.018
0.018
0.018
0.018
0.045"
0.045
0 .1 2 2 '
0 .1 2 2 '

1.57
2.60
3.46
5.15
5.38
3.31 ‘
3.30*
3.93
1.31

^Æ,/s-'

"In the presence of /»-dinitrobenzene (0.122 mol dm ^). '’At 96.3°C. 'With />-dinitrobenzene replacing tétraméthylammonium trifluoro
methanesulfonate as the NMR standard.
(a)

(b )

Si

DNB

DNB

S1

L r J L»
CH3CH2C6H4NQ2

F

V»

CHgCDgCeHeNOg

Fig. 2 'H NMR spectra taken during the cyclisation reactions of
1-ethy1-2-nitrobenzene and l-(l-^H2 )ethyl-2 -nitrobenzene in 98.86%
trifluoromethanesulfonic acid at 100 °C (a) at the start of reaction and
(b) after ca. 40% reaction. For the deuterated compound, only the
aliphatic region of the spectrum is shown since the aromatic regions of
the two spectra are identical. Sj, Methyl signal of starting material; S2 ,
methylene signal of starting material, Pi, methyl signal of product. For
chemical shifts, see ref. 1 and Experimental section.
with that of synthetic mixtures indicates that less than 50% of
anthranil has then been formed. Anthranil is stable under these
conditions and so the comparison o f this result with the rate
coefficients in Table 1 indicates that the rate of cyclisation of
l-methyl-2 -nitrobenzene is less than that of the corresponding
ethyl compound by a factor that is at least 70 and probably
considerably larger.

Discussion
The results reported above immediately rule out reaction
through an equilibrium concentration of the aci-form 1 since
this would lead to H/D exchange in the methylene group during
reaction. If the oci-form is involved in the reaction, it must
therefore be formed in the rate-determining step. The kinetic
isotope effect observed (Table 1) (equivalent to ^h/^d = 4.1 at
25 °C) indicates a rate-determining fission of one of the
methylene C-H bonds. This would normally be understood as
a rate-determining proton loss to the solvent or to some base
in the medium.
There are however considerable difficulties with this interpre

tation. One comes from the fact that this reaction shows strong
acid catalysis [Fig. 1, curve (a)]. The expected curvature of a
plot for reaction through a protonated substrate with a pK^ of
—12 is also shown [Fig. 1, curve (6 )]. The pK, of l-ethyl-2nitrobenzene does not appear to have been measured but the
pAg of l-methyl-3-nitrobenzene has been given ’ as —11.99. The
similarity in the curvature of the theoretical and experimental
curves is obvious and greater than might have been expected in
view of the temperature difference (the Nq values refer to 25 °Q.
The results therefore point strongly to reaction through the
monoprotonated substrate. However, the general acid catalysed
conversion of nitro compounds to the ad-forms has been sought
but not found; the present position has been summarised by
Lewis.® We have also investigated whether there is any general
acid catalysed formation of acf-nitrocompounds in trifluoro
methanesulfonic acid by determining whether any H/D ex
change occurs with deuterated nitromethane in this medium.
No exchange could be detected by ‘H NMR spectroscopy, even
after several hours at 70 “C, but some decomposition occurred.
Another difficulty with the above interpretation comes from
a comparison of the substituent effects involved. In the base
catalysed formation of the ncf-form of nitrocompounds by
proton loss from the a-carbon atom, methyl substitution at the
a-position markedly slows down the rate of reaction (nitro
methane,» 1; nitroethane, 0.164; nitroisopropane, 0.0087).® In
contrast, the relative rates of reaction of 1 -methyl-2 -nitrobenzene and 1 -ethy1-2 -nitrobenzene in this cyclisation reaction
indicate that such methyl substitution increases the reaction
rate by a factor of > 70. This large rate factor suggests that a
partial positive charge is created at the reacting carbon atom in
the transition state.
We have therefore to consider a rate-determining step
involving the effective loss of a hydride ion from the methylene
group. From our related studies on the oxidising power of nitro
compounds in trifluoromethanesulfonic acid,'* one possible
recipient of the hydride ion would be the p-dinitrobenzene
present as an NMR standard in a few of the runs.* However,
the p-dihitrobenzene does not become involved, for the rate of
formation of the anthranil is unchanged when p-dinitrobenzene
is present (compare the results for runs 6 and 7 in Table 1).
Trifluoromethanesulfonic acid is not itself a strong oxidising
agent
and so we suggest that the rate-determining step
involves the intramolecular transfer of the hydrogen from the
methylene group to an oxygen atom of the protonated nitro
group (Scheme 2). Such a reaction can be described in two ways,
depending on how the structure of the product 5(R = Me) is

* These runs were carried out before we became aware of the possible
involvement of p-dinitrobenzene in hydride transfer reactions.
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CD

CD

CD

CD

O

OD

S chem e 2

T a b le 2 C a lc u la te d s ta n d a r d h e a ts o f fo rm a tio n o f th e in itia l s ta te s
(IS ), tra n s itio n s ta te s (T S ), a n d final s ta te s (F S ) fo r th e in tra m o le c u la r
h y d ro g e n tra n sfe rs illu s tra te d in S chem es 2 a n d 3. T h e re a c tin g species
a re p ro to n a te d 1 -eth y l-2 -n itro b e n z e n e (A ), p r o to n a te d l-m e th y l-2 n itro b e n z e n e (B ), a n d u n p ro to n a te d 1-eth y 1 -2 -n itro b en zen e (C ); th e
s tru c tu re s in v o lv ed a r e in d ic a te d in p a re n th e s e s . T h e fin al c o lu m n
in d ic a te s th e d iffe re n ce b etw e en th e h e a ts o f fo r m a tio n o f th e tr a n s itio n
s ta te a n d th e in itia l s ta te . T h e c a lc u la tio n s w ere c a rrie d o u t b y th e A M I
m e th o d a n d refe r to th e u n la b e lle d c o m p o u n d s
//? /k J m ol '
R e a c tin g
species

IS

TS

FS

A ^ ? / k J m o l-i

A
B
C

786.2(3)
809.7(3)
5 8.3(6)

945.5(4)
994.6(4)
275.1(7)

756.2(5)
818.1(5)
176.9(8)

159.3
184.9
216.8

T a b le 3 C a lc u la te d c h a rg e d is tr ib u tio n s f o r th e in itia l s ta te , tr a n s itio n
s ta te , a n d fin al s ta te in th e h y d ro g e n tra n s f e r re a c tio n in v o lv in g
p r o to n a te d l-e th y l-2 -n itro b e n z e n e . T h e c a lc u la tio n s w ere c a rrie d o u t
b y th e A M I m e th o d a n d re fe r to th e u n la b e lle d c o m p o u n d s
C h a rg e s
S pecies
In itia l s ta te (3)
T ra n s itio n s ta te
F in a l s ta te (5)

(4)

A lk y l g ro u p "

R in g (C ftH ^)

N itr o g ro u p *

0.174
0.477
0.576

0.368
0.362
0.350

0.458
0.161
0.0 7 4

“ T a k e n as - C 2 H 5 in s tru c tu re s 3 a n d 4 , a n d a s - C 2 H 4 in s tr u c tu r e 5.
’’ T a k e n as - N O 2 H in s tru c tu re s 3 a n d 4 , a n d a s - N O 2 H 2 in s tru c tu re 5.

written. If structure 5a were considered to represent the
resulting compound, the reaction becomes equivalent to a
hydride transfer but, if the product were written as structure 5b,
the reaction becomes formally equivalent to a [1,5] sigmatropic
shift. The substituent effect of the methyl group requires
therefore that the product 5 resembles structure 5a. The
subsequent reactions of species 5(R = Me), following proton
loss to the medium, could then be as described in Scheme 1.
To check whether this mechanism is reasonable, semiempirical molecular orbital calculations have been carried out
on this hydrogen transfer in protonated 1-ethyl-2-nitrobenzene
3(R = Me), protonated 1-methyl-2-nitrobenzene 3(R = H),
and unprotonated l-ethyl-2-nitrobenzene 6 (Scheme 3); the
calculations refer to the undeuterated compounds and, for each
substrate, include the initial state, the transition state, and the
product resulting from the proton transfer. The relevant heats
of formation are given in Table 2, the changes in the charge

F ig . 3 T h e g e o m e try o f th e c a lc u la te d tr a n s itio n s ta te (A M 1 m e th o d )
fo r th e in tr a m o le c u la r h y d ro g e n tr a n s f e r in th e re a c tio n o f th e c o n ju g a te
a c id o f l- e th y l- 2 -n itro b e n z e n e

distribution for the reaction of protonated l-ethyl-2-nitrobenzene are shown in Table 3 and, for this substrate, the form
of the transition state is shown in Fig. 3.
The calculated geometry of the transition state (with the
migrating hydrogen above the plane of the benzene ring) would
be consistent with a [l,5]sigmatropic shift but the charges in
Table 3 indicate that moving from the initial state to the
transition state results in the transfer of a charge of ca. 0.3 e from
the alkyl group to the nitro group; a larger transfer of ca. 0.4 e
occurs in the overall reaction. This is consistent with the large
substituent effect of the methyl group and accords with the
much greater value of A H f observed for the rearrangement in
Scheme 2 when R = H compared with that when R = Me
(Table 2). A similar calculation of A f f ° for the corresponding
proton transfer in the unprotonated substrate (Table 2, Scheme
3) supports the view that protonation of nitro group favours the
hydrogen transfer reaction.*

CM

6

7

OH

8

S ch em e 3

The calculated characteristics of this reaction path are hence
in agreement with the features observed. We consider therefore
that this reaction can be regarded to some extent as the
intramolecular equivalent of the intermolecular hydride transfer
reactions reported previously for this solvent.The fact that the
geometry of the transition state is appropriate for an allowed
[l,5]sigmatropic shift probably explains why this type of
hydrogen transfer occurs with 1-ethyl-2-nitrobenzene and not
with nitromethane (for the latter would involve a forbidden
[l,3]sigmatropic shift). The calculations for the unprotonated
substrate (Table 2) suggest that a similar hydrogen transfer
should occur in that molecule by a slower thermal reaction. It
may be significant therefore that 2-nitrodiarylmethanes form 3arylanthranils on heating in paraffin oil to 300 °C.‘^ A related
direct transfer of hydrogen to the nitro group is also seen in the
cation radicals of l-alkyl-2-nitrobenzenes for it is the first step
in the loss of an hydroxyl radical from these substrates in the
mass spectrometer.^^
Experimental
M aterials. —1-Ethy 1-2-nitrobenzene,

1-methyl-2-nitrobenz-

* T h e e n th a lp y c h a n g e s h a v e n o t b ee n d e s ig n a te d a s e n th a lp ie s o f
a c tiv a tio n sin ce th e c o rre s p o n d in g c h a n g e s in z e ro -p o in t en e rg y h av e
n o t b ee n in c lu d e d . T h e a c tu a l v alu es w ill b e c h a n g e d b y s o lv a tio n ; it is
th e re la tiv e v alu es th a t a r e sig n ifican t h ere.
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ene, [^Hjjnitromethane, acetophenone, and lithium aluminium
deuteride were bought from Aldrich. Acetophenone (6 .1 g) in
diethyl ether ( 1 0 cm^) was slowly added to a mixture of
anhydrous aluminium chloride ( 1 2 g) and lithium aluminium
deuteride (2 g) in diethyl ether (40 cm^) at a rate that kept the
mixture refluxing. After 30 min, dilute hydrochloric acid (2 mol
dm^, 2 0 cm^) was added and the mixture was extracted with
diethyl ether (3 x 25 cm^). Drying over CaClj and removal of
the solvent gave crude l-Cl-^Hgjethylbenzene (3.95 g). This was
slowly added to a mixture of concentrated nitric acid (3 cm^)
and concentrated sulfuric acid (3 cm^) maintained below 30 °C.
After complete addition, the mixture was heated to 50 ®Cfor 1 h
and then added to water (40 cm^). After extraction with diethyl
ether, the mixture of isomers was separated by preparative
GLC using a 10 ft x 3/8 in column packed with C20M on
Chromosorb W and temperature programming (150-230 °C,
2 °Cmin-').
Kinetics.—A solution of the substrate and the standard {pdinitrobenzene or tétraméthylammonium trifluoromethane
sulfonate) in trifluoromethanesulfonic acid of the required
concentration was placed in an NMR tube and the
NMR
spectrum taken using a 100 MHz JEOL CW or a Varian 400 MHz
FT spectrometer. The tube was then transferred to an oil bath at
100 ®Cand, after 30 s, the stopwatch was started. At appropriate
intervals (30-120 min depending on the reaction rate), the tube
was removed from the oil bath, brought rapidly to room
temperature using a water bath, and the ^H NMR spectrum of
the solution taken as before. The tube was then replaced in the
oil bath with 30 s being allowed as the warming up period. The
height of the methyl signal in the substrate (51.31, based on J 3.1
for the tétraméthylammonium ion ^^) was measured relative to
that of the standard, and the amount of the substrate remaining
was calculated from the corrected height of this methyl signal at
time t divided by that at r = 0. The reactions were followed for
up to 10 h. The first 7 kinetic runs in Table 1 (followed using the
400 MHz Varian spectrometer) gave excellent first-order
kinetics but the others (followed using the 100 MHz JEOL
spectrometer) gave some scatter with standard errors in the rate
coefficients of ca. 1 0 %.
The theoretical plot [Fig. 1, curve (6 )] is that of log[cgH+ /
(cgH+ + Cg)] calculated from the listed H q values for a substrate
with pA^a = 12. The position on the vertical axis is arbitrary.
Molecular Orbital Calculations.—Initial estimates of the

geometry of the structures 3 and 5 were obtained by a molecu
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lar mechanics program (PCMODEL-PI)
followed by full
optimisation using the semi-empirical AMI method in the
MOPAC 6.0 program
implemented on a 486 PC. The
structure of the transition state 4 was obtained from MOPAC
6.0 using the optimised geometries of structures 3 and 5 and
the procedure of Dewar, Healy and Stewart
(Keyword
SADDLE). The transition state geometry so obtained was
further optimised using the eigenvector following method
(Keyword TS), and the resulting transition state structures had
the expected single negative eigenvalue in the Hessian matrix.
The calculations were repeated using the PM3 method; this
gave a similar pattern of relative energies and charge
distributions leading to the same conclusions.
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