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ABSTRACT.

The mechanistic aspects of certain electrophilic
aromatic subgtitution reactions are reviewed, with particular
regard to aromatic C-nitresation. The kinetic principleg of
the investigation are then outlined,

An account of the nitrosation of azulene and lenitro~
~azulene in dilute aqueous acid is presented, in which nitrosyl
chloride and. the nitrousacidium ion are identified as active
electrophiles. An A-SE2 mechanism is propoesed in which proton
loss from the Wheland.intermediate is rafe—limiting for nitro-
-azulene, but for azulene the reaction is diffusion controlled,.

An investiéation of the g-nitrosaticn of a series of
p-substituted phencls by the nitroscnium ion in aqueous perchloric
acid is reported, which proceeds in an A-5p2 mechanism via the
formation of a diencne intermediate. A low d/g value of ~5,2
obtained for the reaction reflects the sensitivity of the rate
limiting step, which is proton loss from the intermediate, to
electron supplye.

A large primary deuterium isotope effect 1s reported for
the nitrosation of benzene in concentrated sulphuric acid, which

confirms that rate-limiting proton less is characteristic of
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C-nitrosation at high acidity, and is not related to the acidity
of the leaving proton. Catalysis of the nitrosation of phenol
and benzene by the anions of strong polybasic acids in
concentrated solutions is reported as a further consequence of
rate limiting proton transfer in these reactions,

An account of the nitrosation of phenol and 2-napthol
in very dilute acidic media.is presented and conclusive evidence
s reported for an A-S5p2 mechanism in which the rate~determining
step can be either <the formation of, or proton loss from, a
steady state neutral dienone intermediate, the major deciding
factor being the acidit& of the medium. Thus the first 'fast'
proton transfer for an aromatic C-nitrosation is reported.

Nitrosation in dilute aqueocus buffer solutions is

reported to be subject to only moderate intramolecular base
catalysis in phenolic compounds with acetate and carboxylate

functions neighbouring the site of substitution,
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PART 1,

INTRODUCTION.
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CHAPTER 1.

THE HISTORICAI SURVEY.

(A). Electrophilic Aromatic Substitution,

Few organic processeg have attracted more attention
and interest than that of electrophilic aromatic substitution,
In one direc?ion they form the basis of a diverse and important
chemical industry; and, in another, the investigation of their
mechanism was a historical, yet continuing, factor in the
development of electronic theorles of orgenic chemistry, These
reactions have been widely reviewed, but for general aspects

reference is drawn to monographs by De la Mare and Riddl and by

2,3

Taylor and his colleagues ’ . No comprehensive coverage of even
the recent literature is given in this introduection, but attention
is focussed on mechanistic aspects, such as factors affecting
the rate-determining step and the nature of the intermediates,
that were emphasised in 1964 by the reviews of Zollingeg and

5 :
Berliner . The overall substitution process, for the general

replacement of hydrogen, can be represented as a two stage process

+
(equ.(1.1)), where ArH represents the aromatic substrate, E
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an electron deficient reagent and ArHE' an  intermediate.
Ari  + Et - ArHEY

L * ® .(l.l).
Arnet + B —2 ArE + BH'

The process may be further complicated by preequilibrium formation
of E', The mechanism described by equ.(1,1) is termed an Sg-2
process and, where acid catalysis is involved in generating the
electrophile et s an A=-Sp2 process., This is believed to be
the usual mechanism for aromatic substitution and no examples
of an alternative Sg-3 mechanism, (equ.(1,2)), have been
discovered,
ArH + B Ml maran.B) — 25 arp o+t L, (1L2).
For the Sgp-2 type mechanism, the observed overall rate for the
reaction will be given by equ.(1.2), i1f the intermediate is

assumed to be formed in small stationary concentrations , It

Rate

il

““““““““““““““““““““““ 'K (1.3).

follows that if the intermediate returns more readily to reactants
than to products (i.e. k_; 3> k, ), the observed rate will be

given by klkz/k_l. [Arﬂ][ﬁ+1[81. Since this expression depends

on k,, the reaction will show a primary hydrogen 1sotope effect

( kn/kD.> 1 ) if deuteriated suﬁstrates are used : also the observed

rate will depend on the base concentration, which will be linear



it k, (8]/x_, < 1. In contrast, 1f k, [B] >>k_l, then the
obsgerved rate will be given by ki.[Arﬁ][Ef] i.e, it is dependant
on the first step only and no primary deuterium isotope effect
or base catalysis will be observed. The validity of equ.(l.3)
has been widely ;stablished » and several factors have been shown
to influence the rates of the two steps of the Sp~2 mechanism,
Zullinger6'7 was the first to show, from experiments of
azo coupling, that structural effects in the intermediate were
important in detgrmining the rate-limiting step. Steric hindrance
in the intermediate was shown to produce a primary deuterium
isotope effect, as, for example, in the coupling of G~-salt in

the one position, and explained originally as arising from an

s¢y ' $0; 4 wN=N-AC S03 w=N-AC
.OH + K1 o ko ox
+ A = —> . . (1.4),
soy e S0z So3

increase in the k_; step (equ.(1.4)) . The acidifying effect of

a range of electrophiles on the leaving proton was also observed

to influence the magnitude of the primary deuterium isotope

effect in azo coupling, the kH/kD ratiog decreasing with increasing
acidity of the leaving proton, Catalysis of these reactlons by

base followed the non-lineadr dependance of equ.(1.3) and the

primary deuterium isotope effect decreased with increasing base
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concentration. Bulky bases were apparently less effective catalysts,
indicating that steric effects were also important in the second
step of equ.(l,1), Hore recent investigations by Snyckers and'
Zollinger8 suggest this factor may have been previously under-
estimated : they.have concluded that steric hindrance does not

in fact acce}erate k_1s but inhibits the substitution reaction
through steric effects operating in the second, k, step, They
prgposed a preffered asymmetric confbrmation of the (e} ~complesx

in the substitution of 8~substituted,2-napkhoate anions by the

electrophile E, as illustrated in FIG,(1.1). The pseudo~axial

FIG. (110,

position of the electrophile decreases the steric interaction
between this group and the peri-substituent, whilst the swinging
into the arowmatic plane of E in the second, proton removal,step
is greatly hindered,

Studies of azo coupling also gave the first examnle of
intra-molecular base catalysis in electrophilic aromatic
substitution: the rate of diazoniwm ion attack at the 2-position

of l-hydroxynapthalene-3-sulphonic acid was 15x  faster than



coupling at the 4-position? This.difference was believed to
arise frpm intramolecular base catalysis by the phenolic oxygen
of proton loss from the Cf-complex in the ortho-coupling
reaction, Snyckers and Zollinger have also reported that coupling
to 8=( 2'-pyridyl )-2-napkhols, I , showed no primary deuterium
isntope effect, whereas coupling to the 8-phenyl substituted

conpound, II , gave kH/kD = 2,6, This difference was also

OH

interpreted as evidence of intramolecular base catalysis of the
second step of the reaction by the neighbouring pyridyl function
which increased k, suuficiently to bring about a change in the
rate~determining step.,

Deductions made from studies of azo coupling reactions have
been extended to other kinds of electrophilic aromatic
substitution , In most cases, these resulis ar; less complete and
less convincing, Thus the occurrence of a primary deuterium
isotope effect in aromatic sulphonationlo has been attributed to

the low acidity of the leaving proton., Also steric hindrance in
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the intermediate , arising from the size of the electrophilic
reagent, has been invoked to explain the range of behaviour
observed for halogenation reactions, No primary deuterium isotope
effect has yet been observed for aromatic chlorination, but is\
observed in almost every case of indinationl% Other factors may
be important, however, such as the lower acidifying effect of the
12
iodine electrophile on the leaving proton, the greater nucleo-
-philicity of the iodide anion ﬁhich should increase k_ia, and
14 . :
the low strength of the C-I bond . Aromatic bromination has been
observed to show a kinetic deuterium isotope effect only in cases
15 ore

involving sterically crowded substrates™ , There two reported cases
of aromatic nitration occurring with significant primary deuterium
isotope effects ! for the nitration of anthracene by nitroniunm
tetrafluoroboratelﬁaand for the nitration of l-methyl,2,4,6-tri -

‘ 1eb
-tBu-benzene, The latter was explained in terms of steric repulsion
in the intermediate which decreased k2 with respect to k_j.

Finally, mention should be made of special structural effects
that so stabilise the intermediate that its concentration builds
up to measurable proportions during the reaction and so violates
the steady state equ,(1.2), Since in these cases k. is extremely

small, a primary deuterium isotope effect arises from the rate-

d-ternining breakdown of this stable intermediate, as has been
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ohserved in the bromination of G-saltl7 and in some halogenations

of phenolic type substrates where the stable quinonoid intermediate
was isolablelg.

In addition to the structural features of the intermediate
outlined above , the reactivity of the aromatic substrate and
especially the Substituting entity may be important in determining
the nature of the transition state and the timing of the carbon-
hydrogen bond breaking in an aromatic substitution ?eaction. The
first quanfitatiye treatmeht oi the importance ot electrophilic
reactivity in aromatic substitution was made by Brown and Nelsonlg.
This led to the well knowﬁ principles of the reactivity-selectivity
relationships. A more theoretical version of the treatment was
later independantly dérived by Dewarzo. The principles derived
from both were that, in general, a reaction between a powerful
electrophile and a highly activated substrate will have an 'early'
transition state on the reaction coordinate and will not show a
kinetic hydrogen isotope effect., Conversely, the non-reactive but
selective reagents should have 'late' transition states ( i.e,
closely resembling the intermediate ) and will be predisposed
towards kinetic hydrogen isotope effects, Although these ideas

have been generally accepted, little rigorous experimental proof

is available.
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The significance of TT-complex formation in aromatic
substitution recactions has often been questioned and raised, most
significantly by Olah in the early 1960'321. In studies of aromatic
substitution reactions involving strongly electrophilic reagents
such as preformed nitronium salts in nitration in organic solvents,
Olah and coworkers reperted low substrate selectivities , hut at
the same time the normal high positional selectivities, 0Olah
proposed that such reactions involved a.rate-determining TV-complex
formation (determining substrate selectivity) followed by a & -
~-conplex formation (deciding positional selectivity) in a non

rate-controlling step, as shown in equ,(1.5). This concept,

E yt E
rod & 4
@-r B == = +H, a.s

particularly as applied to the mechanism of nitration has been

22,2
greatly critised ’ and the controversy surrounding this hypothesis

24,25 26

continues « Moot recent studies by Ridd and coworkers on the
nitration of dibenzyl have strengthened the arguments which dismiss
Olah's conclusions on the grounds that the competition method used
determine relatlve reactivities can be misleading as a result

of incomplete mixing of reagents., It has been widely suggested

. 27
that such kinetic metheds cannot be used for fast reactions,
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Independant evidence of the extremely rapid reaction between

benzene and nitronium ions has been provided by Coombes, Moodie
. . .28,29 . .
and Schofield , who have concluded that the nitraticn in aqueous
sulphuric acid of substrates more reactive than benzene are
diffusion controlled . This introduced a new mechanistic criteria
for electrophilic aromatic suhstitution in which the rate-limiting
step is formation of a reactant encounter pair, the rate of which
is controlled by the viscosity and temperature of the reaction
medium , The evidence of a limiting encounter rate for nitration
of aromatics in other solvents is less clear-cut, but the results
30 31 -
of Schofield and coworkers and Coombes  are sufficient to
require an interpretation of this kind. Because of the early onset
of diffusion control for the nitration reaction of aromatic
n

substrates3“, the interpretations of selectivity = reactivity
relationships are subject to great uncertainty,

Despite the shortage of available evidence, there are other
examples of cases in which the reactivity-selectivity principles
do not appear to predict kinetic observations: adequately, The

33 L.
low /A) value of mercuration should imply an early transition
state with little C-H hond stretching , whereas in practice a

, 34
primary deuterium isotope effect is always observed , Similarly,
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in comparison with nitratién, reactions with low ‘/D values ,
such as Friedel-Crafts alkyiation'and mercuration, might be
expected to show a low threshold to encounter control with
reactive substrates, but this is not ohserved. It would appear
that structural effects in the intermediate are often large enough,
in some reactions, to override the effect of the timing of the
transition state on the reaction coordinate and both effects
must be fully considered before_a complete description of the
reaction mechanism can be given,

To summarise, it is evident that many factors are involved
in making up a detailed description of the mechanism of any
particular electrophilic aromatic substitution reaction and
indeed of the nature of the transition state in general, Detailed
information i1s necessary on the relationship between the occurrence
of primary deuterium isotope effec:ts and such factors as the
electrophilicity of the substitutipg agent, special structural
features in the intermediate, the factors affecting the formation
of stationary and non-stationary intermediates and the occurrence
of base catalysis, Extension of these investigations to a wider
range of electrophilic substitution reactions is needed , Previous

investigation has supggested that such information could be
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obtained from the study of aromatic nitrosation reactions.

These will bhe reviewed in the next section,
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The reactiog of nitrous acid with aromatic substrates is
usually difficult in. the absence‘of powerfully activating
substituents such as «0lI, -OR, and —NRz. Often the nitroso product
initially formed undergoes further transformation35 and the nitrous
acid is unstable in moderately acidic solutions at elevated
temperature836. This combi#ation of adverse factors has limited
the applicabilit; of the reactions for synthetic methods and
similarly discouraged detéiled inVeétigation{ with the result
that until recent1y37, little was known about fheir mechanism,

The only major application of direct nitrosation by nitrous acid

38,39,40
, and

has been in the preparafion of nitroso-phenols
41

nitrpso—naﬂtholsX , and to a lesser extent, of some substituted
42,43

nitroso~indoles « The preparation and chemistry of C-nitroso

compounds has been reviewed recently by Boyer35.

Before discussing the mechanism of aromatic nitrosation ,

it is relevant to consider the forms of various electrophilic

nitrosating agents generated by nitrous acid in aqueous solution,

The bulk of this information has come from studies on the

diazotisation of amines, znd the findinzs in thils field prior
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to 1964 have. been presented 1in an excellent review by Butler and
44 ! i ,

Challis . An aqueous acidic solution of nitrous acid can be

considered to contain the potential nitrosating species shown

in TABLE(1.1), and the predominance of any one agent will be

favoured by the.conditions shown, All the agents can be

TABLE(1,1).

Reagent Formula Conditions,
Nitrous acid HNOZ Iow acidity, low nitrite conen.
Nitrous anhydride N203 Low water activity, high

nitrite conecn,
Nitrosyl halide NOC1 High acidity, higzh halide
etc, ion concn.
Nitrousacidium ion H,0NO™* High acidity.
Nitrosonium ion Not High acidity, low water
activity,
Miscellaneous NO.X High acidity, high X concn,

(X = acetate, phthalate, nitrate, or thiocyanate ion)

regarded as carriers of not ‘and hence can be placed in an
expected order of reactivity based on the basic strength of the

moiety bound to this ion. This order of rectivity is shown below,

- ] - 1 - . - e
NoT > N-OJ.’Hzo > w0t > Nofnoa > noho,” > votoac™ » Nolon
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The effectiveness of a particular reagent, however, depends on
its relative concentration as well as its specific reactivity.
Thus the most reactive electrophile, NO+, is not important at
low acidities because its concentration is so low,

Nitrous acid , despite being the major component in dilute
acid , is apparently unable to diazotize aromatic amines. However,
all three species H20N0+, NOC1 and N203 have been shown conclusively
to be active nit;osating agents in the diazotisation of amines
at low acidities, At higher acidities , the nature of the effective
reagent becomes less clear, Correlation of the rate of reaction
with acidity functions, as discussed in Chapter 11, was thought
to be a possible way of separating the roles of Kot ana HZONO+,
but this method could not be applied to amine diazotisation at
moderate solvent acidities because a new pathway was observed
involving reaction of the amine via its conjugate acid45. In a
study of the nitrosation of benzamide in moderately concentrated
H2804, Ladenheim and Bender46 assumed the reaction to involve
a rate determining attack of the electrophile on the free amide
and showed a correlation between the reaction rate and the hR
acidity function, They therefore concluded that the nitrosonium

_ ion was the active nitrosating species, Hughes and Stedman47,
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however, from results of studies on acetamide, concluded that
the nitrosation of beth acetamide and benzamide proceeded by
reaction with H,0N0" at moderate acidities, The possibility of
an initial nitrosation at the amide oxygen followed by a potentially
slow rearrangement of the fragment Not to nitrogen was not
considered, although this would alter the significance of the
acidity function correlations. It is clear that firm predictions
can be made as to the nitrosating agent effective in dilute
acids , but not in concentrated acids,

The first detailed kinetic investigation of aromatic

nitrosation was reported in 1955 by Suzawa and his coworkers48.
They established that the nitrosation of phenol in dilute aqueous

mineral acid followed equ.(1.,6) and concluded that nitrous acid

Ez [Pheno%] [HNOZ] s o o o o(1.8),

reacted slowly with molecular phenol, Subsequently, Morrison and

i

Rate

Turney49 studied catalysis by perchloric acid on the same reaction
and confirmed the validity of equ.(1.6) with a linear dependance
of log Ez on the Ho acidity function ( at least up to 6M HC104).
This was interprgted to mean that reaction involved H20N0+
rather than NO+. The same conclusion was later reached by 8¢ hmid

50

and his coworkers®” from a study of the nitrosation of phenol

in aqueous~sulphuric acid . Schmid's group also found that, at
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constant ionic strength, the rate was independant of the hydrogen
ion concentration in the range 10-'5 to 10"1M. H2504, which confirms
the earlier findings of Suzawa and his colleagues, An interesting
point is that all the mechanistic doductions based on these
kinetilc studies assumed that, in common with many other electro-
-philic substitutions, the attack of the nitrosating agent on

the aromatic substrate was rate-limiting. However, previous to
the work of Schmid and his coworkers, Ibne-RasaSl found a large
primary isotope effect (kH/kD = 3,6) and base catalysis for the
nitrosation of 2,6~dibromophencl in the 4-position. Accordingly,
he proposed reaction via reversible formation of a neutral
quinonoid intermediate (equ.(1,7)) from the iﬁteraction of either

+
H20N0 or Ny0g with the phenolate anion, with proton less from

H NO NO
\ < __.Ifl_._\ kz -
+ NO.X > g + B ~—m) + DT, L(1.7).
Br i Br o Br Br - Br

¢
from the intermeadiate being rate determining,

In the light of Ibne-Rasa's findings, Challis arg L.aw:sons‘2
carefully reinvestigated the nitrosation of phenol in aqueous
HClO4 from 10“3 to 10M and showed that the reaction proceeds
with a large primary deuterium isotope effect at both low and

high acidities, Since proton-loss ‘from the intermediate is

therefore rate-determining, the acidity dependance cannot be
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diagnostic for the H20N0+ reacent as previously zssumed, They
confirmed that the reaction rate was acid independant below

0.1M NC10,4 but increased rapidly with increasing acidity ,
reaching a maximgm at about 84 HC104, These results suggest that
the reaction proceeds via the formation of a neutral dienone
intermediate ( equ,(1.8)), rcte determining proton loss from

which is either  spontaneous (low acidity ) or acid catalysed

H 0 Kb '
No.x + ;:::f::f >
K—‘ \4/] 0900(108>0
' KCDJ‘30+J.
H ~o N

“SOH

(high acidity ), The rate maximum corresponded to the acidity

at which nitrous acid is totally converted to the Not species,
which might imply that it is the electrophile at high acidities,
Arelated investigation of the nitrosation of anisole in HC10,
strongly supported many of these conclusions, Thus no acid
independant reaction was observed for anisole, but the reaction
rate was more strongly catalysed by acid than that for phenol.
The slope of the log Ez versus the HR acidity function suggested
that NO+ was the effective nitrosating agent in HC10, :> 5M,

This deduction is consistent with Ladenheim and Bender's findings
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for the N-nitrosation of benzamide in moderately concentrated

H9801 . Challis and Lawsen also inveStigated the kinetics of

nitrosation of benzene, toluene, diphenylether and anisole in
37 :

10M IC104 , and obtained a linear plot of the logarithm of the

partial rate factors versus the Hammett substituent parameter

+

« F this plot 1 f «-6,9 btai
para From th P a ~/ﬂ) value o 6 was obtained

and assigned to the NO* reagent in aromatic nitrosation, Since
the reaction of anisole shows a primary deuterium isotope, it
was concluded that the surprisingly low v/D value for the
relatively unreactive NO+ in fact reflectéd the sensitivity of
proton loss to electron supply, and was therefore not true
measure of the reactivity of tﬁe electrophile, However,; since
the rate-determining step for the reaction of substrates other
than anisole was unproven, these mechanistic deductions could
not be considered final,

In studies of the nitrosation of a series of substituted
indoles in dilute IC104, Challis and Lawson showed NCC1l and
H20N0+ to be the active electrophiles., The rate of nitrosation
of species more basic than 2-methyl-C-nitro-indole ( pK, = -3.58)
was found to be relatively insensitive-to the bhasicity of the

indole and no primary deuteriun isotope effect was observed,

They concluded that these substrates reasct at an encounter rate
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and are thus diffusion controlled: the calulated molecular
rate coefficient for reaction with NOC1l approaches a value
ot 10°1.mo1e ™ sec™l, Nitrosation of indoles less basic than
2-methyl-8-nitro-indole proceeded with a significant primary
primary deut;rium isotope effect, indicating rate-limiting
proton loss from the Wheland intermediate, However, some
doubt exists as to the generality of these conclusions with
regard to aromatic C-nltrosation, since the possibility
of an initial N-nitrosation followed by a fast transfer
of NO¥ to the C-3 position of the indole cannot be »ruled
out.,

Other reports of aromatic nitrosation'have been
incidental to investigations of other reactions. For example,
Morgan and William353 have recently reported a substantial
primary deuterium isotope effect for the Fischer-Hepp re-
~arrangement of Ne-methyl-N-nitroso-aniline, in dilute acid ,

to the para-isomer (egqu.(1.9)).

Me  NO Me 4. ,NO e, H
7
\N/ \NII \N’
@ + HC1 T— © . 2 . o (1.9
NO

Also aspects of aromatic nitrosation were examined earlier
in studies of the nitrous acid catalysed nitration reacticn

. 54
by Hughes, Ingold and their colleagues . In a series of



26,
extensive investigations of the mechanism of aromatic nitration,
they formulated a'special' nitrous acid catalysed' mechanism
involving prior C-nitrosation. The initially formed nitroso-
product was rapidly oxidised by the solvent nitric acid to the
corresponding nitro compound with concomitant regeneration
of nitrous acid, Although information about the initial
nitrosation reaction is inherent in their results, it is difficult
to extract because of competition in concentrated acid from the

general mechanism of nitration involving the NO + ion. However,

2
Ingold and his colleagues concluded that the electrophiles
operating in the nitrous acid catalysed nitration of 4- chloro-
-anisole by - nitric acid in acetic acid were NO* and N204 5
Reference has also been made to aromatic C-nitrosation in more
recent discussions of anomalous resuts apparent in past work
28

on aromatic nitration in various solvents, Schofield and coworkers
have recently shown that the nitration of many activated aromatic
substrates in various solvents can be diffusion controlled and
hence the reagent shows little substrate selectivity. For the

55
nitration of very reactive substrates in acetic anhydride ,
they observed a concurrent alternative pathway for the reaction
involving initial slow C-nitrosation followec by rapid oxidation

of the initial nitroso product, Similar results have been found

56 .
by Hancock and coworkers  who reported that nitration of
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p-dimethoxybenzene by N,0, in carbon tetrachloride appeared to
proceed yviz an initial nitrosation reaction. Both groups of
workers have proposed that such oxidative-nitrosation pathways
may explain earlier contradictory evidence®” that nitration of
rective aromatic compounds under similar conditions is strongly
dependant on their reactivity. Butler and Hendry58 have observed
a similar oxidative-nitrosation pathway for the nitration of

thiophene derivatives in concentrated mineral acids,

A Summary.

There is evidence for the operafion of thle same electrophilic
reagents in aromatic C-nitrosation in very dilute acid as in
amine nitrosation, naﬁely N203, H20N0+, and NOCl., Although no
conclusive evidence has been presented for the active species
at intermediate acidities, it would appear that the nitrosating
agent in mineral acid solutions > 5M is the xo* species, The
observation of a rate-limiting proton transfer from a dienone
intermediate in the nitrosation of phenol explains previous
discordances of conclusions from acidity function correlations.
From the results of the liwited number of reactions so far
studied. it might be thought that rate-determining loss may be

a general feature of aromatic C-nitrosation , except for the most
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reactive conpounds for which the reaction is diffusion controlled.
This rate-liﬁiting proton transfer may then explain the relatively
low magnitude of the first ~/() value found for nitrosation

by the elecfroph%le NO+ which has generally been beiieved to

be a very unreactive and selective reagent.
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CHAPTER TI.

THE KINETIC PRINCIPLES,

The kinetic study of nitrosation reactions in agueous
media is complicated, as discussed previously, by the presence
of several potential feagents in equilibrium with each other,
The outcome 1s that particular kinetic equations do not always
have unigue interpretétions. Scme optiong can he eliminated, '
however, by other considerations, The theéretical background to
these considerations and their application to nitrosation, are
discussed briefly bhelow,

(A), Rate Expressions in the Kinetics of Nitrosation, and

Acidity Function Correlations,

Rate~limiting formation of either mdecular nitrous
acid or H,0NO* from their conjugate bases seems unlikely,
since proton transfer to oxygen is generally rapid . Generation

o) - 60
of N,O; and NOC1 , however, may be slow under the appropiate

2

conditions, Likewise, the formation of NO+‘may be rate-limiting

in principle, but such has not been observed to
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date, Thus the expressions listed ir Table(2,1) summarise

the possible kinetic equations for nitrosation by various

reagents, where all steps subsequent to the initial

nitrésation are fast.

TABLE(2.1),

Rate Expressions for Niircsatlon Reactlons,

Rate law,

Reagent Slow step

HNO2 Attack

N203 Formation
Attack

NO X Formation
Attack

Not Formation
Attack

H,0NO* Attack

'S represents. the substrate.

X+ o N a baszic specles.

« [s)(mo,).

x [mog)? .

& [s Jmvog) 2.

o [H*‘J[ImoA Xx }
« Tl
« [efmo]
X [S]{Hﬂ [m"%-l .
9 [s][nﬂ[xmozl )

It is evident fronm Tableﬁz.l) that reactions involving

rate-controlling attack by either the H,0No* or N0t on
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the substrate give an identical rate law, In dilute acid
solutions, the rate expression does not distinguish between
these two reagents; but in concentrated acid solutions a
distinction should, in principle, he possible by means of
ho and hR acldity function correlaticns, The basis of the
argumement is outlined briefly below,

The Bronsted rate expression for a rate controlling
attack of H20N0+ on a neutral substrate 'S' is given by
equ.(Z.l),_.

&y 20}{0+. ag

rate = : k . ¢ ¢ o v @ (2.1).

£

+
The protonation of HNO,, to give H,0NO (equ.(2,2)) might

mo,  + B o= i oNo™* C e e e e a(2.2)

in common with other oxygen bases he expected to follow
the ho acidity functlon., Accordingly, the activity of

the HZONO+ ( is given by equ, (2,3), where

ap,onot

K = a & ./ a and f
a HNO, * 1t THgono™

and *

B + are the

BH

activity coefficients of the indicator base and conjugate

acid for the ho function

mo, . fert. ho ... 2.3).

B, 1

a +
HzONO
B
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Substituting in equ.(2,1) for a gives -

ngonot

Rate = k, 3gs8myg.,» by o fppt
=
Ka L ] fB L) f

k. [miog)[s ].ing P00, - £ - Lot

-
Ky fp . £

. -(204).

Provided that the activity coefficient ratio term is medium
independent, and [H20N0+1 is low, equ.(2.4) reduces to

equ,(2,5)
Rate = kg . [‘s][}moz‘l b SN OREDE

Thus, for reaction of H20N0+, the second order coefficient
(k,) defined by equ.(2.6), should be directly proportional

to the ho acidity function 1.,

Rate k, .[S] .[Imozl e o o o s (2,8),

For rate controlling attack of N0t on the molecular
substrate 'S', the corresponding Bronsted rate equation

is given by equ.{(2,7)

rate = k . aNO+ Py ai . .o e o o o (2.7)0



33,
The equilibriuw concentration of NO* (equ.(2.%)), however,

HNO, + Ht e nNoY 4 0 . . #(2.%)

is known to follow the hp acldity functionel, and the

.

value of ays+ is therefere given by equ.(2.9), where

KN0+ = aHN023H+ and £R+ and fROH are the activity

2Ho0 *2no't
coefficients of the indicator species,

ano* = %m0, » br - fpt oo . (2.9
Knot « froi

Substituting for ay.4 into equ.(2,7) gives eou,(2.,10)

rate = K. aHNOg‘ aS - hR A fR+

Ko+ Loon £

It [[{:\YOZ]LS] . hRofR+°f}mO;[.fS ve(2.100),
Rt = fpone £

i

Assuming that the activity coofficient ratio term is

medium independent , equ.(2.10) reduces to
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rate = kg .[Sl[ﬂNOé\. h, e o0 s (2,11),
Thus the observed second order rate coefficient ( ko )
for this reaction is linearly related to the hp acidity
function 1.e.
kz L hR o » » o o o(2,12),
As the function is more strongly dependant on stoicheiometric
solvent acidity than ho, correlation of the second order

rate coefficients with these functions, in principle,

distinguishes between the H20N0+ and Not reagents,

(B). Diffusion Controlled Reactions.

A bimolecular reaction cannot take place faster than
the frequency of encounter of the two reactants in solution,
The rate of encounter of two solute molecules is expressed

by the bimolecular rate coefficient ( k,, ) defined by tho

equation of Debyeaz.
R
ko = ?EEEX _1_(2 + 2 + El) e e (213
- 3000 4} R1 R2
where,
N = Avogadro's number,
k = Boltzmann's constant,

i

speciftic viscosity of solvent,

7

RJ’RZ = molecular diameters of reacting particles.
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The rates of encounter-controlled reactions are thus
inversely proportional to the viscositly of the soclvent,

and are characterised by a low activation energy63 which
arises niainly from the change in viscosity of the medium
with tempera£nrc. The reactivity of the participants 1is
largely unimportant in determining the rate of reaction,
which for water at 25°C leads to a maximum bimolecular rate

-1 64

10 l,mole"% gec™ T,

cocfficient of the order of 10

(C) .Concerning Kinetics in Buffer Solutions,

l. Salt Effects.

In buffer solutions it is necessary to consider the
importance of salt effects on the rcaction rates,

(1). Primary Salt Effects. These arise from the effect of

the medium on the activity coefficlients (£) of the reactants

and the activated coﬁplex. For the bimolecular process,

+

A + B ;::::ﬁ M

the dependence of the observed second order coefficient (k)

on that for infinite dilution (k) 1s given by equ.(2,14)
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£
k = .EQ....f_ﬁ\_____B o o o (2,14),
For very dilute uclutions ( € 0.01i ), the Debye-Huckel

theorey predicts that when one or more of the reactants

are ions, the rate coefficients are related by ecqu,(2.15)

In k = lnk, + ZZ%N L (28,

1+ pafp

Thus if one of the reactants is a neutral molecule, no
effect of ionic strength should be apparent. However at
/.A> 0.1, the activity coefficients of both an 1on®® and a
66 _
neutral molecule . have been shown to be proportional to

the first power of the ionic strength. The more general

equation is thus equ.(2,16) in which k' is largely

In k = in ko + k'//v e« ¢ ¢ o ( 2.16)

empirical and can be positive or negative,

In these investigations, the practice has been to first
determine the influence of ionic strength on the reaction
rate and then either -to make an empirical correction

for this effect or to study the reaction in a medium of
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constant ionic strength,

(1i). Secondary Salt Effects.

Secondary salt effects arise from the influence of
the ionic strength on the dissociation of the buffer acid,
The hydrogen ilon concentration depends upon the ionic strength

according to eg.(2.17)

log [1f] = logky + log[HA] - 20V L..l(2.17),

EE“ .
In the present investigation, empirical . corrections have
generally been made for this effect, having first determined
the influence of acidity on the reaction rate at constant

ionic strength,

2. General Base Catalysis in Electrophilic Substitution,

For an Sp-2 reaction involving a steady state

intermediate,
AvHl + gt ‘—kl—-s ArHET
k-1
Kk
ArHet + By L —=2L o ArE o+ Byt

thé reasction rate is given by equ,(2,18), where B,
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represents the general base catalyst,

rate = [E'*][Arﬂ , % klkZiEBE]] .. Cas?
kop + K113y

The usual second order experimental coefficlent ( equ,.(2,19))
rate - koo [AI'H] [E%.] < e & o ¢ o 0(2019)

is then gilven by equ.(2.20),

1
x° = 5 kyky [B] e o o0 2,200,

k) + k(8]

Base catalysis will only be observed when k-l :; k21[3£1°

In the particular case where k_, > kzi[Bi]’ equ, (2,20)

reduces to

I

1
x° é kX 23 [B4] e ve el (2,20

k-l

and k° shows a first order dependence on [Bi].
For the usual experimental conditions of aqueous solutions
with a single buffer, equ.(2.21) can be simplified to equ.

( 2,22), where k; and k;i are the experimental second
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K = ¥+ Xk, [B] ... 222

and third order coefficients for catalysis by HZO and
base By, respectively,

The catalytic coefficients ko, 1nm equ.( 2,21) will
be related to the basic strength of B; by the Bronsted

equ_ation68 (2,23,

. (& ;
kzi bl G 'Y 1(1 * . '] * 0(2.23)

where G and /9 are constants, and Ki is the base
dissociation constant of By .

From equ.(2.,21) ana (2.22),

lo] 5 k-k
k4i = i 21
-1
and therefore,
ko = G' e K ﬂ [ . [ ] . * (2.24)0
4i i

Thus the Bronsted /3 for the SE-Z reaction can be calculated

from equ.(2.24) employing the experimentally observed

relationship of equ.(2.22); provided that k_y j§> k21(;B£).
Values of the Bronsted '/3 for any base catalysed

reaction are usually such that O </3 < 1, The Jirvalue
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gives a measure of the degree of proton transfer in the
transition state: thus for’/a = 0.5, the transition state
is symmetrical and the primary hydrozen isotope effect will

69
be large .

) A=
(D). The Hammett O ~ / Rolationship.
/
It is well known that substituent effects for
aromatic electrophilic substitution can be correlated by

70 ’ .
a modified form of the Hammett relationship (equ.(2.25)),

where ¢

. X
+ 5
103.(}: ) = O/ oﬂ o & 2 s e (2'25"
H X
k
X

k' 1is the rate coefficient for reaction of the
substituted benzene,

kH is the analogous rate coefficient for benzene
itself,

/AD is the reaction constant, and

+
(0" ie the substituent constant,

Severaljf) ~-values for electrophilic substitution reactions

33
have been determined , All are negative, indicating a
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positively charged transition state in each case, In
general, a larger negative value of U/D indicates a greater
selectivity in the attacking electrophlle and hence a less
reactive reagent, For example, bromination in perchloric

71 _
acid has a U/D of -5.78 , while the less reactive diazonium
ion in azo coupling reactions has been predicted to have a

72
/AD of about =12 .
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(E). Conventions Used in the Present Work.

Two types of rate coefficient are employed;

(1), In nmost pért, the rate coefficient ig denoted by k and is
the proportionality constant of a rate equation, defiped as it
arises in the text, containing the actual concenfrations of
the specified species denoted by the use of square. brackets
e.g, [ﬁNOé] o« Experimental rate coefficients are in the form
k1 » k, etc. whereas calculated molecular rate coefficients

are specified as in ky,ays kNO+ etc.

(1i). When confusion may arise because of the prescence of
reactants in dissociated and undissoclated forms of -  acid-
-base preequlibria, as in Chapter 6 in the pH region , a second
rate coefficient k is used, which is the proportionality
constant of a rate equation containing the total steicheiometric
(analytical) concentrations of the reactants, which are denoted
by the use of round brackets e.g. rate = k ( X )(Y), The real
rate coefficients k, defined by rate = k [X][l;]can then be
calculated after correcting for the dissociation of X and Y. At
constant acidity, the ratio of the actual to the stoicheiometric
concentration of each reactant is constant througﬁout a kinetic run,
Thus the kinetic form of the run is independent of the type of

rate coefficient calculated,
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.PART _ 11,

DISCUSSION OF EXPERIMENTAIL RESULTS,




4@‘

CHAPTER III.

AROMATIC C~NITROSATION IN DILUTE MINERAL ACID.

37
Previous studies on the nitrosation of indoles in

dilute acid indicated that NOC1, N203 and H20N0+ are
effective agents in C-nitrosation, and that NOCl and H20N0+
react on encounter with the most basic indoles, The less
basic substrates involved a rate-détermining proton loss
from the Wheland intermediate.
To test the generality of these conclusicns and to
examine, in particular; whether the amine N-atom of the indole
pucleus was involved in C-nitrosation, the kinetics of nitrosation
of azulene and l-nitroanulene in dilute perchloric acid have
been investigated, compcunds which have a reactivity similar
to that of the indole series, The azulene molecule 1g2 known
to underge electrophilic substituticn;? including nitrosatiog?'75

with ecase at the 1~ or equivalent 3- poeltion and the basicity

of the parent molecule and several of its derivatives have



been extensively investigated

The overall reaction is shown in equ.(3.1),

N Y
'\\ .
/ o NOX —> @ + HX .

(A). The Bitrosation of Azulene in Dilute Acid,

The rate of nitrosation of azulene in dilute HClO4

follows equ.{3.2) at constant acidity, with a first order
rate = kz.[azulene] [HNOZ-] e o o o (3.2

dependance on both nitrous acid and azulene concentrations.,
The constancy of the values of ko determined using varying
initial concentrations of reactants justifies the adoption
of equ.(3.2). This evidence is presented in TABLE (3,1) for

two representative aciditles,
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TABLE (3.13.

Nitrosation of azulene at 2.0°C,

Ran 107 [nc10 ) 10°, [Azutend) 10°, o)) x,
M. M. M, 1.moleThest
10 2,50 4,00 11.3 9.3
11 2,50 2,00 5.0 9.0
12 2,50 2.00 8.0 9.6
13 12.0 4,00 5.6 45,2
14 120 4,00 11.3 45,8
15 12.0 2,00 5.6 46.1

The k, values in TABLE (3+1) were calculated from the analysis
ef individual runs employing the normal logarithmic function

for the intefgrated form of equ,(3.2), shown in equ,.(3.3) ,

kpo (6=t = 2303 40 fb (A= X0l @
a -b “la (b~ x)

where the symbols have their usual significance, This equation
is particularly sensitive to the validity of equ.(3.2),
especially 1f the initial concentraticns of reactants are

in the order of 2:1, which 15 the case in these studies,



47,
The second order rate coefficient for the nitrosation
of azulene has a first~order dependence on acidity from 10'3M

to 10”2 [HClo;l. This evidence is presented in TABLE (3.2),

: TABLE (3.2).

Nitrosaticn of azulene at 2.0°C, in 5C10,.

Acildity dependence of kz (equ, (3,2)),

3 k
Run 10”[mc10 ] k K, = _2
4 P 3 b
y )iga
M 1.mol8tsec. 12m0182505t
11 - 13 245 9.3 3710
20 3.8 14.7 3870
21 7.3 28.5 3200
22 12,0 45 .5 3800

mean = 3820

Thus the full kinotic equation for the nitrdsation of azulene
in dilute IlClO4 <: 0.1M , in the absence of any other nucleo~

-phile is given by equ.(3.4) ,

rate = k, '[a,zulene} [HNOZA [H{l. o o (3.4).
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Catalvysis by Chloride Ion,

Addition of sodium chloride strongly accelerates the rate
of nitrosation of azulene and the rate coefficient kz’ at
constant acidi%y, has a linear dependence on the concentration
of chloride ion , as illustrated by TABLE (3,3) and the plot

of these data showst in FIGURE (3.1),

"TABLE (3.3).

Nitrosation of azulene at 2.0°C,

Chloride-ion catalysis at constant [HClo;lz 5,0% 153M.

Run 10%[c17] k,
M. 1018t seds
16 0.5 41.8
17 1.5 90,4
18 5.5 279

19 10,5 512




3.0

-2
10 %
kz'

2oﬂ'

2
(1l,mole

sec,)

FIGURE (3,1).

Nitrosation of azulene at 2,0°C;

Chloride _ion cataslysis,.

49,

2.0

6.0 8.0

102 x{c;’"] M,

10.0
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A -l -l
The intercept of FIGURE (3,1) gives a value of k2 = 18 1l.mole.s6cC.,

-]
The value of k, [1*] for 5.0 x207% He10 4» interpolated
from the data of TABLE (3.,2), is k, = 19 1.molassecs’, and
the correlation of these two values indicates that kz can

be expressed as in equ.(3.5),

k, = }:3.[H+], + lcd.[H+][Cl.] S ORIV

The form of equ,(3.5) is rigorously proved by the results of
a study of the variation of k, with acidity in HC1l, In

HC1 , equ.(3.5) becomes equivalent to equ,(3.6)

K, = k(6] ¢+ ok [5PLL. L Ge

and thus a plot of kz/TH+l versusg [H+}should,be linear

according to equ.(3.7)

K

(]

I
=

]

3 + 1C4.[H s o » @ (307)-
The data for the nitrosation of azulene in HCl are shown in
TABLE (3.,4) , and the plot of these data according to equ,(3.7)

is shown in FIGURE (3.2).
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FIGURE (3.2).

Nitrosation of azulene in HCl at 2,0°C;

plot of ko/ Ht vs I (equ.(3,7)).

22,0 ¢

20,0 |
18,0

16,04
107
k,/[u"]
P4 A E% .0
( 1l,mole,sec,)

12.0

10.0

0 4,0 8,0 , 12,0 16,0 20.0
10°x [0t m,



TABLE (3.4).

Nitrosation of azulene in HCL at 2,0°C.

Dependance of k., on [HgéL.

Run 10° [acy) k, k,/[H"]
M, l.molg%segl. 1%m01€%se€1.
1 245 14.8 5920
2 5.0 41,8 8360
3 10,0 132.,0 13,200
4 20,0 446,0 22300

The linearity of FIGURE (3.2} confirms the validity of

equ, (3,5}, Values of k3 and k from the intercept and

4
. . 3,2 =2 =1
gradient of FIGURE (3.2} are 3.5x10" lomole.%ec . and
5 3 -3 ~1 .

9,7 X10 1l.ole.sec ,. respectively, and agree well with the
3.2 -2 =1 53 _-3 -1

values of 3,6X 10 1l.mole.zec , and 9,6 x10 limole.zec .

respectively, obtained for these coefficients from the data

of TABLE (3.3) for reaction in HCl04 with added chloride

ion, These intercept-derived values of k3 also compare very

well with the value of this constant calculated for acid
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catalysis in the absence of C1~ (TABLE (3.2)), of k
= 3.8 X 10° l%molajgac:l.

The full expression for the rat2 of nitrosaztion of

azulene in thé prescence of CL™ can thus be written in the

full form of equ.(3.8) by comblnirg equ.(3.2) and (3.5),
. L ol [ Frauteng o | 1c - ‘
rate = 1-:3 {auul.ene;} [I{i\(')zl [H + ok 4 {:d;aul—z-ng HNO,| (5 1&3, Je2.(3:8)¢

The first term of equ.(3.8) ias identical to the rate expression

found for the nitrosation of azulensz in the zbsence of 17

(egu.(3:4)), Nitrosation according to the rate expressions

of equ,.{3.4) and the second term of equ.£3.8) have been
. . P . 7

aseribod, previous studies of the diamotisation of amines

, « 37 )
and the nitrosation of Ilndoles , to rate determining

nitrosaticn reactions involving the: xzzozﬁo"“ and NOC1

specles respectivelyv, The sane conclusions ave drawa here,

The Rate-determining Step in the Nitrosation of Azulene;

Nitrosation of 1,34?H;L:gzulene.

he nitrosation of 1,3»[2H;]~ azulene could not he
carried out directiy in dilute HClO, because of the rapid

rate of hydrogen-—-sxchange with the solvent under theso
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.76

conditions . Consequently the reaction has been conducted
in DZO solvent , and compared with the rate of nitrosation
of the normal compound in Hzo at the same acidity. The
results are shown 1in TABLE (3.5) where the coefficients
54 D : .
k2 and k2 refer to the rate coefficients defined as

in equ.(3.9) for nitrosation of the normal and the deutero

compound respectively,

rate = k. [azulene}{m\!oz] .. N .(.3.9)

TABLE (3,5).

Nitrosation _of 1,3~[2H£l:azulggg in DCI0, and of

azulene in HCIO, at constant acidity of 8,0 X 107°n,

4

o H D H, D
Run t°C solvent k2 k2 Lz/kz
39 14.5 H,0 38.7 -
0,68
38 " DO - 56,8
2
41 25,8 HZO 81.9 -
0,75
40 " D,0 - 108.8
43 26,8 H,0 T -
! 0,69
42 26,8 p,0 - 112.4

nean value 0,71




55,
The observed ratic of the coefficients, kg/kg » for the
nitrogation of the normal compound in Hzo and the deutero
isomer in D20 y Will contain a term zrising from the solvent
isotope effect on the preequilibrium'formation of H20N0+
and this effect 18 known for conditions similar to those
employed here78. The concentration of the /H,0NO' is

igher in deutero medla than in proteo solutions containing

the same stoicheiometric concentration- of nitrous acid
and acidity ; by a factor of abhout 2, Thus the real value

of the deuterium isotope effecct for nitrosation of azulene

by ntzomo+ is calculated from equ,(3,10),

i?z"”"* = -l-{g X .[MO .o . (3,100
kgzomo*" kg [1120N0+ H,0
where kH20N0+ 1s the molecular rate cceffieient defined
in equ.(3,11),
rate = k_ + [azulene] [H ONOﬂ R LG
HaONO 2

Thus from the data of TABLE (3.5) and equ.(3.10),

H

k
HooNO+

;ﬁ
HaONO*

1.4 ~ 0,2
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The low magnitudes of this ratio is more consistent with a

secondary hydrogen isotope effect than a primary one,

Calculation .of Rate Coefficients kNOCl and kHZONO'*"
The experimental rate coefficients k3 and k4 associated
with reaction involving H20N0+ and NOC1l respectively,

have been defined by equ.{(3,11) and (3,12),

rate, (H,0N0") = k3[azulene] [}NOz-J [H{l . (3,11
rate(NOC1) = k, I:azulene] [HNOZ] {Hﬂ&:l':_l e (34120,
The molecular rate coeificients ngC}NO"‘ and kNOCL are

defined 1in equ.(3.13) and equ,(3.14) respectively,

I v + T [ ][ \ .E} ‘
rate, (H,ONO™) ngOZﬁO"' azulene| [H,ONOT[. ,(3.13)
= ol4
rate, (NOC1) kNocl |azu1ene:HN001] o o o(3.14)

and the preequlilibria formation of I ONO+ and NOC1 are

2

governed by equ,(3,15) and equ.(3.16) respectively,

K oot = [‘mo‘%[ﬂa LY (3a15)
2 [}120N0+l
[vo,) {Hﬂ{(}l']
K’OCI r
=

LI ( 3.16).
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it follows from equ.(3.11) to (3.16) that,

k = k 1{ . . [
H,oNOt 3 * ‘nyonot g I
and koL = X, e Koo e oo (3,18,

Calculation of k is impossible at present since

Ho0NOt

no data is availahle for the preequilibrium formation of

+ 79
H20NO - However ,Schmid and Maschka have determined Knocl
at several temperatures, and a value of KNOCl at 2,0°

of 1680 1-% molez. has been interpolated from their data,

M =3 TR
k, at 2,0°c is GREE 01 HioTe) . 860 %, and thus

Kyoc1(240%0) = 1.6 107 1,mo15tsect,

Temperature Dependance of k3.

The variation of the rate coefficient kg (equ.(3.11))
with temperature has been investigated for the nitrosation
of azulene at a constant HC104' over the temperature range

0° to 25°C . The results are shown in TABLE (3,6).



TABLE (3,6).

Nitrosation of azulene in HCIO4 at congtant acidity

= 4,0 10 °M,;variation of k, with temperature.

Run © 1% k,Cequs(3.2)) kg = kz/THf]
1.molarsec™t, l.wla ses,

25 25,3 . 92,0 23,000

26 19.6 - 59,7 14,900

27 14.5 43,2 10,800

28 9,0 : 25.1 6,300

29 3.9 15,2 3,800

* 2,0 3,600

30 0 11.9 3,000

* mean value from the data of TABLE (3,2) and FIGS.(3,1) and (3.2).

The Arrhenius plot of the data of TABLE (3,68) is shown in
FIGURE (3,3) , from which the activation energy has been

obtained in the usual way and has a value of,

Eq = 5. X 16% Jmore~1.
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FIGURE (3.3).

Nitrosation of azulene in 4,0 X107 M HCIO,;

Arrheniug plot.

3.35 3.45 3.55 3.65

[ o JP™
10°3x% w1 %7,
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Temperature Dependance of Kyncje
The rate of nitrosation of azulene in dilute HC10, has
been determined at constant acidity and in the prescence
of a constant concentration of €17, at a range of temperatures
between 0%and 26°C. The overall observed rate coefficient

at each temperature is defined at usual by equ,(3,19)

rate = k, [aiulen%}iﬂﬂﬁé] e o o (3,19

and under the experimental conditions,

X, = Ik Bl k4[H+][Cli}. . (3,20,

Values of kg at each of the temperatures studied have been
interpolated from FIGURE (3,3) . Thus values of k, at each
tenperature are obtained by substitutlon of the data into
equ.{(3.,20). The results are shown in TABLE (3,7),

As shown on pages(56)and(57),the molecular rate coefficient

kNOCl is given by,

.(3.21),

kNOCl I{G' IS!OCI ¢ s o - s ®

TABLE (3.8) 1lists the values of KNOCI at each temperature
interpclated from the data of Schmid and Maschka, together
with the calculated values of ky,.ys calculated from equ,.(3,21),
The Arrhenius plot of the data of TABLE (3,8) is shown in

FIGURE (3.4) .
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TABLE (3,7).

1 -~
Nitrosation of azulene in [HC10] = 1.0 10~3M, and
104

LCIfj = 1,0 IO"QM. Temperature dependance of k4&

Run £%¢ X, ks[ﬁffa) 16§¢k4(equ.(3.2o)).
L.awoleisec + 1.moloisesl. l?molé?séc—%
31 26.1 88,5 25,1 6,34
32 20.2 56,5 16,3 4.02
33 13.8 36,8 9,44 2.74
34 8.8 26,1 6,84 1,93
35 2.0 13,6 3,60 1,01
(a)
k, values interpolated from FIGURE (3.3).

TABLE (3,8),

Nitrosation of azulene; temperature dependance of I .

NOC1*®
2 1075 k(a) i
t°c Xk, oy 107 xKyacy (equa (3.21))

3 -3 =1 -2 2 -1 -1

. l,mole,sec i .mole , l,mole.sec ,
28,1 6,34 848 5,48
20,2 4,02 990 4,27
13.8 2,74 1180 3.16
8.8 1.93 1360 2.63
2,0 1.0 . 1680 1,70

a) interpolated from the data of Schmid and Maschka, ref(79),
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FIGURE (3.4).

Nitrosation gf azulene by NOCl: Arrhenius plot.

3.3 3.4 3.5 3.8
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The value of the activation energy for the nitrosation of
azulene by NOCl, obtained in the usual way from the gradient

of the Abihenius plot of FIGURE (3.,4), is

; 4
E“ = 2.5 x lo ngole M

o
Employing the wvalue of log k = 9,70 at 203,2 K interpolated

NOC1
from FIGURE (3.4). together with the observed activation

. ' P +

energy Eg  , the entropy of activation A s and the
free energy of activation [}F'ﬁF are obtained by applying

the standard equations (3,22) and (3.23) ,

Ast) /g

foc1 T & exp{ G‘X?-/——* e v e 0 e (3:22)
h R \RT

AF# 5 Eo( - T'AS‘# ¢« + & o o -(3,23).

This treatmen:t leads to caleulated values for the nitrosation

of azulene by NOC1l of,

1

nst

s IS
+ 16.2 J. K

B S SR,

AFT

, 4 -
2,0 X 10 J.mole l.
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(B). The Nitrosation of l-Nitroazulene.

At constant acidity, the nitrosation of l-nitro-
-azulene in HC10 4 with a constant excess of [HNOA follows

the rate expression of equ.(3.24) ,
rate = k. [nitroazulene] . o +(3.24),

The first order dependance of the rate on [HNOz_l- is
demonstrated in TABLE (3,9) , leading +to the full rate equation

at constant acidity of ,
rate = Kk, [m«oz] [l-nitz‘oazulene] 0 (3425),

TABLE (3,9).

o
Nitrosation of l-nitrocazulene at 25,0 C in 1.02M HCIO,.
Initial [lnnitroazulem;l = 6.0 x 1079y,
3 4

Ran 10 x[mo0,]  10°x k X,
2 1 e

- “1 =1

M. sec 1. l.mole,.sec
43 1,50 4,95 0.33
23 : 2,90 9,30 0,32
44 4,50 15.8 . 0.35

rean 0,33
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The Rate-determining Step ; Nitrosation of 3= zﬂl_a

~1-Nitroazulene,

The rate of nitrosation of Si?ﬂilnl-nitroazulene has

been determined in HCIO, and compared directly with the rate

4
for the normal compound neasured under identical conditions
of acidity and temperature, The rate of prote~dedeuteration
76
under these conditions ( té of about 12 hours in 1M HC104)
is extremely small compaied with the rate of nitrosation ( té
of about 20 minutes) and so no significant exchange of the
l-proton occurs during the kinetic runs. The results are

shown in TABLE (3,10),

TABLE (3,10).

o
Nitrosation of 3—[2H£1-1~n1troazu1ene at 25,0 C in

1.,02M HC].O4 .

2 -5
Initial 3-[,H;]—1-nitroazulene =6,0 x 10 M,

Sy 4
Run 103{imo, | 10 x k Xy,
. -1 -
M. sec 1 l,mole.sec
24 2620 3.30 0,116
485 4,50 5,40 C.120

mean .0,118
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Direct comparison of the data of TABLES (3,8) and (3,10)
reveals a substantial reduction in the rate of nitrosation
of the deutérated nitroazulene compared with that of the

normal isomer under identical conditicns, and

The magnitude of this ratlo is consistent with a primary
deuterium isotope effect, indicating appreciable C-H bond

loosening in_the rate~determining step of the reaction,

(C) Discussion.,

The substantiai primary hydrogen isotope effect
( k/ky = 2.8 ) observed for the nitros;tion of l-nitroazulene
is firm evidence that the rate-limiting step for the reaction
is proton loss from the Wheland~type intermediate (1) ,

formed in a fast preequilibrium step (equ.(3.,26))., The

NO
F NO)- NO;(
Kz
, k N oa
-:—NO)\W @ —y Q ee(3.26)
ey
HERN=0 Nzo

(1>
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alternative possibility <that the nitrosation occurs in
a one step process with synchronous proton=loss is entirely
out of line with related electrophilic substitutions and
is ther&fére d?scounted.

On going from 1l-~nitrcazulene ( pKa76= << -4,7 ) to
the more basic azulene ( pKa76= -0,92 ) a change in rate-
-determining step is apparent, Evidence for this conclusion
is the incidence of chloride ion catalysis in the nitrosation
of azulene, and the low isotopic rate ratio (ky/k; = 1.4 :0.2)
which is more congistent with a secondary than primary
isotope effect, Clearly, the rate-determining step in the
nitrosation of azulene invelves very little C-H bond
stretching at the site of substitution, in contrast - to nitro-
—azulene, The chegerved change in rate-determining step with
substrate reactivity is unusual, since previous deductions
have suggested that primary isotope effects in electrophilic
substitution reactions should increase with decreasing acidity
of the leaving proton, However, a viable explanation for
the observed behaviour comes from the large magnitude of the
molecular rate coefflcients, which for the reaction of

_ . 8 e
azulene with NOC1 has a value of k.. = 5.0 x 10 b lo . foor
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at 25°C. The magnitude of this coefficient is very similar
to that expected for encounter of two neutral molecules in

o 64
aqueous solution at 25 C ( ken

= 10101.w015%se;1.). Thus,

the lack 6f a Primary hydrogen isotope effect in the nitrosati;n
of azulene by NOC1l comes directly from the onset of diffusion
control, The rate-determining process is the approach of the
reactants which will be governed mainly by the viscosity

of the solvent, This explanation is supported byvthe low
activation energy of 2.5 x 104J,mole:10bserved for the
reaction, which is of the order expected for the change in

63
viscosity of the medium with temperature ,

00" 1s more electrophilic than NOCI,

Agsuming that H2

the reaction of the former reagent with azulene will also
occur on encounter, The observed activation energy for this
4 =1 .
reaction ( 5.5 x 10 J.mole , ) includes the temperature
dependance of solvent viscosity and the enthalpy for pre-
~equilibrium formation of H20NO+. Assuming the viscosity
term is the same as for NOCl, the enthalpy associated with
i3

the H20NO+ formation is about 3 x 102 J.mole” 2

Since the nitrosation of azulene in dilute mineral acid

by H20N0+ is encounter-controlled, the kinetic isotope
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effect of 1.4 ¥ 0,2 obtained from a comparison of the rate
in H,0 and D,0 will also include a factor for the difference
in viscosity of tlhe two solvents. This has been calculzated
k /k = 1.25 t 250C £0 hich d the kineti

as kg Doo = L 5 a » which reduces the kinetic
isotope effect for the nitrosation of azulene to kH/kD = 1,1,

The preceding observations are consistent with an A=Sp2
mechanism for the nitrosation of azulenes (equ,(3.27)) in

k' k + k
AzH NO.X “VMAZH + NOJX === AzHNO w2y AzNO + H' . .(3.27)
e

which k_aj>» ke The .'energy profile' is therefore given

by FIGURE (3.5) .

-FIGURE (3,.5).

Nitrosation of Azulenes .

Free (1)

Energy

AzH + NOX Az NO -

Reaction coordinate,
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With very reactlve compounds such as azulene; itself, it is
evident that difiusion of'the reactants is rate-limiting,
Electron-withdrawing substituents would be expected to reduce
the substrate reactlvity towards electrophilic attack, This
is observed fo; l-nitroazulene and tho reaction is then
reactivity controlled,

Similar conclusions have been drawn in recent studies
of the nitrosation of indoles at the C~3 position, under
similar condition537and it is of interest to compare the rates
of nitrosation of the azulenes with the indole series., The

rates of reaction of both series of compounds by H20N0+

and NOCL can be defined by equations (3.28) and (3,29)

respectively,
H20N0+ : rate = kg substraté‘ [xmozl [H*] o «(3.28)
NOCL rate = kg .. [substrat% [Nom] . o o (3,29),

k3 i8 an experimental rate coefficient which includes terms

assoclated with the preequilibrium formation of H20N0+, and

k is the molecular rate coefficiont, as defined, TABLE

NOC1

(3.11) compares both coefficients for the reactions of azulenes

and indoles, The experimental;y obtained rate coefficients

for the reaction of azulene have bieen divided by a factor of



7Le

2 , since this molecule has two equivalent reactive sites,

Thus, TABLE (3,11)

shows a comﬁarison of the reactivity

of a single C-sgite toward nitrosating agents in the two

series of conmpounds,

TABLE (3,11).

Reactivity toward Nitrosating Agents.

Substrate pK_ £°c X, 10"81<Noc1
-I%molgfse;% l.molgfsegl.
1,2-dimethylindole +0,3 3,0 530 10.8
2-methylindole -0,28 3.0 500 -

Azulene 0,92 2,0 1850 8,5
2-phenylindole ~1,85 3,0 650 8,4
2-methyl-5-nitro-

~indole =3,58 3,0 250 3.2
l-nitroazulene -4,7 25,0 0,12 wl
H-cyanoindole -8,0 0.5 21,0 -
S5enitroindole -7 .4 0.5 4,5 -
TABLE (3.12) shows a comparison of the observed  kinetic

isotope effects (ky/kp) for the nitrosatlon of azulenes and
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indoles of varying basicity,

TAABLE (3112) o

Deuterium Isotope Effects iz the Nitrosation of

Azulener and Indoles,

o H, D
Substrate pk tc [Hcm;l Mo Kg/kg
1,2~dimethylindole +OEat Ly 43,0 0,01 1,26 T ,02
Azulene -0,92 14,5 0.008 1.4 X 0,2
l-nitroazulene -4,7 25,0 1.02 2.8 T 0,2
5~cyanoindole =G ,0 0.5 0,012 1.8 1 o,2

It is apparent from TABLE (3,11l) that the reactivity of the
indole and azulene nuclei toward the nitrosating reagents
have a remarkably similar magnitude , bearing in mind the
great structural differences in thess two series. This

is completely consistent with the operation of diffusion
control for the nitrosation of both azulene and the most
reactive indoles, TABLE (3,12) illustrates-the similar trend
in the change in rate-~determining step with variation of the

basicity of the azulene and indole nuclei, The similarity
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in behaviour of the indoles and the azulenes in nitrosation
would appear to remove an& doubt that the nitrosation of indcies
is not itruly representative of normal C-nitrosation ., It
has been suggested that the nitrosation of indoles wmay involve
an initial N-n;trosation s foellowed by a fast transfer of
NOY to the C-3 posgition, However, the results for azulene
are unaimbiguoug and 1t can be concluded that the mechanism
discussed above ig generally operative in the C-nitrosation

of the azulenes and indoles,
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CHAPTER IV,

ORTHO=NITROSATION OF PARA~-SUBSTITUTED PHENOLS.

Lawson and Challis also examined the nitrosation of
benzene, and of several mono-substituied benzenes more reactive
than benzene itself, in moderately concentrated HC10,
solutions where the reagent was the NO+. The rate of
nitrosation of these conmpounds was found te be only moderately
increased by electron donating substituents -Me, -OMe, and
=0OPh para to the site of attack, as reflected by the
relatively low 4/) ~value of -6,9 obtained from a Hammett
log fiara — Cr+;ara correlation,

To reaffirm the low '/: - value for nitrosation by the
No¥ reagent, the ortho-nitrosation of a series of para-
~substituted phenols has been studied, for which a wider range
of activating and deactivating substituents meta to the site
of reaction can be employed, Nitrosation in the ortho -

rathér than the para -~ position in phenol should not induce

a major change in nmechanism, but to establish this fact
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the nitrosation of p-cresol has been examined in detail

over a wlde range of acidity.

(A). Nitrosation of p~Cresol in Aqueous HC10,,

At constant acidity, and in the prescence of a
constant excess of ip-cresoﬂ over [HNOQ, the rate of pitrosation

of p-cresol follows equ.(4,1) ,
rate = kl [HNOZ] e & ¢ & & & & o o 0(401).

This equation is rigorously obeyed over at least 95% of the
reaction. The pseudo first order coefficlent k; (equ.(4.1))
has a first order dependence on [p—cresoil, and  thug the

reaction rate at any acidity may be specified by equ.{(4.2),
rate = ko [p—creaoﬂ [HNOzl e o o o(4,2)

Evidence for this relafionship is presented in TABLE (4.1},
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TABLE (4.1).

Nitrosation of p-cresol at 0°C  in aqueous HC10,;

denendance of -k1 on [p-cresoll.

e

Initial stoich, [mo,] = 10741,
Run [ﬁmo,ﬁ 10%{p—-cresol] 10> k, k, (equ. (4.2)
M M sec™t l.molg%sec_%

143 4,06 1,03 0,170 0,0165

145 4,06 2,08 0.350 0,0170

151 4,57 0.518 0,182 0,033

150 4,57 1.036 0.333 0,031

395 6,10 0.126 0,440 0,35

396 6,10 0,503 2,07 0,41

398 6,10 1.01 3.84 0.38

The variation of kz defined in equ,(4.,2) with acidity is

recorded in TABLE (4,2) for the acidity range 1072 to oM HCIO4.
61

TABLE (4.2) also lists values of the H, aecidity function .,

Features in the acidity dependence of k2 are more easily seen

from a plot of log k, against -HR s shown in FIGURE (4.1),
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TABLE (4.2).

Nitrosation of p-Cresol in HC10, _at OOC: variation of

k {equ,(4,2)) with acidity,

%2
. 48 —
Run - [HC 10 4] -1, 10 x k,
-1 ~1
Me l,mole ,sec ,
190 0.0097 -2,0 5,29
201 0.048 2153 5,64
156 0.508 0.23 9,03
155 1.02 0.99 12,8
141 2,03 2,20 21,6
142 3,05 3.30 52,2
143 4,06 4,31 160
150 4,57 4,88 332
146 5,03 5.48 798
157 5.59 6.08 1630
186 6,12 6472 4090
187 6.70 7.49 7640
178 6,90 7,78 8750
161 7.32 8.39 6000
188 7.96 9,34 3130
149 8.54 10,22 1850

193 9.28 11.41 1520
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GURE (4,1),

!W

Nitrosation of p-Cresol in HClO4 at OOQ_J,degendence

of k2 oh acidity.

4,0
3.0
4 + log
2,0
i.0
! b i 1 i i ] 1
-2 Y] 2 4 6 8 10 iz

=1
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The nitrosation of p-cresol shows three distinet regions of

acid catalysis, as seen by inspection of FIGURE (4.1) ;

(1), Below 0,5M HC1O,, the rate coefficient k, is virtually

independent of solvent acidity.,

(ii), From about 2M to 7M HC10,, k2 increases rapidly with

acidity and the slope of FIGURE (4.1) in this region is 10,53,

k2 reaches a maximum at Hh = ~8,0,

(1i1), Above 8M HC104. k, decreases with increasing acidity

and the slope of the plot in this region is about -0,22,.

Striking similarities exist between these features of

the acidity dependence of the rate of nitrosation of p-cresol
2

and thoso reported previously  for the nitrosation of phenoi,

suggesting that a common mechanism is operating for these

conpounds, Before discgssing these aspects in detail, evidence

is presented as to the nature of the rate-determining step

in the nitrosation of p-cresol,

The Rate~Determining Step : The Nitrosation of gig:iEﬁl]

-
Db

zp-cresol.
2
The rate of nitrosation of 2,6-[‘H;]~p—cresol in HC104

has been measured under conditions comparable to those for
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D
p~cresel itself and values of k2 st 0°C are listed in
N g

TABLE (4,3) for [HCIO,] up to 5.684. This upper limit arose
from the onset of appreclable exchange of the deuterium label
with solvent at higher acidities, TABLE (4.3) also records

‘ H,D : H
the isotopic rate ratios szkz derived from values of k2

. 2 ]

interpclated from the data of TABLE (4,2), The 2,o~[ H,}-p-
~cresol used in these astudies had an incorporation of

7

deuterium in the 2,6-positions of 69%.

TABLE (4,3).

Deuterium Isotope Effect for the Nitrosation of p=~Cresnl

o
in HC10, at O C,

(a) (n)
4 H 4 . D H,»
Run [mc10,] 10%x k, 10°x k, ke, /K
<1 -1 -1 -1
M. l.mole.sec l.mole.seCc
191 0,0097 5,29 4,06 1.40
202 0,048 564 ' 4,02 1.30
195 4,30 234 139 1.70
181 5,10 724 560 1.29
194 5.68 1740 1070 1.63

(a) Interpolated from Table(4,2),

(b) For 2,6-[2H§]~p-cresol containing 69% deuterium,
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Bearing in mind that the the extent of isotopic substitution
in the compound is only 69%, i1t 1s apparent that the
nitrosation of p-cresol is subject {0 an appreciable deuterium
isotope éffect which is of similar magnitude for the acid =
~dependent an; independent reglons. The average observed
value corresponds to a calculated kg/kg of 2,0 to0.3
for the fully deuterated substrate, the magnitude of which
is consistent with a primary deuteriun isotepe effect, The
rate-~determining step in the nitrosation of p-cresol is
therefore concluded to be C~l bond fiesion at the site of

substitution,

Discussion,

Striking similarities exist between the kinetic acidity
depedence and the deuterlum isotope effect for the nitrosation
of p-cresol and phenqlsf suggesting that a cormon mechanism
is operating for both compounds. As for phenol, the rate
coefficlent for the reaction of p-cresol is virtually
independent of acidity below O,.EM HClO4 apart from the small
enhancement expected from a salt effect. This evidence, togethex
with the obsexrvation of a priﬁary deuterium isotope effect,

suggests that nitrosation proceeds via the formation of a
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neutral dienone intermediate (I) (equ,.(4.3)) , the decomposition

of which to products is largely rate-limiting, Attempts to

Ok

& g o) b
- Ka Nz0 Ky N
O. .—”A ""_—-‘4
+ N X ‘-'K"G. ? ¥ . @ (403)
Me e (1) me

isolate (I) or detect it spectrophotometrically were un-

-guccessful and so it must be formed in a rapid and reversible
step, thus not accumulating in detectable proportions, The
data are not inconsistent with a single transition state’
mechanism in which the C-H bond breaking occurs synchronously
with the attack of the electrophile, but such a mechanism

i3
is considered to be unlikely in aromatic substitution reactions.
The formation of (I) is also supported by other convincing
evidence of quinonoid intermedlate formation in other electro-
-philic substitutions such as 1od1nation? Since the ky
step of equ,.(4.3) is rate-determining,the observed rate
expression 1s equally compatible with the formation of (I)
in several ways, Interaction of either molecular p-cresol
or the cresoclate anion with HNOZ, not, H26N0+ or Ny05 could,
in principle, produce (1), However; HNO, 4is known to be an

77
ineffectual reagent <for the Nenitrosation of amines and the
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same nust be true of the less reactive p-crescl, Interaction
of No* and HON0T with the cresolate anion can also be

discounted, since the combined concentrations of these species

A\
A\

is so low thaﬁ even an encounter process would lead to a rate
very much less than that observed. Also, NO+ has been ruled
out as an active electrophile in dilute acld since it is
unlikely to be formed under these conditions, The observed
rate expression in the acid independent region is therefore
consigtent with a fast preequilibrium formation of (I) from
interaction of either p-cresol with 320H0+ or p-cresclate
anion with N203, followed by a rate determining proton

loss from the intermediate,

The onset of ac;d catalysis above 0,54 HC104 for the
nitrosation of p-cresol also parallels quite closely the
behaviour of phencl, Since the rate-determining step is still
C-H bond fission (kb-step equ.{4,3)) as indicated by the
substantial primary deuterium isotope effect, the acidity
dependence. implies protonation of the intermediate in the
rate-determining step. The transition state for this atep
may then resemble one of the two possibilities (I1XI) or
(111) , involving protonationlon the phenoclic or the nitroso-

oxygen respectively: studies on phenel have implicated the
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52
latter possibility . Thus,effects of protonation of the

intermediate in the rate~determining step will be super=

o

imposed upon the effect of changing acidity on the nature
of the electrophilic nitrosaﬁing species operating in the
reaction, For this reason, the observed reduced dependence

of log k, on the Hp acidity function is not a true reflection

2
of the form of the nitrosating agent and so does not necessarily
exclude NO+, which 1s known to follow this function, as the
active electrophile,

Thus the mechanism of the nitrosation of p-cresol

can be summarised for both the acid dependent and independent

regions as shown in equ.(4,.4),
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The maxinum in the rate of nitrosation of p-cresol occurs
at about 7M HCIO4, after which the rate decreases with further
increase in acid concentration, Similar maxima occurring
in the rates of nitrosation of phenol and anisole &t ?.5M
HClO4 have been proposed by Challis and Lawson as evidence
for NO' as the active electrophile, since the concentration
of this species reaches a maximum in solutions of comparable
acidity. The result for p-cresol is reasonably consistent
with this conclusion ; the small difference in acidity at
which the maxima in the rates occur could arise from variations
in the influence of acidity on the activity coefficients of
the transition states for the different substrates ,

The fall in rate with the increasing acidity after the
rate maximum for p-cresol is attribuied mainly to the decreasing
concentrations of water in this acidity regilon, since water is

the strongest base available for removal of the proton

from the protonated intermediate in the rate-limiting step,

(B). Nitrosation of Other Para-Substituted Phenals,

Four other para-substituted phencls have been

oxanined to investigate the sensitivity of aromatic nitrosation

r

to substituent effects. To obviate complications arising from
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reaction via several nitrosating agents, these measurements
have been made at 0°C in 6,8M HC10,, where the maximum

rate is observed for p-cresol, and where the major notrosating
\

\

species is the NO*. Under these conditions, spontaneous
decomposition of the nitrous acid sclutions is quite slow,
but it is, nonetheless, of similar order to the rate of
nitrosation of the most deactivated szubstrates, This
unproductive loss of nitrous acid follows an apppoximate
first order rate with a rate coefficient designated k',
With an excess substrate concentration, the observed

rate of disappearance of HNO, follows equ,(4,5),

d (HNO,)

E = k°[pN0;] + . J4LE)
dt

+0bS8

where k% is the overall first order observed rate coefficient,
However, k° is the sum of the rate coefficients for the
spontaneous decomposition of HN02 (k') and the nitrosation

of the aromatic substrate (kl),

¥ = k' o+ K ot . | oo (45 6))

where the rate of nitrosation of the aromatlc substrate is

given by equ.(4.7) which reduces to equ.{(4,8) in the
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prescence of a constant excess of the aromatic subsirate over

rate k, [puxfphenoil[ﬂN0£1 R C N2

k, [mo,] CIATRR o (4.8Ys

Values of k' obtained by independent determinations in the

absence of aromatic substratae are shown in TABLE(4.4).

TABLE (4.4),

Spontaneous Decomposition of HN02 in 6,8M HClQ4 at O°C¢

Run 241 242 245

10°x k*(sec™ ) 0.61 0.58 0.60

mean value k' = 0,60 x.10 "sec T,

Experimental values of k°, k, and k, are listed in TABLE

1

(4.5) on the following page.
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TABLE (4.5),

Experimental Rate Coefficients (ko,__k1 and k,)_ for Nitrosation

of Para-Substituted Phenols in 6,8M HC10, _at 0°C,

3 2 ) 5
Run 10 x[%ubstraxe~ 105x ko 105x k' 10 x kl 10 x ko
~1 -1 -1 =1 =]
M. se¢ T, sec se¢c , l.,mole.sec ,

p=Fluorophencl.

379 0,530 24,57 0,60 1,87 372
381 0,530 2,62 0.50 2,02 381
382 0,530 2.78 0,60 2,18 411
383 1,06 4,84 0,60 4,24 400
p=Chlorophenol,

210 1,02 3.45 0,60 2.85 279
211 1,02 3.27 0,50 2,67 262
212 1,01 3.37 0.50 2.77 274
213 2,02 6,29 0,50 5.69 282
p=Cyanophenol .

243 5.51 1,78 0,60 1.18 21l.4
244 5.51 1.86 0,60 1,26 22.9
245 5,51 1,90 0,60 1,30 23,5
p=Nitrophenol,

251 5.50 0,73 0,50 0,13 2.4
252 5,50 0.72 0,60 0.12 2,2
253 5,50 0,71 0.50 0,11 2,0
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Discussion,
Mean values of the second order rate coefficient (ko)

defined by equ.(4.2) are summarised in TABLE (4.6) for the
rate - kz [p-X-phenoJ..] [HNOz] e s 0 o e o(4.8)

nitrosation of p-substituted phenols in 6,8M HCIO, at 0°C.
Under these conditions, none of the substrates is appreciably
protonated and INO, exists mainly as no¥, Thug the ko
values listed in TABLE (4,6) are, to a good approximation,
equivalent to molecular rate coefflcients for reaction by

Not, TABLE (4.8) also lists the substituent paraneters Cf'gl

TABLE (4,5).

Mean values of k, for Nitrosation of Para-Substituted Phenols

in 6.8 HCl0, _ at o’c.
+ @ 5 -1 -1
Substituent (¢ ] N 10 x k,(Lamole,sec ,)
, b)
Me -0,066 91,000(
F 0.352 390
C1 0,399 270
CN 0.562 23
NO 0.674 2,2

2

(a) Ref.(33). {b) Interpolated from data of TABLE {4.2),
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FIGURE (4,2),

Hammett Plot for Nitrosation of Para-Subsituted-

Phenols in 6.84 HClo, at 0°C.

4

Q1 0 0.2 0.4 0.6

(%)
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FIGURE (4.2) shows a plot of log k2 against Hammett (5';
substituent parameters :.this is linsar with a slope of ,‘)
= =6.2 o The linearity cf the plot suggests no change of rate-
-determining step or mechanism occurs with changing pars-
-substituents. It also rules out the possibility of T¥ -
complex formation between the aromatic substrate and NO+
being kinetically significant, This deduction is important
because TT -complexes have been reported to form in
concentrated H2804 wlth aromatic substrates when the substrate
and HNO2 concentrations are relatively highSl. U,V, spectral
examination of the reaction soclutions of the para-substituted
phenols has revealed no positive evidence for TT ~complex
formation under these conditions,

As discussed more fully on page (245), the only products
1solated from the nitrosation of all the para-substituted
phenols are the ortho-nitro derivatives, This raises the
guestion of whether these studies refer to an initial nitrosation
reaction followed by a rapid oxidation, or to a direect nitration
by nitric acid formed in situ., All of the avallable evidence
supports the former explanation, and discounts the possibity
of a direct nitration pathway; Firstly, the extremely

facile oxidation of ortho -nitrosophenols to their
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38,39

ortho-nitro counterparts is well known , and has been
confirmed under the'conditions used here, for independently
prepared 2-nitroso-4-methyl- and 2-nitroso-~4-chloro=-phenol
(see chabter g,pp (248)) , There can be no doubt that the
reaction of p-cresel invelves an initial nitrosation, since
direct nitration is known to proceed without a primary
deuteriur isotope effect4. The reaction of p-cresol shows
a substantial primary deuterium isotope effect, and the
linearity of the Hammett.Jﬁ) - CT; plot in FIGURE (4,2)
leaves little possibity of a change in rate-limiting step
or mechanism over the range of substrates studied., Further-
-more, recent studies of nitration im  concentrated HClO4
suggest that aromatic compounds more reactive than benzene,
vhich includes all the compounds examined here, undergo
nitration at an encounter rat928.~Thus, the marked difference
in reactivity ohserved for the series of substrates studied
here is wholly inconsistent witha direct nitration reaction,

The low ‘/9-va1ue of =6.2 found for ortho - nitrosation
of para ~ substituted phenols confirms satisfactorily the
value of ~-6,9 obtained previously from studles of the nitrosation

of activated mono-substituted benzenes, This relatively low

‘/63- value for a reageht which has been widely considered
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to be unreactive and selective can be rationalised by
consideration of the raté~detefmning step operating in these
nitrosation reactions. The rate~limiting step in the reactions
studied here has been identified as proton loss from the \

dienone intermediate (I) (equ,(4,10)) which is formed in

small stationary concentrations in the A-Sg2 sceme outlined

below.
OH o o
k & k N-OH
4+ __fa b ;
, NOF = N=dH by ¢ coa(4,10),
-8,
X X 1

For the A—SEz scheme in equ.(4,10) the overall observed rate

coefficient defined by

rate = kz [Suhstrate] [N0+] e e o o(4.,11)

is given by equ.(4,12) ,

ka ko e o o s v s s s odel2),

=
i

Since a primary deuterium isotope effect ie observed for the

reaction, k-a. :;) kb, and equ,{4,12) reduces to (4,13),

TR
SR il s (AR,

z Kk
-2
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Thug, a natural consequence of egu,(4,13) is that the
gensitivity of the overail chserved rate coefficient k2 to
electron withdrawing substituents 1s iIn fact resultant
difference of their opposite effects on ka and kb. Electron
withdrawal fr;m the aromatic nucleus will increase the free
energy of the transition state assoclated with the k, step,
and of the protonated intermedlate, However, electron
withdrawal has the opposite effect on kb » wWhereby it decreases
the free energy of the transition state for this step. Hence
in the case that k; is partly rate-controlling, the overall
reaction will show a reduced sensitivity of the rate toward
electronic effects of the substituents,

From these results, it is appavent that the JﬁP -~ value
for an electrophiliec substitution reaction camnot be used
indiscriminately to make deductions about the reactivity of
the electrephile and_the timing of the transition state on
the reaction coordinate, in the absence of additional
information determining the rate~limiting step of such a
reaction, The original concepts to the reoactivity-selectivity
principle, that reacticns with low jaevalues have early

transition states and are not'predisposed toward 1sotope
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effects, must be considered with great caution, especially
when there are other factors that may be effective in deciding

the rate-determining step,
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CHAPTER V,

NITROSATION IN CONCEWTRATED AQUREOUS MINERAL ACID SOLUTIONS.

It is evident from the previous chapter that rate=
~determining proton-loss from the intermediate in the
nitrosation of para-substituted phencls by N0+ results in a
low Jﬁ) ~value for the reaction , This concurs with earlier
deductions for the reaction of mono-substituted benzenes
with NO+ 37, although proof that proton-loss was indeed rate-
limiting for the least reactive substrates was in fact not
available, To remedy this deficiency, and to establish that
slow proton-loss is characteristic for the nitrosation of
aromatic substrates of low, as well as high, reactivity the
nitrosation of benzene and hexadeuteriobenzene have been
re-examined as reported below,

This chapter, too, reports the results of an investigation
into the acid catalysed nitrosation of phenol in fairly

concentrated H,SO and H3PO

259, and these are compared with

4
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those obtained previously for the reaction in HClO4 by
52 ' .
Challis and Lawson , These studlies demonstrate the incidence
of general acid catalysis in the concentrated acidic media and

permit assessment of the specles responsible for the effect,

¥

(A). The Nitrosation of Benzene .and [%H;] -Benzene.

Nitrosation of benzene, itself, was studied in
approximately 12M H2804 and the deuterated isomer in
approximately 12M Dzso4 at 52.906. Under these conditions,
the rate of spontaneous decomposition of nitrous acid which
follows equ.(5.1), at constant acidity, has to be taken into
account,

- dafmnN
Eg&] & k'[HNOZ] ols LI Rom(5,1),

The rate of nitrosation of the aromatic substrate follows
equ.(5.2), which in the prescence of excess benzene reduces

to the pseudo-first order expression of equ.(6.3),

rate k, [benzenc] [HNOZ] o oo (5,2

H

k, . [mo, ] PU=s, 3)
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Thus, the overall observed rate of loss of nitrous acid

follows equ,(5.4),

-d[bNog]

at

= (kl + k')[?NO;]

k° [_xmoz'} 8 NN e (5.2)

Since the value k' for spontaneous decomposition of nitrous
acid has been measured und-er_the experimental conditions, the
coefficient k; of equ.(5.3),and hence the coefficient _kz

of equ,(5.2), for the nitrosation of benzenc can be calculated
from the observed overall rate coefficient ko. The results for

2
both benzene and [He‘] ~benzene are recorded in TABLE (5,1).



TABLE (5,1),

Experimental Rate Coefficients (ko, k

- 99,

1

2 o
of Benzene an@ll}ai ~Benzene at 52,9 C.

and kz) for Nitrosation

~q
Initial stoich. [HNOé] = 10 M,
2
Run Acid 10 x[subs'_brat%l lOsx ko 105x k‘1 103x k2
-1 -1 =k =1
M. M. sec sec , l.mole.sec .
Benzene / stgﬂ.
52 12,46 - 2,83 — —
63 12,46 - 2+65 - e
56 12.12 1,19 21,5 18,8 15,8
55 12,24 . 1,20 : 19.7 . 17 .0 14,2
£ -Benzene D28Q4.
57 11,7 - 0,20 - -
58 11,8 1,10 2,21 2,01 1,83
59 12.0 1.10 1,96 1.76 1.60
Discussion,

Under the reaction conditions, neither of the substrates

is appreciably protonated and nitrous acid exists mainly as

+ 36

NO . Thus the experimental k, values (equ.(5.2)) listed in

TABLE (5.1) are to a good approximation equivalent to molecular
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”~ ey o "
rate coefficients foxr reaction by NG , It 1is evident fLrom
. " 2
the data of TADLE (8.1} that HG -banzene  In Dy804 nitrosates
about 8,5 x slower than normal benzene in HoBO04. Since the

Hb acldalty of theze two solvents for the experiments is closely
82
similar and in any event, the reaction rate is not stréngly

dependent on acidity under these conditions, the rate difference
for the bonzene isomers is indicative of a substantial primary
deuteriun isotope effect.

Compariszon of the rate data of TABLE (5.1} with previous
a7
data obtsined for the nitrosation of henzene in HICLO4 at the
same temperature, reveals that the reaction rate is dependent
on the nature of the sclvent zcld zven when nitrous acild is

+
totally converted to NO o In 10,4 HClgq, which has a similar

HR value to the 12M sto4 soluticns employed here, the value

o
of kz for the nitrosation of bengene at 52,9 C has a vialue

=3 -] -1
of 3.9 x 10 l.mole.sec , Thus fow sc;vants of ginilar HR

acicity, nitrosation of benzene in H,,SO4 in aboutl 60%
<

faster than in HC10,. This difference camnnot in any way be

41
attributed to interfevence in the reacticn through sulphonation

83
of the substrate ; since the sulphonation of benzenc is at

least 30 x slower than nitrosation under similar conditions.
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It is concluded that the difference in nitrosation rates
for the reaction in H2£O4 and H0104 is a direct consequence
of the rate-~limiting proton transfer from the Wheland
intermediate ; characteristic of this reaction. The proton-
~loss will be catalysed by the extra basiec snecies HSOZ
and SO;-.p?esent in H, 80, ( as well as by water ) but not
by the CIOE anion, which is only feebly baelc,

The same argument suggests that the observed large
reduction in the rate of nitrosation of [?H;]—banzene in
D,80, compared to benzene in H2804 will ineclude factors

arising from the change in solvent (i.e. the different basic

4 @nd DSO; } as well as from a primary

strengths of Hsog, SO
deuteriun isotope effect., For this reason an exact value
cannot be given to the kH/kD ratio for the nitrosation of
benzene, although it appears {ov be large,

These results suggest that rate-~limiting proton
transfer from the intermediate on the SE-Z pathway is
characteristic of aromatic nitrosation with substrates of
widely different reactivity and is not a special effect related

to the relatively low acidity of the leaving proton for

reactive compounds such as phenol, cresol and anisole,
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(B). Mitrosation of Phenol in Conzentrated Aqueous Solutions

of H.&

o0, —and HF0,.

One of thoe conclusions drawn from the above investigation
is that nitresaticn 1s catalysed by one or both of the anions
cf sulphuric acid; as well ag by water, itself, This should
be a general .phenomencn observable for other substrates and
other polybasic acids. Thus studies of nitrosation prosent
an excellent opportunity to examine the incidence of general
acld catalysis in concentrated acid solutions, This phenomenon

84,85

has been observed recently for aromatic hydrogen exchange v
but the circumstances are less clear-cut., Accordingly, the
nitrosation of phenol ( a well defined reaction ) has been
examined in HZSO and HSPO4 for comparison with earlier results

4
52

in HClO4 5

The rate expression for the nitrosation of phenol in
mineral acid solutions is well established and follows equ.(5,8)

at any given acidity. The variation of k, with sulphuric

rate = k, [pl%enol] [Iﬂéﬂz] o o o +(5,8)
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acid concentrztion ranging from 5M to 13.6M 18 ghown in
0= <r

TABLE (5.2}, for nitrosation in aguecus HZSO4 soluticns at

o] . . . .
O C. Results for nitresation of phencl in H3PO4 aolutions

varyving from 458.9% te 31.9% (by wt.) H3P04 are shown in TABLE

(5.3). Both tablez also list valuee of the Hp acidity function.

TARLE (5,2).

PAISEN DB Bk

Variation of k. (cou,(5.57) with Acidity for Ritrosation of
o -

O
Phencl in stg4 at 0 C,

i

. 61 =} =1
Run {HzﬁOéjMQ ~Hp kzil.mole.sec o2
367 4,88 6.,30 0,32
368 4,94 4,35 0,42
373 5,36 4,80 0.G8
368 5.74 5,20 1.65
363 8,18 6,70 1.76
365 Goad 5,90 4,62
364 6,96 8,82 10,2
37¢ 7.28 6,38 14,2
403 7,98 7463 33.2
400 .20 8,92 58.2
402 0,12 8.83 61.4
404 10.22 10,00 40,7
408 10,36 10,18 42,8
406 11,14 11.00 30,0
410 1l.24 11,10 22,5
409 11,34 11.20 21.9
405 12.26 12,20 13,0

411 13.58 13,60 6,1
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TABLE (5.3,

Variation of ¥, {=2gu,(8,5)) with Acidity for the Mitrosation

of Phenel in II.T  at 07C,
o 99 & 6 .'1

Run wheP HgPO4 -Hy kz(lsmsle,sec o)
471 48 .87 3.11 0.10

469 52484 2.62 0.20

466 57 .77 4,33 0,53

467 62,72 5417 1,66

468 65,56 5.68 3.42

465 : 69,21 6,32 9,56

485 70,53 6,54 17.5

484 72,56 6.89 34,3

482 74,58 7 .26 50,9

479 76 .64 7 .62 74,0

481 77 .67 8.03 114

478 81,85 8,56 182

A comparison of the results for nitrosation of phenol in
HC104 A HZSO4 and H3P04 is wost conveniently made by
plotting log kz versus the acidity function -HR for all
the acids, These plots of the data of TABLES (5,.2) and
(5,3) are shown in FIGURE (5,1), together with a similar

52
piot of the data of Challis and Lawson  for HCIO4°
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FIGURE (5,1).

Dependence of log k, _on -My foy Mitrosation of Phenol
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Inspection of FIGURE (5.1) reveé}s.that at identical Hp values,
the rate of nitrosation of phenol in HZSO4 ig faster than that
in HClOQ by a factor varying from 10 to 20, Also, the rate
reaches a maximumlat a similar Hp value in both acids, hut the rate
after the waximum decreases less rapldly with increasing acidity
in HZSO4 than in HC104; the slope of FICURE (5.1) in this reglon
is =0,2 for H2804 compared to & value of «0.35 for HCl04. Interference
in the kinetics of the reaction from sulphonation can be ruled out,
since the rate of sulphonation of phenol ! under the conditions
employed here will be negligible compared with the rate of rnitrosation.
The rate of nitrosation of phencl in H3P04 exceeds that in
HCIO  at identical acidity as measured by the HR acidity function,

4

by a factor varying from 12 to 30,

52
Challis and Lawson eatablished that the nitrosation of

phenol proceeds via an A-8,2 mechanism in which proton-loss from

a protonated dienone intermediate is slow (equ.(5.56)), The proton-

it k'l i kb i 4 (5.6)
Jr r,.-...-s B e t——— as 50‘3
8w dm Gu () v
Keg ;
H Na N

\
OH
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-transfar must, of course, be to a basle species (B}, which in the
case of HCl0y 1is probably HyO. In other polybasic acids additional
anions are present and evidence that these are important comes‘

from the higher reaction rate in Hﬁsoq and H.PO4 compared to

3

HC104, at the same H, acldity. Since the dienone intermediate

R

is protonated in concentrated acid, catalysis by solvent anions

results kinetically in the observation of general acid catalysis.

General acid catalysie in concentrated sclutions of strong acids

is difficult to abserve, but has heen estabhlished for aromatic

hydrogen exchange,; an AwSEz reaction closely related to nitrosation,
84,85 .

by Krespge and coworkers « They invoked catalysis by the

undissociated species HSO, and HgPO,, in addition to the 10"

species, as responsible for the enhanced rates of detriltiation

of 1,3~dimethoxybencene-4-t in polybasic acids compared with those

in mono-basic acids , when compared at equal extents of equi-

~librium protonation of azulene as a measure of thermodynamic

acidity. In this reaction there is a rate-delermining proton-

transfer from solvent acid to the substrate (equ,(5,7)), Thus,

Acll'  + HA g3 H'AR.H + AT =2 H.Ar + H'A ..(5.7)
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the observation of general acid catalysis for the nitrosation
of phenol in concentrated solutions of strong acids is a useful
confirmation for slow proton~transfer.

A full énalyéis of the type which can be applied in a straight-
~forward manner to gensral acid catalysed reactions occurring
in dilute solution, cannot be applied to these results for any
single polybasic acid, since it is difficult to evaluate the
much greater mediunm effects produced by the massive amounts of
solute present in concentrated solutions, In dilute solutions,
of course, salt effects on rate and equilibrium constants can
be treated gquite accurately, since ideal behaviour can be assumed
for all interactions,

It was thought likely that some simple empirical correlation

might be found in the data for +the rate of nitrosation of phenol
in the region of acidity in which the rate decreases with increasing
acidity i.e, after the rate maxima in the log k - Hp profile of
FIGURE (6,1), The maximum corresponds to complete conversion of
HNO, to NO+ and the kinetic data should therefore not be complicated

by preequilibrium effects,

1. Nitrosation of Phenol in Concentrated HC10, : Correlation of

the Rate with Water Activity,

The data of Challis and Lawson for the nitrosation of phenol
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in concentrated agueous solutions of HC164 in the region of acidity
after the rate maximun at 7.5M HC1O, is listed in TABLE (544). Also
listed in this table are values of Ay, interpolated from the data

’ 83
of Robinson and Baker .,

TABLE (5,4),

' o
Nitrosation of Phenol in HC1O, at 0.7 € at Eﬁggg%l;%imzﬁamg

Correlaticn of ks (equ,(5,52) with a,.

[gc1o;] a, . k, o kz/éw2
Mo 'l.molenéecw% 1.m018tsec™t
7 .87 0.205 7.18 176.8
8.28 0,164 4,58 170.1
8,90 0,110 2,06 169,8
9,40 0,077 1,02 172,6

e —— = - o ——

(a) Interpolated from the data of reference (88),

(b) From the data of reference (52),

The consistency of szng shown by TABLE (5.4) indicates
that the rate constant for the nitrosation of phencl in this region

of acidity, can be expressed by equ.(5.8),

ky(equa(5.5)) = kb . a® ... (5.8
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where kg = 171 t 2 lomole .sec . , when a, is expressed in

activity terms., Thae dependence of'kz on the square of a,, indicates
that two molecules of H,0 are assoclated with removal of the proton
in the ratewdeterﬁining step. This is not an unreascnable result,
particulaxrly since Challis and Lawson previously proposed that

the transition state for the reaction may resemble structures such

as (I) and (II) below, both of which invelve two molecules of HsO,

] #
H
H ﬂlﬁaés?iH-igi
HzO‘-§ ’1
- ()

In order to test the validity of this treatment, the data of
Challis and lawson for the nitrosation cf anisole 1in concentrated
aquecus HCl04 has been analysed in a similar fashion., This reaction
also progeeds with a primary deuterium isotope effect, and also
shows a rate maximum at é similar acidity as for phenol. Assuning
the arguments for phenol to be valid, the rate decreasc after this
maximum should be some function, only, of the decrease in ay. However,
in the reaction of anisole, there is no possibility of diencne-~
intermediate formation ag for phenol, and so the rate-determining

transition state will probably resemble (11I) and will only
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(rxp
accomodaté one molecule of H,0, In this case, only a first crder
dependence of the rate on ay W;uld be expected, TABLE (5.5) lists
the relevant rate and &, data for the nitrosation of anisole
in HCloé.

TABLE (5.5).

e sy

Correlation of ks with a, for Nitrosation of Anisole in

2]
HC10, 2 7.8M at 0.7 C.

(a) (b
[?01041 a, kz kz/aw
R -1 -1
Me l.mola,sec o l.uole.zec,
8,00 0,192 3,00 15,8
8,50 0.144 2.15 14,9
8,72 0.124 1,70 13,7
9,41 0,076 1.18 - 15.5
10,22 0,042 0,568 13.5

16.33 0.038 0,515 13.6




111,
The reasonable coustancy of kofa, = 14.5 1.1 l,molg%segl, .
adequately confirms {he linear relationship expscted and hence
supports thse empirical treatment used here, Thus it appears that
the decrease ih the rate of nitrosation of phenol and anisole in
HCIO4 with increasing acidity, which occurs after the rate
maxima, reflects quite accurately the decreasing availabllity
of H,0 molecules for accumodation in the rate-~determining
transition state, -

2. Nitrosation of Phenol in Concentrated Agueous HsS0.; Correlation

LS
s

of Rate with a, rHSO;] ﬁﬂ@&OZ}

In order to make an assessment of the relative contributiong
to the nitrosation rate ccefficient for phenol , ko ;from the
twoe anlons in stoé, it will be assumed that the empirically-
derived dependence of ko upon ai is valid, However, in addition
to this term, the coefficient k, will also depend on terms
arising from catalysis by Hso; or SO;».
An unsophisticated analysis shows the dependence of kz can be

written in the form of equ,.(5,9), as a linear summation of the

seperate contributing terms., This equation has been empirically

= v .2 - an - o Uil [
kz = k?«"a"w + kHSO.g‘ E{VC.Q + I\Sgéo 504 oce(ch)
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derived from the dats of TABLE (5,63, which lists the wmeasured
k, values for the nitrosation ef plhenol in H,S0,, the a, values
. 89
interpolated from ths data of Giaque and coworkers  and ths
E 7Zj anqséo ]vvalues, which are interpelated from the data of
80 i )

Rebertsen and Dunford o The k value used is that derived

, . =3 -1
in TABLE (5.4) from the analysis in HClO4, i.e. ky = 171 l.mole.sec,
A plot of the data of TABLE (5.6) according to equ.(5.10) ( a siwple

derivation of egu.(5.9)), ig shown in FIGURE (5.2).

2
kg = Kgay e
[msoy ] _Hbof; * o [1804]

TABLE (5,6).

Nitrosation of Phenol in H SO, at 0%, OM _Ha50,.

o o o 2 g
[stoﬂ a,, [5504] [504] kg =~ L7lay  k¥/ [zuoﬂ E%]

= kfl = 2 -2 =1 [yuﬁ ]
M, M. M, l.mole.sec, l.mcle.cec, 4
8.16.. 0,162 788 1.60 55,3 T 20 0.21
10,22 0,002 8,96 1.29 39.1 4,30 0,14
10,2 0,885 9,14 1.25 41 .4 ‘ .50 0.14
11.14 0,054 10.17 1.008 29,4 2,89 G.099
1}.24 0. 050 10,31 C.97 22.0 2.14 0,095
g B 0,050 10.45 6,950 21.5 205 0,COL
12,26 0,026 11 .60 G.703 12,9 1.1l 0,060
13,86 0,C08 iz,02 0,355 6.1 0.47 0,027

_——ran s = ¢ m—— e —ahs
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FIGURE (5.2).

Nitrosation of Phenol in[Hs0)B ou, at 0°C. Plot of equ,(5.10).

6,0 |
k*/ N
2 —2%7 -
l.mole.ceC,
4,0
Ze0F
©
3] : 4 » [ weonvem a I 2
¢ 0,04 0,08 0,12 .16 . 0.,20 0.24

a0
EN% [iiso ] -
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The reasonable linearity of FIGURE (5.2) shows that equ.(5.9)

provides a geod emplrical fit for the data. The slope of this

2 =2 -1
plot gives the value of kSO}“ = 40 l.mole.sec , Less certainty

can be placed on the value of k ¢ 8ince the plot in FIGURE

HE0Z
(5,2) deviates from linearity at the highest acidity. Nonetheless,
it is appareni that the :'value of kHSOZ is small compared with
that of ksozw « Thus the decrease in the rate of nitrosation of
phenol,in concentrated aqueous solutions of Hy80,,with increasing
acidity, reflects mainl§ the decrease in the [?OZ"t},which acts
as a base in assisting in proten-rermoval from the intermediate

in the rate«determining step. The effectivéness of 50;- a8 a

o1
accords with the pKHZSO4 = «3,8

base catalyst relative to HSO4

92
and pl\HSOZ = +1.9

Unfortunately, a similar analysie of the data for the
nitrosation of phenol in H3PO4 camwot be carried out, since no
reliable data are available for a, in this acide. Nonetheless,.
it is apparent from the increased rate of reaction in Hg3POy
solutions compared with that in HC104 solutions of equivalent
HR acidity, that similar catalysis is occcurring here, presumably

by the H2P0; species. This is in accord with the observation

84
by Kresge and coworkers that aromatic hydrogen exchange is
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catalysed by H3P04 acting as a general acid iu concentrated

solutions,

It has now been proven by studies of isotoplcally =
~substituted suhstratesg that the rate-determining step in the
nitrasati&n of benrene is C-H bond breaking, Thus slow proton
transfer 1s characteristic of the nitrosation of substrates of
a wide range of reactivitles and i= not only related to the
acidity of the lsaving proton,

A consequence of this rate-determining step in nitrosation
is catalysis by the anions of strong polybasic aclds in
concentrated solutions of these acids. In HpSO4, the major
contributing species is the SO;_. In the absence of catalytic
bases such as SOZ and HZPOZ y Ix0 1s the effective base in

remgving the proton,
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CHAPTER VI,

HITROSATION IN BUFFERED ANUHOUS SOLUTICNS OF WEAH ACIDS,

The work described in this chapter is concerned primarily
with the dependence of rates and of kinetic isotope effects
on the acidity and constitution of aqueous buffer solutions.
This informaticn might throw some light on the relative
magnitudes of the rate coetrficients of the various steps of
the A-Sg2 mechanism., The use of buffer soclutions provides a
convenient way of studying these relationships, since the
reactions can be carried out in dilute solution and accurate
control of catalyst concentrations is possible,

Ibne-Rasa has reﬁorted earlier51 that the nitresation of
2,;6-dibromophenol is general base catalysed by nitrite and acetate
ions, although no rilgeorous analysis of the mechanistic implication
of the results wadg made. A concurrent objective of this work
was to investigate the possibility of intramolecular base

catalysis in arcomatic nitresation} it was thought that intro-
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=duction intc the substrate of a ngighbouring group with a
basic site suitably placed to allow direct approach to the
leaving proton of the Wheland intermediate, might result in
great accalera%imn of this step. It is well kpnown that intra-
-molecular displacements at saturated carbon centres occur at

93
much greater rates than the corresponding intermolecular reactions .

In this chapter then, are reported the results of a

detailed investigation into the kinetics of nitrosation in
agueocus buffer_SOIutioné of phenol, 2=napkhol,(I), m=-hydroxy-

-phenylacetic acid (II), m-hydroxyphenylacetic acid -methyl ester

(111), and 7-hydroxy-l-napthoic acid (IV),

o
ol H oH COzH*
= N -0H
AL I :
{Hz CH,
coM cozte
(1 (11 (111 (IV)

¥ Site of substitution.

(A). Nitrosation of Phenol in aqueous Acetic-aeid Buffers,

The kinetics of nitrosation of phenol in aqueous
acetic acid-sodium acetate buffer solutions have been investigated

over the pll range 1.7 to 5.5 at 25°C under which conditions
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nitrosation ocours almost exclusively at the para-pogsition
( 95%),
Under conditions of a large excess of phenol over the
stoicheiometric scdium nitrite conceniration, the reaction

follows the rate expression of equ,(6.1),
rate = 1.;1 ® (N&NOz) 8 . 3 ¢ s . . » (6;1)

where ( NaNO, ) refers to the total stoicheilometric concentration
of nitrite ., The rate of nitrosation shows a first order
dependence on phenol concentratlon over the complete acidity

range studied, pH 1.7 to 5.5, and so at any fixed pH the rate

of nitrosation of phenol is given by equ.(6.2),

ra-te = Ezo(phenol)o( NalNO ) D v ¥ o 4 e (6.2).

2
The validity of equ,{6.2) is shown by the data of TABLE (6.1},

94
Since the pK 9,98 , the stoicheiometric and real

PHENOL
concentrations of molecular phenol are effectively the same
throughout the pH range studied., Thus the concentrations

of phenol are denoted by square brackets in all subsequent

rate equations.
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TABLE (6.1).

Nitrosation of Phenol in AcOH-AcONa Buffer Solutions at 25°C:

Firgt Order Dependence of the Rate on  Phenol

Initial (Na®0, ) = 107%,[Acetate] = 0,154,

5, & T e 3, 1
Run total (ACOH) pH 10%x kl 10%x! phenol| 10%x kz
-1 ~1 -1
M, sac . M, l.mole,zec,
299 1.27 ° 3.72 21.4 3.78 5.66
280 1.27 3.72 6.94 1,26 5,51
281 0,501 4,19 4.50 1,97 2,29
290 0,601 4,19 9,09 3.94 2,31
291 0.208 5,13 0.568 3,94 0,144
283 0.208 5,13 1,13 7.98 0,142
292 0,170 5,54 0,104 3.94 0,0264
284 0.170 5.54 0.206 7.98 0,0258

The stoichelometric rate constant k. is dependent on acidity,

2
ag is apparent from the data of TABLE (6.1), This is expected

since, in the pH range under study, sodium nitrite is only

partially converted to nitrous acid (equ.{6.3)), In terms of

4 -

)
HNOZ == I + NO2 e o o (8,3
-+ - 95
[u 1 [NOZ] -4 o
KHNO = Gl GIC = 4,6 x 10 at 25 C-

2 [HNO 2]
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the actual concentrationse of HNO2 and NO;, cGu.{6,2) can be

written as :- equ.(6.4) which on substitution for [ﬁO;} from

rate = k2 [phenol] EINOZ] + E\IOZJ e o o (Bed)

equ,(6,3) leads to equ.(6.,5) ,

. - Ky
rate = k 1 + ) [}INO } [Phenol] eo{B,5),
2 - T?$T~ 2

Thus the gecond order rate coefficient for the nitrosation of
phenol k, (defined by equ.(6,6)) is related +to the observed

stoicheiometric coefficlent, ﬁz s defined in terms of the total

stoicheiometriec nitrite concentration, by the expression of

rate = k2 [phenol] [IENOZ] S0C000 30 e
equ.(6,7) ,
k, = Kk, 1o+ dmog YL e

This explains the acidity dependence forx Ez s Since the
pH is congtant for each kinetic run, and KHNOZ = 4,6 x 10
at 25.000 » values of k, (equ,(6.5)) can be computed for each
kinetic experiment by equ.(8.7). For the sake of brevity, all

subsequent kz coefficients reported herein for eiperiments in
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puffer solutions have been caleculated from Eo in this waye.

Acidity Depsndence of Kk .
Values of,k2 (eque5.,5) for the nitrosation of phenol in

buffer solutions at a constant acetate concentration of 0.15M

but varying pH arse listed in TABLE (6.2).

TABLE ( 6,2 ).

Nitrogation of Phencl in Aqueous AcOH=-AcONa Bufifer Solutlonsgg

Variation of k, (equ.(6.6)) with pH.

[Acetate_] = 0,154 throughout,

Run total(ﬂOAc) pH lozx kz
M, l.moléfsegl.
298 1,682 3.010 1.80
299 1,37 3,720 1,83
289 1.00 3.878 1.82
295 1,00 3.875 1.82
297 0,713 4,060 : 1,75
287 0,300 4,620 1,53
291 0,208 56125 0,898

292 6.170 5,540 . 0,424
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These data show that up to pl = 4.62, kz ig virtually
independent of acidity. This is in cowplete accord with the
results of past workers for the reaction in dilute mineral
g 52
acids. Challis and lawson  showed that the kz coefficient was

acid independent fronm pH 1 te 3 in dilute HC104 and Schmid

50
and coworkers reported similar findings for dilute HC1l, However,
the results in TABLE (6,2) also show that for pH;> 4.6 , k,

begins to decrease with increasing pH . This result has not

been previously observed,

Catalvsis by Acetate Jon,

The results in TABLE (6.3) show that, in addition to a pH
dependence, the magnitude of kz alsoc depends on the acetate ion
concentration, These experiments were not carried out at constant

ionic strength, but the addition of Na0104 shows that salt cifects
are not significant for the reactions, It is therefore concluded
that the effect of added acetate is one of base catalysis, and

51
this 18 in line with previocus studies with 2,6-dibromophenol
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Niftrosation of Pnenol in AcOH-AcONa Buffers at 25°C;‘Acetate

Catalysis,
oa) = Ll
Run pH Total(ﬁe@ﬁé [AcO ] [c1o4] 10%x k,
-1 -1
Me e M, l.mole,sec .

296 4,06 0.357 - 0,075 - 1.35
297 4.06 0.713 0,15 - 1.75
328 3.91 1.00 0.20 - 1.89
298 4.05 1,52 0.30 - 2,46
325 3,915 2,00 0.40 - 2,82
326 3.92 2.50 0.50 - 3.37
327 3,91 0,357 ° ° 0,075 0.50 1,25
332 4,54 0,235 . 0.10 - 1.32
329 4,53 0.470 0,20 - 1,78
330 4,53 0,705 0,30 - 2,08
331 4,54 0,940 0,40 - 2,51
338 4,49 1.175 0.50 - 2,94
339 4,49 0.235 0.10 0.40 1.20
288 4,65 0.10 0.95 - 1.01
287 4,52 0.30 0.15 - 1.33
286 4.61 0.50 0.25 - 1.67
285 4.62 1.00 0,50 - 2,54

2450

301 4,61 1,00 0.50 -

The data of TABLE (6,3) are shown graphically in FIGURE

(6,1) as plota of ks, agalnst acetate concentration,
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FIGURE (6.1},
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All three plots shown in FIGURE (8.1} are reasonably linear and
show that the rate of nitrosation of phenol is catalysed by

acetate ion according to equ.(5.8),

where kgw represents the rate coefficient at zero acetate ion
concentration , corresponding tae reaction catalysed only be water
molecules and RACO- reprasents the catalytic coefficient for
catalysis by acetate ion, FIGURE (6,1) again illustrates the onset
of acidity dependence for k, at pH > 4.6; the ko, values for

the reaction at pH 4.0 and 4,5 differ by about 6% ( which is
similar -to the estimated error in determining kz) but drop by

a factor of 15% on increasing the pHd from 4,5 to 4,5. It also
appears that for pH > 4.5, the reaction becones increasingly

less dependent on acetate ion concentration and the kACO‘
catalytic coefficients deercase accordingly. Values of kzw and
k obtained from FIGURE (6,1) are given in TABLE (6.4).

AcD™

TABLE (6.4).,

e s s et 9 Attty

itrosation of Phenol in AcOH-AcONa Buffers at 25°C

pH 102 x X wlequ, (6,8) lozx k, .= (equ.5,8)
2 -1 - AcO 2 2 =
l.role.see, l.mole,.sac,
4,0 1,02 L 0,02 4,7 £ 0.3
4,5 0.96 ¥ 0.04 4,0 fo,2
4,6 0.84 f 0,01 3.4 Y o.2

- ——
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If the concentration of water in dilute solutions is assumed
to be 55,84, the catalytic coefficient k, for catalysis of
the reaction by water mclocules c¢an be estimated from kzw

by the siuple approximation,

“d 2 =2 el
from which k, at pH = 4.0 is 1.8 x 10 l.mwole.sec .

The magnitudes of the catalytic coefficlents ky and kj o=
_ 68
should fit a Bronsted relationship defined by equ,(6.,%) and

eqi, (6,203,

A

k GBKB 0000-0000(609)

B

i

log }CB = "ﬁ .pKB + 10g GB e o ¢ e (6910)0

96 g7
- = 9,25 and pK -1.74 , the values of the

Agsuming HoO =

K
PPaco
catalytic coefficients lead to a value of /6 = 0,37, This value
lies between the theoretical limits for the /AB exponent and

confirma that proton~transfer is rate limiting,

: 2
Nitrosation of 4~[ H;]nPhenol; the Kinetic Isotope Effect,

The nitrosation of 4-[?H£}-phen01 has been studied in
acetic acid buffer solutions of varying pH and acetate ion

concentration, The values of the rate coefflcients kg (equ.(8,11))
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D .
SRS i, | ~Phenod igxz? e . (611D
&

for the deuteriated phenol are listed in TABLE (6.5); which also
lists the corresponding coefficients for nitresation of the

normal compound (dencted Zd)q measured uvunder idontical conditionsz,
Since the deuteriophencl used in these experiments waz found

by mass spectral anslysis to have a deuterium content of 81%

at the 4-position , the experimental Uz /k ratioc has heen
corrected, assuming a linear dependence on % deuterium, and the

actual ky/kp is given in the last column of TABLE (6.5),

TABLE (6.5).

o
Nitrogation of Phenol in Aquecug AcOH=-AcONa Buffers gt 25 C:

Deuterium Isotope Effect,

(a)
» H  Totalfscon A 0":] 10%% 17 18 x ko x
Run P ota c c *x Ky } % ka }bﬁq)
=l el
M, Me ( 1l.mole .gec . )
(%

#* 1.0 =k - (C}&g) (ngl) 3'9
442,448 1,693 7.00 (0.006) 1.09 0,39 3.6
444,448 4,32 G 87 2,40 5,02 3.03 3.3
445,449 4,44 10,31 3,€0 9,80 4,32 3.0
440,438 5,31 2,80 210 5.7C 3.23 2.3

* Estimated from data of reference (52), for reaction in FCIO,4,
{ ) derntes estimated values,
(a) for 81% incorporated substrate,

4
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Catalysiz at Hieh Acetate Ion Concentration,

The value of k,y at pHl = 4.5 and zero acetate concentration,
extrapolated from FIGURE (6,1) is 0,96 x IO-zl,meléiseEl,, which
ig of similar ﬁagnitud& te the rate coefficient kz = 0,8 x
10-2 estimated from the data of Challis and Lawson for the
reaction in HClO4 in the acidity-independent region, Poth these
values are also reasonably similar to the coefficient
determined in 7M acetic acid, in which the acetate concentration
is eatimated as about 0.0064 ( k, = 1.09x 10~2) « Thiz confirms
the absence of catalysis of the reaction by acetic acid itself,
in the pH range 1.0 to 4.5, The data.of TABLE (6,5) indicate
that even in the prescence of extiremely high concentrations of
acetate ion there is no significant change in the kl/kD ratio,
However, at similar acetate concentrations ( about 2M ), there
is & significant decrease in kP from 3.3 to 2.3 on increasing
the pH from 4.3 te 5.3, Mass,spectral analysis of the substrate
at the completion of each of the kinetic runs shown in TABLE
(6,5) showed that negligible exchange of deuterium with the
golvent had cccourred during the reaction,

It would appear that this trend towards a reduced deuterium

isctope effect at high pH is aseociated with the onset of acidity
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dependence of k, at about pH = 4.6 (see page (121)) and the
decreasing values of kAcO“ above pH 4.5 (see page 124 ), A detailed
investigation of the kinetics of nitrosation of phenol in this
high pH regionlcould not be conveniently carried out, since the
rate of reaction ip extremely slow. However, such studies
are possible with the more reactive, closely-related 2+napthol,
Since the results of these studies are particularly relevant
to the eluclidation of the overall mechaniem for the nitrosation
of both phenol and Z-napthol, in the pH range 1.0 to 5.5, a
full discussion of the preceding results for phensl are deferred

until later,

(B). Nitrosation of 2-Napkhol in Aqueous Buffer Solutiops,

Nitrosation of 2-napthol (I) in aqueous buffer
solutions of pH 2.0 to 5.0 occurs exclusively at the l-position

as shown in equ,.(6,12) ( see chapter 8 ),

NO.X | 4= HY (6.12)

57




The rate equation for the nitrosation of 2-napkhol has been
firmly established by two methods;

(1). In the prescence of a large constant excsss of 2=naykthol
over the initiél stoicheiometric concentratien of NaNOz the

disappearance of NaNO, follows the rate expression of equ.(6,13),

{rato)
= {NalNO - ;

\_i.....% = k (N&I\'OZ) y # & .(6,.13)
at )

and El has a first order dependence on on 2-papthol

concentration, as shown by the data of TABLE (6.6).

TABLE (6,6,

i o s
Nitrosation of 2-NapMhbnl in AcOH-AcONa Buffers at 25 Q: Wingt
S ¥

Qrder Dependence of Ky (equ,(6.13)) qg_jz-qgﬂgggél

ot [ -
Initial (yawoz) = 5.0 x 107 M, LOAG] = 0,020,

3 6 - oo R d
Run pH 10 x[?—naﬁthoi} 10 x Iy ko= kbftZMnaﬂthog
-1 I
M, : gec l.mole . sec,
408 2,985 2.84 4200 1.49
499 2.985 1.42 2180 1.E3
500 2,985 0.71 1080 1.83
509 4,449 2,13 28 .4 C.,CL326
51k 4,450 1,07 14,5 0.0133
504 4,920 Z,49 3.5 0.0014

505 4,920 1.42 ‘ 1,86 0.,0013
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(i1). In the prescence of a large excess of NaNO, over the

initial concentration of 2-napthol, the rate of formation of

product follows the rate expression of equ.(6.14),

_d Eﬁroducﬂ

14

ﬁ] [Z»zmgithoﬂ e o e
dt

o (6.14)

and I'El bage a first order dependence on the stoichelometric

excess NaNO, concentraticn, as .shown by the data of TABLE (6.,7),.

2

TABLE (6,7).

Nitrosation of 2~Na;ﬁthdl in AcOH=AcONa Buffers at 250(2;

First Order Dependence of }:l (equ.(6,14)) on NalNO

i’ Lo,

Initial [2-Napthol] = 1.71 x 107%m,

[Acetate] = 0.1M, /Un = 0,2M,

2

:
: 7 NaNC 4 & 2 [- =g
Run pH [nacm‘lj (Naﬂuz) 107x ky 10 % ("12 = %fxam -:,
- -1 =1
M. e se¢ l. l.mole ].“sec 5
618 4,34 0,080 0,020 8,15 4,6
617 4,34 0,090 0,010 2,79 3,9
620 4,34 0,095 0.005 . 2,09 4,2

The data of TABLES (6.6) and (6.,7) establish that the rate

of nitrosation of 2-napthol at any fixed acidity over the range



PH = 3.0 to 4.9 is governed by the rate expression of equ,
(6,15},

rate = k?, (}i&k’s’)g},[z@liapthol] o o o (6,182,

The term ( NaNOz) in equs.{6.13) and (6,15) refers to the initial
stoichelomwetric nitrite concentration ( 2[ﬁﬁoé1+{y02;l} and,
ag in the case of phencl discussed eariier, it is convenisnt
to compute the second order ccoefficiont (kz) dependent on the

actual concentration of HNOZ present at a given pH l.c. equc{6,16),
rate = k FQwNapthoil [E{NO} e o o s +LBLLEJ,
2 [ Lot

This has been dons,as previously , by means of the relationship

of equ,.(6,17),

13

-4 .=l +1
= 4.6 = 10 M, , aud jH § is obtained from the

" K n
k =k {1 + mozg..,..w.w)

where KHNOE
neasured plle All the second order coefficlents cited

consequently for the nitrosation of Zenapkhol are ko defined

by equ,(5.16),

Acidity Dependence of Ko,

Values of kz (eque(6,16)) for the nitrosation of 2-nakhol



have been dotermined at a fixed acetate concentration but
varying pE,; and the ionic strength is thersfore constant. These

raesults are takulated in TABLE (6.%).

TABLE (6.8).

s
Nitrosation of 2-Napkhol in Agueous AcOH-AcONa Buffers at 25 C,

Variation of k,_ (equ,(6:16}) with i,

[Acetate}} = 0,020, tiroughout,

Run pH [HOAc] k,,
-1 -1
Mo l.,mole .sec,

498 = 50O 2,983 1,126 2,22

592 3,808 0.356 1,13

512 3970 0,113 0,380

514 4,506 0,03c6 0,135

504 4,920 0.0L12 0.054

The corresponding plot of log k, against pll is shown in FIGURE
(6.2), It 15 evident from FIGURE (6.,2) that k, is strongly
dependent on acidity, and from pH = 3.5 to 5.0, this plot

is linear with slope = ~0,97, Thus the rate of nitrosation of
2-napthol in the pH range 3.5 éo 5,0 has a first order dependence

4-

on H , At pii<3,.5, however, the k, coefficient is 1less
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FIGURE (6.2,

o
Nitrosaticn of 2-HarMhol ip AcOH-AcONa Buffers at 25 C;

Plot of log k, va pH ot [Acetate]= 0.02M,

0.5 &
o .
log ltz_ .
=

—G.ﬁ-l.

|
«1 O
b R . e 7 L3 § ) ., Y

25 3.0 3.8 - 4.0 4,8 5,0
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dependent on acidity.

Acetate Catalysis,

The_variati@n of the k, ccofficient (equ,(6.,16)) with
[AGOJ} but constant pH has been investigated for the acidity
range pH = 2,7 to 4.5 « These results are listed in TABLES (8,.9)
and (6,10) for catalysis by the chlorocacetate and acetate ions ,
respectively, Evidently, the rate of nitrosation.of 2-napKhol
is dependent to varying degrees on the E&Aci], partly becausse
the accompanying change in ionic strengtih exerts a secondary
salt effept (i.e. pH varies ), but mainly because there is
catalysis by AcO”, This is evident from the lower effect of
added NaClO4. To ascertain the degree of base-catalysis by Acon,
(ags opposed to the secondary salt effect), the data of TABLES
( 6.9) and (6.10) have been correccted tc a constant pH for
each buffer ratio by an empirical correction based on the
variation of k, with pH in FIGURE (6,2), Values of k,°O%™
are listed in the last column of TABLES (6.9) and (6.,10), The
question of whether the reaction is subject to a primary salt
effect still remains, bhut this is answered sy the information

given in TABLE (6.11), This shows that ks, is virtually independent

of added 0,08M NaC104, if an empirical correction for ths change
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corr
in pH is nmade as baefore, The k2 in the presence of NaCl0,
is within 5 - 10% of the corresponding coefficient in the

aksence of NaClQ0,. Thus primary salt effects must be small, This

\
\

Justifies the assumption that only the secondary salt effect

( i.e, change in pH } must be allowed for,

TABLE (6,93,

Nitrogation of 2-NapMhol in Chloroacetic acid Buffer Scolutions

at 25°C, Variation of k2 with EClﬂrD"] .

Ran  pt  [ctacoH]  [cwaco”] [macio) ok, i, corr. to
M. M, M. 1.mo1tsea] pit = 2.703

634 2,773 0.028 0,020 - 3.14 5.31

635  2.703  0.056 0,020 - 3,56 3.56

636 2,648 0,112 0,080 - 4.23 4,06

637  2.620 0,168 . 0,120 - 4.01 4.61

638 2,610 0,028 0,020 0.10 3,46 3.25




TABLE (6.1C),
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Nitrosation of 2-Narkhol in Aqueoué AcOH-AcON Buffers at as?g.

Variaticn of k., with ,-Ac_g_j.

Run pH [Ac@ﬁ] [Aeo“l {gac1o;] k, k, corre
-1 . =1 -1 =1

e Me M 1,mole.sec, l.mole,sec,
498 2,983 1,125 0,02 - 2.22 2,35 at pH =
501 2,905  2.251 0,04 - 2,49 | 2,49
502 2.822 3,941 0.07 - 2,71 2.55 2,905,
503 2,770 5,060 0.09 e 3.01 2,80
504 2,760  1.125 0,02 0.07 2.40 2,22
592 3,508 0,356 0,02 - 1.13 1,13 at pil =
593 3.450 0,712 0,04 one 1,34 1.21
507 3.418 0,890 0,05 - 1.48 1,26 2,508
581 3,970 0,113 0,02 - 0,380 6,380 at pH
508 3.927 0,283 0,05 e 0,523 0,497
510 3.901 0,452 0,08 e 0,634 0.568 = 3,950
513 3,880 0,678 = 0.12 e 0,772 0.660
604 3.850  C.113 0,02 G,08 0,160 0,360
514 4,506  0,0356 0,02 - 0,135 0,135 at pll
509 4,454  0,0712 0,04 - 0,189 0,169
516 4,440 0,142 0,08 -- 0,223 0,192 = 4,508
516 4,425 0,178 0,10 = 0,277 0,231

T T Ry
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TABLE (6.11),

0
Nitrosation of 2-Napthol in Aqueous AcOH-AcONa Buffers at 25 C,

Bffect on k, of added NaCl0,.

Run pH [woad] {oac™] [macio 4:_5 k,
Mo Mo M. TR e
603 3,85 0,113 0,02 0,08 0,46
* 3,85 0.113 0,02 0 0,48
645 4.33 0.0556 0,02 0.08 0,16
+ 4,38 0.0356 0,02 0 0,156

* Interpolated froun FIGURE (6.2).

The variation of k,O°TT for the buffer-catalysed runs

with [£uffer salé] are plotted in FIGURE (6.3).
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Dependence of k, on ,&gﬁq1;;§§iaza for Nitrosation of
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Two features are apparent from the plot of FIGURE (6.3). The

first is that the reaction shows a first crder dependence of the

cory

2 ig deseribed by equ,.(6,18),

rate on [buffer base} and k

corr

. = ky + ko[ L. aw

where kow corresponds to the intercept value at zero buffer salt
concentration i.e. the'water rate’, and kA- is the catalytic
coefficient for the buffer anion A ., The second 1is that the degree
of buffer catalysis (i.e. the slopes of the plots in FIGURE (6.3))
decreases with increasing pH.

Valuéﬁ of the caﬁ#lyﬁic coefficientsl kzw and k - derived

A

from FIGURE (6.3) and equ.{6.18) are listed in TABLE {(4.12).

TABLE (6,12).

Nitrosation of 2-Napthol in Aqueous Buffer Sclutions at 25°C.

Valuss of k

oV, and k, = (equg(6.18) 7,

-1 -1 2 -1 =l =1 -l
ot kzw(l,mole.sec.) kOAa"(l mole .sen ) kClQAc”(lqua&Ce
2,70 3,04 ——ae 13.1
291 222 Tek —mam
3,51 1.086 4.3 s
3.95 0,35 . 2.6 o
4,51 0,.15 G5 =

wnaritss - o st e
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Nitrosation of 2-Napithol in Dilute Aqueous HC1Q,.

Values of k,w (equ.{6.18)) have alss been deteprmined
directly at higher acidities than those pertaining to buffer
solutione (1691 pH £ 2,7 ) by measuring the rate of nitrosation
of 2-naphhol in dilute aquecus solutions of HC104, These resctions
were assumed to follow the zame rate expression as for reaction
in bufier solutions, ie, equ,.{(6,16) on page{?sz). The Xy
coefficient will in this case be equal to the kzw cocfficiont
defined earlier in equ.(6,18), These data are listed in TABLE

(6.13),

TABLE (6,13).

Nitrosation of 2-Napkhol at BSOQ,in aqueous HC10,.

St b e

Run pH k,w(lomo 15%se3t,
588 1.130 4,27
587 2,225 ' 3,68

Aciadity Dependence of kzw&

FIGURE (6.,4) shows the plot of log k,w against pH for
reaction 1in both 1Cl04 and the buffer sclutions (ie, from

TABLES (6.12) and (6.13) ), The datum for pH = 4,92 refers to
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reaction in 0,024 [Acﬁf}s but buffer catalysis at this pH is
negligible and so the value must correspond clogely to kzwe
It g apparent from FIGURE (6.4) that the rate of nitvosation
of 2-napMhol ié indencadent of acidity at pd € 2.7, At pH
:>‘2.7, the nitrosation rate is dependent on acidity and the

slope of log kow versus pH iz -0,97 in the reglon of pI = 3.3

to 6,0 ie. thero is a first order dependence on [H'g']e

2
The Rate-Deternmining Step: Nitrosation of l- Hl —ZNari hol,

The nitrosation rate of 1«[2H7 =2-naotlol has alsoc been
I
determined in acetic acld buffers, and in dilute HCIO4 undex
identical conditions to the previous experiments  Values of
D
the second order coefficient kz obtained (equ.(G.12)) arec

listed in TABLE (6.,14), Also listed in TABLE (G6.14) are

b 2
rate = k,,Ew[ )3il«2wnap\vthol‘] glmo:l. e o (6419

H
equivalent values of kz s the corresponding coefficlient for reaction
of the undeuteriated naphhol, Since the compound was fully

H. D
deuteriated in the l-poesition, the ratio szkz shown in TABLE

(6.14) represents the real kinetic isctope effect for the reaction.
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Deuterium Isotope Effects for the Nitrosation of Z2-Napkhol

o]
at 20 Cq
(a)
- H b8 H n
! . Yy
Run pil [?OAQ] E}Qu ] k2 k, kz/“z
-1 -1
K, Mo ( 1.mole .sec o)
In Dilute Aqueous ICI0,,
(b
650 215 0 o - 0.58(0,.87)
4.2
* 2,15 o 0 2.71 e
In Aquegus AcQli-AcONa Buffer Solutlons,
265
498-500 2,98 1.125 0,92 2,22 -
629 3,51 ¢.336 0.02 - 0.55(0.54)
2,0
592 331 0.356 0.02 113
653 3.97 0.113 0,02 - 0.,26(0,26)
1.45
512 3,97 0,113 0,02 0.38 -
€52 4,51 0,0356 .02 - 0,098(,009)
. 1.4
514 4951 000356 Oeoz 0;:3.35 ——

(&) From data of TABLE (6,8), (b) Duplicate runs in parentheses.

* Interpolated from FIGURE (6.4).
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Evidently, the nitrosation of 2-napthol is subject to a
primary deuterium isotope effect, as expected from previsus
studies with phenol, However, the magnitude of kH/kD decrecases
from kg/kg =' 4.2 at pH = 2,15 to kg/kz = 1.4 a%t pH
:> 3.5, This suggests that no primary deutérium issctope effect
cccurs at the higher pH values, Independent investigations have
shown that negligible exchange of the l-proton cccurs at pH =
4.5 during a period of tima corresponding to several half-lives
of the nitrosation reaction, Also, the reaction has been shown to
occur exclusively at the l-position by product studies ( see
chapter 8 ), It i8 therefore concluded that a change in rate-
determining step occurs as the pH is raised, and that at pH
values > 3.5, the rate-determining step in the nitrosation
of 2-napkhol invelves very little stretching of the C~H bond at

the site of substitutlon,

Effect of Added Chloride Ion on the Rate of Nitrosation of 2-Najhol,

The effect of added €1~ on the rate of nitrosation of
2-napthol  at high pH has been investigated and the results

are given in TABLE (6,15),



TABLE (6.18).

Effect of added NsCl and NaClO4 on k? for the Nitvosation of

2-Naythoel in AcOH=AcONa Buffer Sclutiong at 25 C,

Run pi [Hoac] foac”]  leao]] [ea7] k,

, =il 5
ile Ma W Mo leitnle 880,
* 3.85 0.113 0.02 0 0 0,50
603 3.85 0,113 G,02 0,08 (s 0.4¢
604 3.85 0,113 0,02 0 0.08 0,70
* 4.38 00,0356 Q.02 [4] G G 1ER
645 4.3 0.0256 0,02 0,08 ) 0,160
646 4,38 0,0356 0,02 0 0.08 0.29

it S — -_— e

* Interpolated from the data in TABLE (€.8),

It is cvident that whereas NaClO, only affects the rate
of nitrosation of 2-nagkho! through a secondary salt effect,
the enhaunzement by NaCl is much larger, suggesting that spocific

c1” catzlysis alfo ococurs,
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(€). Sumary and Discussion of the Results for the Nitrosation

of Phenol and 2-Napthol in the Aciditv Range npH 1 to 5.5.

The kinetics of nitrosatiocn of phenol and 2-napthol in
the pH range 1.0 to 8,5 show remarkable similarities, The
overall reaction scheme for both compounds must accomodate tﬂe
follewiné chaervations:
ls At any given acidity in éhe rainge pll 1 to 6, the rate of
nitrosation of hoth phencl and Z-napkhol is governed by the

rate expression of equ.(6.,20) ,
rate = k, [m-oa][;moz] A

where AxOH represents CGHSOH or ClOH7(}He

2.Coeflicent ky (equ.(6.20)) is independent of acidity over the
pH range 1.0 to 4.6 for the reaction of phenol, and over the
range 1 to 2.5 for the reacticn of 2-papkhol, In this acid
independent region, both compounds are subject to large

primary deuterium isotope effects ( kH/kD = 3,5 for phenol and
kH/kD = 4,2 for 2Z-napthel.), indicating th;t the rate-determining
step is C-H bond breaking, The reactions arc catalysed by

bases and k2 shows an approxinate first order dependence on

base concentration at low concentrations,

3. In the intermediate pi range 2.5 to 3.8, k, for 2rnapthol
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beging to decrease with decreas§ng acidity. The magnitude
of the deuterium isvtope effect decreases concurrently from
ky/kp = 4.2 to kH/kD = 2.0, and the degree of base catalysis
progressivel& decreases, Similar changes are observed for the
nitrozation of phencl, but the chapges are observed at the higher
pH = 4,6 ,
4. At pH ¥ 3.5, ky for 2-napthol is lincarly dependent on [H+]
and the kinetic isotope effe¢t virtually disappears, The reaction
is catalyeed by chloriﬁe ion but not by basic species,

Because of their similar structure, the nitrosation of
phenol and 2-napkhol should follow a similar mechanism and this
is borne out by the close similarity in the experimental results
for the t;o compounds, The acid independent rate and large
primary isotope effect observed for the nitrosation of phenol
in dilute mineral acid at pH‘<<l has been jnterpreted by Challis
and Lawson as consistent with reaction yia an A-S32 mechanism

involving a neutral dienone intermediate, proton-loss from

which is rate-determining (equ.(6.21)),

OH

..'..-(6 2).).

H N=g
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The disappearence of primary isotope effect at high pH values
is most significant, It suggestis that either a change in the
rate~determining step or the mechanism ocecurs with decresasing
aclidity Ce;tain options can be readily eliminated. For instance,
there is no possibility that formation cf a potential nitresating
agent becomes rate-limiting, as observed in other electrophilic
substitution, because the first order dependence on substrate
concentration is maintained up to the highest pH values, More
realistic explanations are that the rate~-determining step at high
pH is either the initial attack of the nitrosating species on
the substrate, or the diffusion of the reactants, which then
react on encounter,as observed for other reactive substrates,
The latter can be discounted, however, because Z2-napthol,itself,
does not react on encountéer at lower pH (kg/kg ) 1), and because
the dependence of k, on [H+] at pH) 3,56 1is inconsistent
with any reaction, encounter or otherwise, of the napthoate ion,
It therefore seems most likely that the rate-determining step
in the nitrosation of 2-napthol at pH > 3,5 is the initial
attack of the electrophile on the substrate.

The nature of the electrophilic reagent isgs as yet

unspecified, NyOq can be ruled out, however, since only a firsgt
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order dependence of the rate on nitrite concentration has been
obsgerved, even with fairly high concentrations of nitrite and
high pH ( conditions favourable to the formation of this species),
Attack by HNéz'on molaecular 2=-napkhol can alsc be discounted,
since this would be inconsistent with the observed acid catalysis,
This leaves the remaining possibility of rate-determining attack
by H20N0+ on molecular 2-napthol, We will now examine the
evidence in the light of this deduction,

The Sp~2 mechanism for the nifrosation of 2-napthol,

involving the formation of a steady-state neutral dienone

intermediate (I), can be written as “equ.(6.22),

(o]
il
K N H
OH a (o]
+ \ +
@j/ + NO.C}Ha " e HgO
-8
- 92 v (6022)
‘l:! H N’GH
k
O b o
QT v s 2
(1)

‘The neutral dienone intermediate (I) 1is formed in a reversible
step k“a, which is acid catalysed. The base catalysed break-
~down of the intermediate kb, is essentially irreversible,

An expression for the overall observed rate coefficlent kg,
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in terms of ratle coefficilents for the component steps, may
be derived from applicaticn of steady-state kinetic theory,

Thus -

e = 0 = k [zmmml{nyrﬁ] - k_ab]ggso;l = kb[s}g[z} . (6,23

dt :

and hence,

i [Napehod] {n,on07]
[I] = - - e & o (6024)0
k-afli50] + ky[p]
If the reaction rate is defined by equ.{(6.25),
rate = !:2['1][8] o o e s s o (8,25

then substitution for [I] from equ,(8.24) gives equ.(6,26),

- kg Ky [Naﬁtho}] [_Hzomo*] [B]

k107 + ms]

rate

[ ] - L (6'26)

The H20N0+ reagent is formed in the preequilibrium step,

K
L. { +
HNO + H 0" o———= HZONO + H,O o & (6,272

K = “&20};0"“]

[rmo%{zae]
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Substituting for H20N0+ in equ.(6,26), gives,

k_k, X [Napeno 1:}[&\’02]. {i] (n,0%]
K.q [B501]+ k(B

Ra,te e & ¢ © .(6028).

Since the observed rate expressiocn is given by equ.(6.29),

Rate = kz[NarithoI]K_IH\‘Oz] e s o o o o o (629)

comparison of equ,(6.28) and (6.29) shows that,

k_k K ()0

2 T x_[nofd+ xls) N (1)

All the observations for the nitrosation of phenol
and 2-napthol are quite consistent with the steady-state
rate equation (6,30), Thus, at high acidity le. low pH,

+
k [qu ] :> k and thus equ,(6.,30) reduces to equ,.(6.31),
gt 3 b
K,k K [B]

5 =
k-a

IOWPH; k 00000000(6031)

The observed rate coefficient (kz) is therefore dependent on
k2 and should show a primary deuterium isotope effect, and
base catalysis ( k,, o [B]). Both effects are observed for

phensl and 2-napthol , at pH £ 4.6 and £ 2.5 respectively,
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including the acidity-independent rate predicted by equ.(6.31).
In contrast, when the pH is high, ie, at very low acidity,

'\+ " 3 - ~ Ty
k_a[ﬂgo J«ﬁi kb[B] and equ,(6,30) reduces to equ.(6.32),
High pi; k, = kx[no0] (6.32)

& st a 3 [ L ] L ] L] ] [ ] - [ A &

Thus under these conditicens, equ.(6.32) predicte a linear
dependence of kz on [Hﬁ],no.kinetic isotope effect, and no
base-catalysis. This bshaviour is observed for é-naﬁthol at
pH ;> 3.5, Further supporting evidence for this scheme comes
from the observation ¢f chloride idcon catalysis of the
nitrosation of 2-napkhol at pH » 3.6, which is consistent with
an additional term in k2 arising from rate-detexmining attack
of NOCL on 2-napthol,

Equation (6.30) also predicts the observed behaviour
for the nitrosation of 2~napthol in the intermediate pH
range of 2,5 to 3,5, Thus as the acldity is decreased, k_a[ﬁ30+}
becomes of the same order of magnitude as k. and so the over-

b
~all coefficient k? becomes less dependent .on kb' Thus in
H, D
this region, the kz/kz ratlo should decrease with decreasing
Eﬁfﬁi and the reaction should show an increasingly Lower degree

of acetate catalysis, This is in complete agreement with the

observed results: as the reaction becomes increasingly acid~
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«dependent in the pH region 2.5 to 3.5, the kinetic isotope
effect decreases from kp/kp = 4.2 at pH = 2.0, te 2.5 at pH
= 3.0, and 2,0 at pH = 3.5 and the buffer-salt catalytie
coeificientsl decrease ccncurrently.

The observed correlation of the rate with the steady-state
equation shown in equ,(6.30) allows a simple estimation of
the magnitude of k-a/kb for the nitrosation of 2-napthol, Since
at pll = 2, k_, :> kb' and at pH = 4.0 kb'<; k_,» and since
these pH values represent the 'threshold' values, then k-a/kb
must be of the order of 102.

The results for phenel at high pH are equally consistent
with the mechanistic scheme proposed above, and the overall
observed rate ccefficient ig similarly given by the steady-
~-state equ,(6.30), It 1s apparent, however, that the relative
magnitudes of k—a and k,  for 2-napthol and phenol are quite
different, such that a completelchange in the rate=-determining
step,resulting from thg inquality kb[B}‘>>k_a[H30fJ, cannct
be observed at pH < 5., Nonetheless, the kinetic decuterium
isotope effect for the nitrosation of phenol shows a significant
decrease from kg/kg = 3,3 at pH = 4.3 to kg/kg = 2,3 at pH

= 5,3 and the acetate catalytic coefficients kA o- show a
C
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-2 -2
4,7 x 10 , 3,96 =z 10

1

decreasing trend with pH ( kAoO“
S

~-2_2
and 3,4 x 10 l.mole.sec . at pH

4,0, 4.5, and 4.6
respectively),

The fogegoing analysis excludes the possibility of
réaction yia the 2-napthoate anion, It therefore seems that
neutral 2-napthol undergoes C-nitrosation more readily than
its conjugate base, The only reasonable explanation for this
surprising result is that nitrosation of the 2-napkhoate anion
cceurs predominantly,and reversibly, at the oxygen atom to

give an unstable nitrite, as shown in equ,(6.33), This suggests

oH |
O‘ 4+ NOX =————>  C-Nitrosation,
—

R0 fast ONO .
Q"+ vex & QY™

that the tendency for nitrosation to proceed at the 0{-carbon
with neutral phenolic compounds, and at the oxygen atom of
their conjugate bases, may be a general phenomenon, and has

interesting implications on the properties of phenclic compounds

3)
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as ambident nucleophiles g

The apperent ambident nucleophilic properties of the
2-napthoxide ion towards alkylation have been discussed by
Kornblumlooﬁ‘Through the results of gtudies on the alkylation
of sodium 2-pagihoxide 1n various solvents, he has demonsirated
the ability of the choice of solvent to decide the course of
the reaction. Several factors were postulated to defermine
the predominance of C- or O- alkylation, all of which were
of electrostatic origin, For example, the dependence of the
course of the reaction upon the dielectric constant cf the
solvent, in the case of aprotic media, wase proposed by
Kornblum to arise from the operation of differing electro-
-static interactions in the transition state of the O-
and C= alkylatton reactiong, and the differing abilities
of the solvents to decrease such interactions, Similar
hypotheses explained the influence of the natuve of the cation
on the course of the reaction, although this efiect was un~-

-important for the reaction carried out in.protic solvents,
For both protic and aprotic solvents, C-glkylation was
apparently favoured in solvents having excellent H~-bonding
capacities,

The alternative explanation for the ambident nucleo-
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-=philic properties of phenols, offered by the nitrosation
results discussed above, is that electrophilic substitution
proceeds at carbon with neutral phenols, and at oxygen with
the phenoxidé anionsg, Although this would appear to he
inconsistent with Kornblum‘s findings, there is some evidence
which prevents immediate dismissal of this hypothesis, and
would warrent further investigation, Prior to Kornblum's
work, with very few exceptions, the liferature roports only
the ether as the product of alkylation of the salts of
2-napthol in alkaline solution, Alsc, since alkylations have
usually been carried out in alkaline media, nc evidence existis
to contradict the hypothesis of alkylation of the neutral
conmpounds at carbon, Finally, there may be some significance
in the fact that in Kornblum's alkylation reactions, the cases
where he observed predominant C-alkylation corresponded to
reactions carried out in heterogeneoug phase, The inference
is that there is no certainty that the reacting molecule is
the nagthoxide salt, but could conceivably be neutral 2-

napthol in one of the hetarogeneous phases,
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(D), Nitrosation of m-Hydroxyphenylacetic Acid,

. The nitrosation kinetics of m~hydroxyphenylacetic

scid, (I1), was also investigated in aqueous buffered solutions,

oK aH
NOX 4 C[L e
CHy CHz
N COsH
1 COoH \\o A

in the acidity range pH 3,0 to 4.7. The upper limit was dictated
by the desirability to confine investigationyéo an acidity

range for which the reaction of phenol was acidity independent,
Rate comparisoR for the two compounds are then relatively
uncomplicated, All determinations were made under conditions

of a large excess of (}I) over the initial stoicheiometrie
sodium nitrite concentration, when the rate of reaction,; as

expected, follows equ.{(6.34), In equ.(6,34), the (NaNO,)
-0
rate = kl (Na'NOZ) L ® * . * * L ] L 3 . (6 .34) L d

represents the total stoichelometric concentration of nitrite
in the reaction, When carried out in buffered solutions
containing a large excess of‘acetic acid/sodium acetate huffer
concentration over the stoicheiometric substrate concentratien,

the reaction is first order in tetal {;1), as shown by the data
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of TABLE (6.16).

TABLE (6.16).

Nitrogation of m-OH-lhenylacetic Acid in excess HOAc-NaQAcg

Buffer Solutions at 25°C,

E‘\cetata = 0.,5M,, pi = 4,42; Initial stoich.(NaN()z)= 5.0x55?.1

- - 0 2 .
Run (;I) (@) 105x kf; 103x ky 10 x k,
-1 -1 -1 -1 =1
M. sec . l.mole.sec, l.mole,sec,
355 0.008 1.50 1.88 2.46
356 0,010 1,90 1.90 2,48
337 0.0195 3.77 1,93 2.52

(a) Total stoicheionetric concentration,

The effect of the conjugate base of (II), present in the
reaction solution, as an intermolecular base is mininised,
since the major parf of the reaction will occur through the
acetate ion which is present in much higher concentrations,
Thus the secondary effects of changing the concentration of
(11) are kept as low as possible, The full observed rate
expression for the nitrosation of m-hydroxyphenylacetic acid

at a fixed piH is therefore the same as that for phenol, and
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i®s shown as equ.(6,35),
-0
Rate = kz (II) (NaNoz) ® . o L] ] ] (6.35)

Values of the rate coefficient k, (equ.(6.,3¢)) have been
computed from EZ as described earlier (see page 120 ) for

similar coefficients in the nitrosation of phenol.

Rate = 1?2 (11)[1‘41%021 e s e e s s o o +(6.38),

In equ,.(6,36), the rate coefficient Ez is defined in terms of
the total stoicheiometric concentration of m-hydroxyphenylacetic
acid in the reaction solution ie, the sum of the concentrations
of the free acid and conjugate base forms, which are in

equilibrium with each other at the pH of the kinetic run.

Catalysis by Added Acetate,

The variation of Ez with buffer concentration at a
fixed pH has been iﬁvestigated for the nitrosation of m--hydroxy-
-phenylacetic acid in acetic acid buffer solutions, under
conditions of a large excess of buffer component concentration
over the total stoicheiometric concentrafion of (I1), The re;ults

are showr in TABLE (6,17).
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Ni¢trosation of wm-OHenhenvlacetic Acid in AcOH-AcONg

Buffer Solutions at 25°C, Acetata Catalysis,

Tota1 (11} = 2.0 x 107m,,

Enltial (%aNOz} 107°H

4

‘ 3 ) —~ 2 - =

Run pH Total(qcm{}m. [Ac{) ]m. 10 % kz(l.mole%se%)
327 3.910 1,00 0,20 1.50

318 3.887 1.62 0.30 1.65(1,68)

320 3.890 2,00 0,46 1,85

321 3.850 2.50 0,50 2,05

334 4,412 0,470 0,20 1.74

335 4,420 0,705 .0,30 2,01

331 4,415 0.940 0.40 2,27

337 4.420 1.175 0.50 2.52

The data of TABLE (8.17) is shown graphically as plots of k,

against [écO{]in FIGURE (6.5). FIGURE (6,5) also contains the

plot for the data for phenol at pH 4.0 (shown as a broken line)

for comparison, Values of kzw and kAcO“

obtained from FIGURE

(6.5) are listed in TABLE (5.18)% and are defined by equ,(6.37).

]

kAcO“ [Acoi}

o o« «(6,37)
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FIGURE (6,5).

Nitrosation of m~OH-phenylacetic Acid in AcOH-AcONa

Buffer Solutions at 25°C: Acetate Catalysis.

3.0 ¢ /

_1(’)2:: 1:;2 /

=1 =1 p
l.mole.sec, /

[Acetat&j Me
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TABLE (6,18).

Nitrosation of m~hydroxyphenvlacetic Acld at RSOC,

Values of k.yw and k, .- (equ,(6, 37)).

AcO
. ' 02 i ~l =i 2 2 -2 -1)
p 10 x kyy(leamolecsecs) 10 x Xy g-(1.mole,sec,)
3,9 1.12 2,02
4,4 1.24 2,03

Acidity Dependence of Ejﬂ(eQE&gg&QZAl.

The variation of gzw with pH hag been investigated for
the nitrosation of m~hydroxyphenylacetic acid in the pH range
3.0 to 4,7, In these determinations, the Ezw coefficient has
been determined directly by employing the substrate, itself,
as a buffer, Since all the kinetic runs were carried out with
a large excess of m~hydroxyphenylacetic acia over the initial
stoicheiometric (NaNOz),the reaction solution could be buffered
simply by adding the required amount of NaOH, TABLE (6,19)

lists values of k,y (equ.(6,38)), defined in terms of the

rate =. Ezw . (II)[HNO?‘] ¢ o o » o (6.38)

total stoicheiometric concentration of m=hydroxyphenylacetic

acid,
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TABLE (8,19).

o
Nitrosation of m~0H-~Phenvlacetic Acid at 25 C: Variation

of k. w_ (equ,(6.33)) with pH,

2 \ 2 . -1 -1

Run 10 xTctal.(II/ M, pH 10 x kzw(l,mole.sec.)
369 3.556 3.055 0,62
378 3.55 3,732 0,83
357 3.32 4,260 1.16
371 . 3.23 4,215 1.08
372 4,31 4,283 1.16
377 4,27 4.455 ' 1.20
423 4,53 4,725 1.23

It is apparent from the data of TABLE (6,19) that the rate
of nitrosation of m=~hydroxyphenylacetic aciﬁ increaces with
decreasing acidity. The nitrosatien of phenol up to pH 4.6
has been shown to be acid independent, and at higher pH, the rate
falls with decreasing acidity. Thus the increase in the nitrosation
rate for m-hydroxyphenylacetic acid must be a result of the
enhanced rate of reactién of the mu-~hydroxyphenylacetate

gpecies , the concentration of which increases as the pH is
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The rate coefficient, kzw, is defined by equ.{6.38) in
terms of the total stoicheiometric concentration of m~hydroxy-
—phenylaceﬁié: acid, which is the sum of the concentrations of

the free acid and conjugate base forms , denoted HA and A”

respectively, which are in equilibrium at the pH of the reaction,

OH OH
Q. Q.
CHz ! CHL
) t~ @y L.
CO&H COR-

It is possible to seperate this observed stoicheiometric
coefficient into individual rate coefficients for the nitro-
~sation of the free acid and conjugate base form, denoted

koya 2nd kEﬂ-" respectively (equ,(6,39) and (6.,40)), in the
rate (acid) = k2HA [I}A][}m02] o o o ¢(6,22)
rate (conj,base) = sz_.[:A"][}moz-} e o o o (8,400,

following way?

The overall observed second order rate coefficient can

be written as,

rate = 122w{[1m]+[5\'1&m02x o o (6441)
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which is also equivalent to equ,(6.42),

rate :{kzm‘ﬁuﬂ + k. A‘“]}E}NOI;] e e e (Bu42),

Thus, equating equ.(6.41) and equ,{€,42),

v {[mq 0| SN % RSN /o DR

The speciles HA and A" are in equilibrium according to,

HA —=3 H o+ A K x[ﬂﬂ

o= P, o] . (6,442,

Combining equs,.{6.,43) and (6.44) gives the expressicn,

KIH\ k K

kw1 + = k. + ..
2¥ { ﬁ“+ 2HA ZaaTr A
L]

® o(6045‘)g

[né]for each kinetic run is calculated from the measured pH,

101

=5, =1
and KHA = 5,85 x 10 M.l

. at 25°Co
An analysis of the data of TABLE (6,19) according to
equ.(6.,45) is given in TABLE (6.20), and the corresponding

plot of Ezwil + Klm/ﬁl}ﬂ% versus KI“/{H{:] is shown in

FIGURL (6.8),
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TABLE (8.20),

Nitrosation of m-Hydroxyvhenylacetic Acid at 25°C. Analysis of

Data of TABLE (6.19) according to equ,(6.45).

pH 10% kK /fHl 107, { 1+ KHA/EI{“{%
l.molgfse;f l.mole:éeo:l

3,055 0.620 0.0624 0,859

3.372 0,826 0,297 1.13

4,260 1.16 1,00 2,22

4,215 1,09 0,902 2,072

4.283 1.16 | 1.054 ' 2,383

4,455 1,20 1.567 3,080

4,725 1.23 2,017 4,818

Inspection of the plot of FIGURE (6.6) reveals a good
straight line through all of the points except that
corresponding to the kinetic experiments carried out at pl
= 4,725, the highest pH, That this point lies below the line
is not altogether surprising, since it has already been
found that,above pH = 4.6, the rate of nitrosation of phenol
begins to decrease with increasing pli, It is evident that

the same effect is in operatibn here, and so this point is
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FIGURE (6.6).

Nitrosation of m-OH-phenylaceiic Acid at 25°C, Plot of
- +
Ezw_il;tJﬁyﬁ4li;g_ngg__KHAZiH+3

5.0

2 -
10% .} ,w{l + Km/[x{*fﬂ'

-1

],
4.6 L.mole.sec,

[V}
e
=

2.0

=Ty

1.0 M
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not included in the general analysis,
From the slope and intercept of FIGURE (8.6), values of
the sc¢cond order coefficients for the nitrosation of the
free acid ané conjugate base forms of m-=hydroxyphenylacetic

acid have been obtalned and,

w3 =}l =l
kZHA = 5.6 x 10 "l.mole.sec,
=2 =l =1
sz_ = 1.6 x 10 "l.mole.sec,

Nitrosation of 2,4,6= 2H3 =3=-Hydroxyphenviacetic Acid,

The nitrosation of 2,4,6~[?H;]—Srhydrnxyphenylacetic
acid (IID} has been iﬁvestigated under similar conditions as
for the normal compound and the results are listed in TABLE
(6.21), The rate coefficient k . has been deternined for

- D
the deutero-~compound and is notated kzw , and defined in equ,

(6.,46), #£s for the normal compound, the measured ﬁzg values

D\@f}
CHy

|
P co
(I1ID)

* nD ‘.j
Rate = kzw. (?zn) [Hwoz o o o (6.48),

represent the total stolchelometiric rate coefficient at zero
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‘external® buffer concentration, A similar treatwent has
been applied to these results to seperate the terms for the
reaction of the free acid and conjugate base, These results

are also shown in TABLE (6,21),

TABLE (6,21),

o]
Nitrosation of 314g6-[2H;1:§—Hydggggphenvlacetic Acid at 25 C,

=D
Variation of k., with pH : Analvsis according to equ.(6.45),

Run pH 10°x kow KHA/iH 110 ©eowl 1+ KHA/fH 1
. -1 =1
l.mole,sec, i.mole,sec .
420 3,055 1.90 0,062 0,202
424 3,832 2,51 0,373 0.345
421 4,285 3.47 1.054 0,713

The plot of the data of TABLE (6,21) according to equ,.(6.45)

is shown in FIGURE (6,7) ., From the intercept and slope of

D

D
thi lot, the te coefficients k and kK o for
his plot, ra ofIA 24

nitrosation of the deuterio free acid and ccnjugate base of

I1ID have been calculated;

D -3 -1 -1
k 1.6 x 10 1lemocle.sec .,
2HA

D -3 -1 =1
sz, 5.3 x 10 1.mole.,sec ,

i
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FIGURE (6.7),

2 ! o}
Nitrosation of 2,4,6-~ H_  =-3-Cl-phenviacetic Acid at 25 C,.

v
- D ta
Plot of ksvrgl + KE_L,&/;/EI_{"’B? va W}gH‘A/ﬁiﬁl(equw(634.5))9

/

. | o
10 x

0.6

-]
(1.unle, Elac o)

=
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Direct comparison of the k and k coefficients for

2LA 247

nitrosation of the normal and deuterio substrates gives the
following valucs for the kinetic isctope effects in the

reaction of m-hydroxyphenylacetic acid;

Free acid : k

T2HA +
KD = 3.5 o 0.7
2HA
H
Conjugate base: kZA'
S = 3.0 % o

2A

(E). Nitrosation of m~Hydroxyphenylacetic Acid - Methyl Ester,

The rate of nitrosation of thé methyl ester (I1I)

of m-hydroxyphenylacetic acid has been measured in aquecus

OH OH
NoX Q ===
CH, CHy,
i No ]
(111)CozMe CozMe.

acetic acid buffer solutions. The variation of k, (equ,(6.47))

with acetate concentration 1s given in TABLE (6.22),

Rate = k,. [111] [HN()Z] e o . (8,47,
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173,

Nitrosation ¢f meCH-phenvlacetic Acid-Methyl Ester. at 2500

in AcOH-AcONa Buffer Soluticns, Acetate Catalvsis,

Run pH [AcOH] [Aco-] 10%x k, (equ. (6.47))
Mo M, 1.m015}sé;%
430 4,175 0,158 0.05 3,56
431 4,142 0,316 0.10 4.44
432 4,115 0,632 0,20 6,20
433 4,105 0,948 0.30 7.45

The plot of the data of TABLE (6.22) is shown in FIGURE (6.8).

The linearity of this plot indicates that the rate cocefficient

ks for the nitrosation of III

H

can be written,

kAcO“[%co-] e« o o (6,48)

as expected., Thus the intercept and gradient of FIGURE (6,8)

give values for k2w and kAcO" (equ,(6.48)) of,

k
¥

k
Ao~

-3 -1 =1
2,9 x 10 "l.mole.sec .,

2

=2

=)

) =2
le6 x 10 1l.mole,sec .

The. value of the Bronsted /3 s calculated from these coefficients
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by the same method as used on pege(126) for phenol, is /AB = 0,38.

Nitresation of 2;4.6—[2H;]-S-Hydroxyphenzlacetic Acid-Methvl

Escterg The Kinetic Iaotope Effect,

v 2
The nitrosation of the methyl ester of 2,_4.6~[ IIS]~3~
hydroxyphenylacetic acid, (II1ID), has been investigated in acetic

acid buffer solutions, and the rate coefficient k, (equ.(6.49)}

OH
D D

e
b CotMe
(IIID)
determined at several acetate ion concentrations, at a fixed

pH. The results are listed. in TABLE (6,23),

D
rate = kz [IIID] [ }INOZ] [} 3 ° » o ) - (6.49)‘

TABLE (6,23),

: . o
Nitrosation of Methyl Ester of gl4,6a[ H;]—S—Oﬁ-phenylacetic

o
Acid in AcOH-AcONa Buffer Solutions ot 25 C,

3 D .
Run [AcOH] [AcONa] pii 107x ko (equ,(6,49))
: -1 -1
M. M, l.,mo0le.sec,
434 0,316 0,10 4,128 1 .47
435 0.632 0,20 - 4,115 2,086

436 0,948 0.30 4.102 2,51
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D

A plot of k2

s [Acof] from the data of TABLE (6,23) is
shown in FIGURE (6,8), from which +the intercept gives a value

of, D -3 -1 -1
k2w = 0,96 2 10 1lemole.zec,

Direct comparisen of this rate coefficient with the correspsonding
value for the normal compound obtained previously gives a
value for the kinetic isotope effect for the nitrosation of

the methyl ester of m-hydroxyphenylacetic acid of,

H
k2w +
kﬁ = 3,0 . 0,3

oW
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FIGURE (6.8},

2
Nitrosation of the RMsthyl Ester of Z.d.ﬁﬂ[ H;]mSthdroxy—

phenvlacetic Acid in AcCH-AcONa Buffer Soluticns at 25°¢,

L2y

3.0

3 b
10 % kz(equ06.49)

-] =1
L.male.sec

2;0

mr:\w A S a5}

ot
@
<

cryt P o

£ . 2 £
0 - = ¥

0.1 0.2 0,3

[Ae{)“] Mo
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(F). Nitrosation of 7-Nvdroxy-l-Napthoic Acid,
The kinetics of nitrosation of 7-hydroxy-l-napihoic
acid, (IV), have been investigated under similar conditions as

previcusly for 2-napMhol. With a large excess of IV over the

COH COH NO
S CH  noux H
e ‘%
rv)

initial stoicheiometric NaNQz concentration, the reaction

rate follows the pseudo first order expression of equ.(5.50).
—o
Rate = kl '(Na-NOz) e ® ¢ ¢ ® © & 8 0 (6.50).

TABLE (6.24) shows the first order dependence of the rate on
the total stoicheiometric concentration of IV , which leads

to the full expression for the observed rate as in equ,(6,51),

Py ]
Rate = kz (IV)(NEXNOZ) e o 8 ® o 8 © o (6.51)0

From the measured kg coefricient for each kinetic experiment, -

the second order rate coefficient Ez (egu,.(6,52)) has been

calculated as usual, where ﬁz i1s defined in terms of the total

Rate = ]'.;2 (IV) [I{NOP.] e e [ e * . [ 2 . (6652)0
&
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stoichelometric concentration of IV in the reaction solution,

TABLE (6.24).

Nitrosation of 7-OH-l-Napkhoic Acid in AcOH-AcONa Buffer Solutlions

at ZﬁoC; Firat Order Dependence of Hate on (IV).
‘ F.

Initial Stoich.(.NaNOé) = 1070y,

- A 5 ., -0y -
Run, pH [Aco ] 10* x(}ﬁ} 107x &y 10% k0 &
2 g
-] - . - =
Me M, SGC, l.m%sec% l.m%secl.
542 4,43 0,02 8,08 2,11 2,50 3,51
543 4,43 0,02 4,04 1.21 2,70 3455
527 4,43 0,04 7.07 2,04 2,90 3.86
529 4.43 0,04 3,03 0,90 3,00 4,00

Aciditv Dependence of §2(equ.(6.52)).

TABLE (6.25) lists values of Ez(equ.(ﬁosz)) determined
in acetic acid buffer solutions of constant acetate ion

concentration but varying pH.
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TABLE (6,25).

Nitrosation of 7-0Hel=Nanthoic Acid in AcQH-AgONa Buffer Solutionsg

o -
at 25 C: Variation of kz (equ.(6.52)) with pH,

= : wd
(ACQ ] = 0,02 throughout, Stolch, (IV) = 8,08 x 10 1,

, N .
Initial NaNOE} = 10 "M,
-1 =1

un pH [thH Me Ez (1.mole.sec,)
533 2,988 1.125 1.04

609 - 3044 1.010 1.28

615 3,488 0,356 1,19 .
547 3,930 0,13 | 0.70

542 4,430 0,036 . 0.36(0.35)

Nitrosation of 7-hydrony-l-Napthoic Acid in dilute HC1O04.

TABLE (6.28) lists values of ko (equ.(6.52)) for the
nitrosation of 7-hydroxy~l-napthoic acid in dilute aqueous

HClO4 .
TABLE (6,26).

Nitrogation of 7-OH-l-Naghholc Acid in dilute aqueous HCIO,.

Run pH Ez(l.molé%seal.)
595 1,108 0.393
593 1,510 0,448

584 2,215 0,523

o



Dependence of Qz(equbgﬁ,sz)) on Buffer Concentration,

TABLE (6,27) lists Ez values (equ.(6,52)) for nitrosation

of 7-hydroxy-l-napthoic acid in acetic acid buffer solutions

of constant #uffer ratio but varying buffer concentration.
Since the variation of Ez with pH,shown in TABLES(G, 25) and-
(6,26), 18 rather complex, no reliable correction to the data

of TABLE (6.27) for secondary salt effects can be applied,
Nonetheless, it is apparent that there is little significant
change in Ez with increasing buffer component concentration,

TABLE (6,27,

Run pH [ﬁOAcl [NaOAé] iz
.-l "l
M, Be l.mole,sec,
534 2,988 1,125 0,02 1,02
531 2,873 2,810 0,05 0,98
535 2.760 4,50 0.08 1,01

2
Nitrosation of 8-[Ié1~7~Hydroxv-l~Na§thoic Acid: The Kinetic

Isotope Effect,
2
The rate of nitrosation of 8~[ Hi]-?—hydroxy~1-naﬂthoic

acid, (IVD), has been determined in dilute HC1l0, and in
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acetic acid buffer solutions, in the pH range 2.2 to 4.4.
COM p

OH

T

(IVD)

=D
TABLE (6,28) lists values of the rate coefficient kz (eque.
6+53), together with the corresponding rate coefficients Eé

for the normal compound, determined under identical conditions.

Rate = EZ (WD) Ermozl . B .. (8530,
The deuterio substrafe used in these exﬁeriments had an
incorporation of deuterium in the 8-position of 88%; the
value of Eg/ﬁg corresponding to nitrosation of the fully
deuterlated compound has been computed and is shown in the last

column of TABLE (6,28)



TABLE {6.28),

Nitrosation of 7-0H=}-Rapkhoilc Acid in AcOH-AcONa Buffers at

2500; Kinetic Isotope Effects,

(a)
- - H ~- D =H D =H
Run  pi (AcoH] [Aco 1 & k k;/kz Ro/%0

-1 -1 =1
seg. lem,see, (obs) ( real),

607  2.216 0 0 S 0,165, 3.2 3.7
584 2,215 0 0 0,523  wmw
609 3,044 1,125 0,02 i 0,399
612 3,044  1.125 0,02 1,28 . === 362 3.7
608 3,515 0,356 0,02 =w- 0.574 ;
611 3,515  0.356  0.02 1.190  ° mm= 24 2.4
573 3.933  0.113 0,02 s 0.5 T
547 3,930 0,113 0,02 0,70 — o °
575 4,431 0,036 0,02 —— 0.30

1.2 1.4
542 4,430 0,036 0,02 0,36 —

(a) For substrate of 88% incorporation of deuterium in 8-position.

Independent investigations revealed that the extent of exchange
of deuterium in the substrate with the solvent at pH 4.43

wag negligiple compared with the extent of nitrosaticon under
identical conditions, This was shovn by mass spectral analysis

of the substrate at the end of each kinetic run,



183,

(GY. Discussion.

(1). Nitrosation of m-lNydroxysvhenylacetic Acid and jts Derivatives,

The rates of nitrosation, in acetic acid buffer
solutions, of m~hydroxyphenylacetic acid ( I, R = CHoCO,H )
its conjugate base ( I, R = cnzcoa") and methyl ester ( I,

R = CﬂchZMa } are given by the rate expression of equ.(6.54).

OH

QA

R

In all cases, nitrosation occcurs almost exclusively ( > 93%)

1

Rate

k, [1] [HNOZ] o o o . e (6,54),

at the site para to the phenolic function, The reactions are
catalysed by acetate acting as a general base according to
equ,.(6.55);

= + . [ (] e o ¢ °
X, kv k, o [ac0”] (6.55)

where k glves the rate at zero buffer concentration and

oW

is termed the'water' cétalysed' rate, and Kp.g- 185 the

catalytic ccefificient for catalysis by acetate ion. TABLE (6.29)
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summarises the experimental data/obtained for these compounds
over the pH range 3,0 to 4.5 , in which the rate coefficient
k, (equ.(6.54)) 1is independent of scidity. The table also
lists the co;responding data for phenol under similar
conditions, for comparison, The last column of TABLE (6.29)
lists the kinetic isotope effect (ky/kp) for the reaction of

each substrate,

TABLE (6,29),

o
Nitrosation af (I) in Agueous Buffer Solutions at 25 €, pH

3.0 to 4.5,
' (a) H
Substrat 102 1 102 k B k /kD
ubstrate X czw %X Kpaco™ rongted of Ko
H . Bl 0
1) lemole.sec, l.mole.sec ,
Phenol ( R = H ) 1.00 4.7 0,37 3.5 1o,
Methyl ester (R =CH,CO,Me)0.29 1.6 0,38 3.0 to.3
Acid (R = CH,CO,H) 0,65 - ——— 3.5 to,
Anion (R = cuzco;) 1.60 - - 3.0 to.s

(a) Based on catalytic coefficients k, o= and ky(= k,w/55.5),

It is apparent that nitrosation of each of the substrates

in TABLE (6.29) in the pH range 3.0 to 4.5, and at zero buffer
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concentration, shows a large primary 1lsoteope effect of similar
magnltude, within the experimental error, to that for the
reaction of phenol, The rate-determining step in all cazes
is concluded to be proton-loss from a neutral dienone intermediate

Q (equ.(6056)).

OH 0
+ k +

@L + HonNo —F=—2 4+ H30

R Koo R

oA Mg vernes(6,56)
| "
PR
R ‘

@ ° Mom

The overall observed rate coefficient k2 is given by the

expression,

K.kakn[H30%]] 5]
2 = e e @

k gy [Hﬂ'{' kb[B]

(6:57),

It is evident from the data of TABLE (6,29) that introduction
of a (mCH2C02Me) group into phenol, ortho to the site of
substitution, results in a reduction in the cow coefficient
by a factor of about 3.5. The electronic effect of this

substituent on the reaétion rate can only be guessed, since

little data is avallable, However, the Stock=-Brown substituent
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parametexr CT; for the (-CHZCOZEt) group is about ~0.163?
and so the priho (mCHZCOZMe) group will almost certainly have
an (+I) effect increasing the reactivity of the substituted
compound with respect to phenol,; itself, However, the chserved
reductlon in the rate of reaction of the substituted phenol
indicates that such electronic effects are far outweighed by
the steric effect of the neighhouring ester function on the
rate of reaction., Steric crowding in the intermediate (Q)
might be expgcted to ﬂring about a reduction in the overall
rate by acceleration of the k-a step, An alternetive explanation
is that the swinging of the =N=0 substituting group inte the
plane of the arowatic ring in the secénd step may be energetically
less favourable for the prtho-substituted compound than the
free phenol, which results in a reduction in kb and hence the
overall rate of reaction, Support for the second explanation
comes from Zollinger and SnyckersB, who have recently shown
that steric effects in azc coupling ;eactions arise mainly
in the proton-less step, The observation of a reduced value
of the acetate catalytic coefflcient, kAcd" for the nitrosation

of the m-hydroxyphenylacetic acid-methyl ester (k\com = 1,6
4
2

% 10-2) compared with that for phenol (kAco' = 4,7 x 10 °)

is also consistent with this explanation, The efficiency of the
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base in assisting removal of the proton in the rate-determining
step is reduced in the substituted molecule, since the approach
of the base to the proton is hindered by the presence of the
bulky neighbéuring ester groupe.

TABLE (6.28) shows that the free acid form of m~hydroxy-
phenylacetic acld nitrosates at a rate about 2.2X faster than
that of the methyl ester. Since there will be certainly very
little difference between the electron donating (+I) effect of
the (mCH2C02Me) and (~CH,CO,H) groups on the reactivity of the
two molecules, this difference in rates is attributed to the
difference in steric influence 6n the reaction rate of these
two groups. Thus, the methyl proup in the ester group creates
a more sterically hindered reaction site compared with the free
acid, and hence causes a lower overall rate for the ester as
explained previously.

It is evident from the data of TABLE (6.29) that the

conjugate base of m-hydroxyphenylacetic acld is nitrosated

at a rate 2,5X faster than that of the free acid form of the
substrate, In this case, steric influences in the two reactions
can be considered identical, since the sizes of the (-CH,CO5H)
and (-CHZCOZ") groups are very similar, Although no data is

availlable coencerning the relative (+1) effects of thase two
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substituents, the difference is likely to be very small, the
(wCHzCOS) group perhaps being slighily mere electron donating
than the (—CHchQH) funetion, Takirg into account the possibility
of a small igérease in tha rate of reaction of the (ncnzco;> -
~substituted compound arising from electronic effects of the
substituent, the value of 2.5 for the factor kyw(conjugate base)
/RZW(free acid) represents the maximum acceleration attributable
to intramoleculayr base catalysils by the neighbouring acetate
function,

A true measure of intramolecular base catalysis of a :
reaction can only be ﬁade by comparison of the degree of catalysis
with that of the corresponding intermolscular process, A good
model for the corresponding intermolecular process in this case
is the observed catalysis of the nitrosation of the methyl
ester of me-hydroxyphenylacetic acid by added acetate ion, The
acetate catalytic coefficient, kAcO”’ for this reaction is
Kpoo= = Le6 x 10‘21%m015%se53 In the kinetic experiments for
the determination eof k,w for the nitrosation of the free acid
and the conjugate base forms of m~hydroxyphenylacetic acid, the
total stoicheiomeiric concentration of the substrate was of the

order of 4 x lO_ZM. Thus, the value of kzw for the acid was

determined at an effectively zero conceniration of the anlonic
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form of the substrate, while the c&efficient kow for the
conjugate base form of the substrate was determined at a
concentration of free base of 4 x 10_2. Thus, an increase
in the rate ;f (kppy = Kjp=) = 0495 x 10721 molestec! is
achieved by an increase of 4 x 10 2l in the concentration of
the intramolecular acetate ion, which leads to an effective
catalytic constant for catalysis by the neighbouring acetate
function of k,= 0,24 12mole 2sest,

Comparison of this catalytic coefficient for intramolecular
catalysis, with that of the intermolecular acetate catalytic )
coefficient, Andicatesgtiate the neighbouring group acetate
function is about 18 x more effective than external acetste
as a base for assilsting proton removal in the rate-determining
step of the nitrosation of the conjugate base of m~hydroxy-
~phenylacetic acid, As dilscussed previcusly, this factor represents
a maximum value, since the relative electronic effects of the
substituents on the reaction rate have been neglected in this
analysis,

This rather moderate increase in the extent of catalysis
of the nitrosation reaction by the neighbouwring acetate group
is considerably less than that expected of a neighbouring

group effect, Many examples of intramolecular nucleophilic
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participation in displacement reactions at saturated carbon

102
centres have been described , mainly by Winstein and his

coworkersgs'}oa, and such anchimeric assistance has been shown
{0 involve enhancements of the order of 103 to 106 over similar
intermolecular displacements, It is gensrally held that an
increase in rate of at least 5x,and preferably §0x,1is
necessary for identification of neighbouring group participation
102

through the recognition of anchimeric assistance,

wa.factors which must be considered in an explanation
of the apparent low effectiveness of the (=CH,CO;) group as '
an intramolecular base in the nitrcsation of m=hydroxyphenylacetic
acid are;
1. Can the bagic site of the neighbouring group approach the
proton closely enough without a large expenditure of energy ?
2, Do they come together frequently enough ?
The answer to the first question is apparent from inspection
of a three dimensional model of the intermediate (Q) in the
nitrosation reaction, which is drawn in FIGURE (6,9), It is
apparent that the intermediate is set up for the formation

of a transition state involving participation of the

neighbouring acetate function through a six-membered ring
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FIGURE (6,9, ™

as shown, (T), It has beerf shown previously that neighbouring
group participation is most favourable when there is possibility

102
of formation of five and six-membered ring transition states,

Thus it would appear that participation of the acetate group in
the transition state of the proton removal step is, in principle,
energetically favourable.

The answer to the second of the above questions may provide
the wmain reason for the decreased activity of the neighbouring
base in the nitrosation reaction, The (~CH2C0;) group is in
no way fixed in its stereochemistry, and is free to rotate
about its C-C bond axis away from the site of substitution.
Thus, it is probable that the -COE group. spends little of its
time in the transition state of the reaction in close proximity

to the leaving proton, This factor, together with the fact that

there is only a moderate steric inhibition to the approach of
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'external' acetate molecules to the reaction site, is probably
responsible for the decreased effectiveness of the neughbouring
acetate group as an intramolecular base.
The intramoleaular base catalysis in the azo coupling
substitution reaction reported by Zollinger and Snyckers_8 arises

mainly from steric causes, and these results support the above

arguments. The coupling of (I) with ArN; at the l-position

[ »
* OH i ou

I (1n
was reported to proceed with a primary deuterium isotope effect
kH/kD = 2.7, but no base catalysis by pyridine was observed,
This demonstrates the effect of the high degree of steric
congestion at the reaction site, which in fact totally inhibits
the approach of a pyridine molecule in the rate determining
step, to the leaving proton. The coupling of (II) under similar
conditions shows a kinetic isotope effect of about unity,
which was interpreted "as evidence for intramolecular catalysis
of the proton-loss step by the 2'-pyridyl group, resulting

in a change in the rate~determining step, This is consistent
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with arguments forwarded earlier, since in (II} the neighbouring
base is of a more resiricted geometry, and the N atom will
be held in close proximity to the leaving protonr. An unexplained
fact in this work of Zollinger and Snyckers, however, is that
the reported rate of coupling of (I) is, in fact, 2.2 x faster
than the rate of coupling of the 8«(2'-pyridyl)-compound (I1)

which is allegedly intramolecularly base-catalysed.

(ii), Nitrosation of 7-Hydroxy-l~-Namthoic Acid.

The rate of nitrosation of 7-hydroxy-l-rapthoic acid,

at any given pll, is defined by equ.{6.58), in which (7-0H-

rate = k?(’?-OH-l-’napthoic acid)[HNOz] . . +(6.58)
-l-napthoic acid) represents the total stoicheiometric
concentration of this species in the reaction, The variation
of the rate with pH is shown in FIGURE (6,10) ,as a plct

of log E against pH , by the solid line. This plot includes

2
data for the reaction both in HClO4 and in acetic acid buffer
solutions, since the data of TABLE (6,27) previously showed that

Ez was not significantly dependent on buffer concentration,

FIGURE (6.10) also includes a plot of the data for the reaction
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of the 8-deuterio compound, shown by the broken line, and
that for the reacticon of 2-napthol under similar conditions
shown by the dotted line,

The va;iation of the observed deuterium isotope effect
with pH for the nitrosation of 7-hydroxy-l-papthoic acid, (I),

COzH
OH

€9)

shows an almost identical trend to that for the reaction of
2-nagiol, Thus the rate~determining step for the reaction at
pi & 3.5 is largely C-H bond fission, whilst at pi > 3.5
there is a change in rate~determining step to the initial
electrophilic attack.

At pH = 1, the rate of nitrosation of (I) is about 10x
slower than that of 2-napgthel, but as the pH is increased to
about 3.5, the rate of reaction of the napthoic acid increases
to a maximum value at a pH corresponding to the chonge in
rate determining step as shown by the isctope effect studies,
Over the pH range 1 to 3.5, the rate increases with decreasing
acidity by a factor of about 4, The decreased rate of nitrosation
of the carboxy-substituted compound compared with 2~-napgéhol at

pH = 1 is attributed to a combination of two effects of the



FIGURE (6,100,

o
Nitrosation of 7-Ol=-l-NarMhoic Acid at 25 C, Variation of

E, (oqu,(6,58)) with pil,

1 2-Hapkhol,

: o T=Hvdrony-
. - -l e g
I E} ) ’ ’ i
§ it '[;! nackhoic acid,

o
2
2}

o) ® 8—[2113»?»-01{-—
* napdholc acid.

pH.
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carboxy substituent § (1) the steric influence which tends to
decrease ky and hence fhe overail rvate, (ii) the electronic
withdrawing effect of cozn on k,, which also tends to decrease

A

the overall rate, since k; =% Kk k Although the

n B
relative magnitudes of these two efggcts on gz cannot bé
determnined, the electronic effect is likely to be quite large.
The Cf;; value for (-CO,H) of 0.3233 ingdicates that  the
(»COZH) group has a large electron withdrawlng effect, and
this will act on the g-position of (I) resulting in a decreased
reactivity and hence overall rate (although cf}: correlations
will not apply to the napkhalere system, the value is used as
a guide to the effect of the substituentl,
The observed increase in the rate of nitrosation of

7~hydroxy-l-napthoic écid with decreasing acidity from pll
= 1 to 3.3 is consistent with the effect of increasing
proportions of the carboxylate anion form of the substrate ,
for which there is intramclecular catalysis of the kb step,
However, the increase in rate is equally consistent with the
electronic effect of the carboxylate anion on the reactivify
of the substrate. The CT; value for the (»00; k") is

33 '

-0,03 , indicating that this group has an opposite electronic

effect to that of the (nC02H§ function, and might be expected
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to increase the reactivity of the B-position in (I) with respect
to z—naﬂthol. Thue the increase in rate with decreasing acidity
can'ba attributed to two effects of the increasing proportion
of the éubstéate in the carboxylate form, which are superimposed:
(1) the increase in kb from base catalysis by the neighbouring

~CO group (i) the increase in ka resulting from the activating

2
electronic effect of the (~CO3) .
At pH > 3.5, ka is largely rate~limiting, and as

discussed earlier for 2-napkhcl, the rate coefficient is

proportional to H30+, since

=1
I

: k. K [10"] e oo . (6,59

However, it is apparent from FIGURE (6.,10) that EZ is much
less dependent on H30+ for the nitrosatlion of the napthoic
acid , than for 2-napthol, and the rate for the acid is
much higher in this pH region than for 2-napthol. These results
are quite consistent with the operation of the superimposed
electronic effect of the (—00;) function on the k, step.

Since (-COE) is electron donating, the reactivity of the 8-

~-position cf the carboxylate-substituted napkhol (II) is
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increased towards electrophilic gubstitution compared with
that of the parent 2~napkhol, and hence ka is increased for
the nitrosation of the carboxylate foxm of 7-hydroxy-l-napkhsic
acid, Simila?ly, a® the pH is raised, the proportion of the
carhoxylate form of the substrate is increased, resulting in
an increase in the overall rate Ez which counteracts the
opposite '"normal’ acidity dependence for the napihol of equ.
(6.59), This accounts very nicely for the reduced acidity
dependence observed for the nitrosation of 7-hydroxy—l-gaﬂthoic
acid at pH ) 3.5, compared to that of 2-napkhol in the same

region,

The nitrosation of phenol and 2~-napthnol in dilute acidic
media involves an A—SEZ mechanism with formation of a steady-
-~state, neutral dienone intermediate (I) (equ.(6.50)) from
the intevaction of H20N0+ with the molecular form of the
substrate.

AroH +  H,ONO = (1)’ + nmot

3
k-—a . 000(6060)

(1) + B -*J%r“§ products,



199,

The overall rate of reaction is given by the expression:

1

Kakpfu ono* !: HBOiIE B] Bm?] [Al"OH?I

— " eele {64612
k:ﬂa[HSOﬂ + k(3]

Rate

Either ka or kb can be effectively rate~controlling, the major
deciding factor being the pi of the reaction solution, In the

nitrosation: of 2-napthol, k_/k, is of the order of 102,

b
Both compounds react via their neutral forms, and the results
suggest that phenolate and napiholate ions undergo electrophiiic
substitution preferentially on oxygen,

Under conditions for which the proton loss from the inter-
~-mediate is rate-deterﬁining, only moderate intramclecular base
catalysis is observed for the nitrosation of the conjugate hase
of m~hydroxyphenylacetic acid (I1). The lack of any appreciable
neighbouring group effect is explained in terms of the high

degree of steric freedom of the intramolecular basic site

and tlhie site of substitution,

oH

CHKCGE

(11)
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CHAPTER VII.

SUMMARY OF THE FEATURES OF C-NITROSATION.

C-Mitrosation by the Nitrosonium Ion- Nitrosation in Concentrated

Nitrosation of phenols and aromatic¢c ethers proceed

mainly at the most reactive para-position, indicating that

NO+ is a very selective reagent. An assessment of its reacﬁivity

can be made by comparison of the rate of its reaction with

P

benzene with the rate of nitration of benzmene by the NOZ

: o
reagent, In 61.5% HCl04 at 25 C, the nitration of benzene
28
is believed to be encounter-controlled , the encounter rate
9 -1 =1
under these conditions being about 2 x 10 l.mole,sec .
The rate of nitrosation of benzene by vot in 60% HC10, at

37

41.mol§%se5 A

0 : -
52,9 C has an overall rate coefficlent of 4 x 10
Direct comparison of these rates suggests that the Nog ion

13 o
is at least 10 x more effective than NO' in effecting overall
reaction, It is also significant that rates of acid-catalysed
halogenation by HOBr and HOCL similar to those <for the

nitrosation of benzene are usually cbserved in dilute HClO4
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104,105
of about 0.1 to 1.0 M. , where the concentrations of
positively charged reagents are extremely low . Thus, there
is no doubt that the nitrosonium ion is a weak electrophile,
although to é lesser extent than previously supposed.

The low reactivity of NO+ is not reflected by its
selectivity towards substrates of differing reactivity. The
value of /ﬁa = =G,2 for the low temperature nitrosation of p-
substituted phenols ( supporting the value of'/D = -6,9 for
nitrosation of mono-substituted benzenes at 530C3 ) is
significantly smaller than those found for other weak electrop?iles

(e.g. bromination in HOAch) =i=12, 00

). The J.OW/J value
is a natural consequence of a rate«limiting proton transfer

from the Wheland integmediate, which has been shown in this

work to be characteristic of aromatic C-nitrosation under

these conditions, and arises from the opposite electronic

demands of Wheland intermediate formation and the rate~limiting
proton~loss step. This underlines the danger of assessing
reagent reactivities from the magnitude of the J/) -values

alone, in the absence of additional direct evidence as to the
nature of the rate-determining step in the substitution reaction,

Another natural consequence of the rate-limiting step in

aromatic C-nitrosation by NOT is the catalysis of the reaction
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by the anions of strong acids , as observed in the nitrosation
of benzene and phenol in concentrated solutions of H PO, and
}!2804e

Tﬁat tﬁe substantial primary deuterium isctope effects

persist over a 105fold,range of substrate reactivity from benzene
to phenol would suggest that slow proton~loss for aromatic
nitresation is unrelated to the acidity of the Wheland
intermediate, It seems unlikely, too, that the NO+ ion is
extensively solvated, because the reaction rate in concentrated
acids is not strongly dependent on water activity, and this
rules out the importance of steric factors in deciding the
rate~determining step. Also, the acidifying effect on the
leaving proton of the.substituting reagent NOF  cannot be
very different to the effect of the Nog group in nitration,
and thus the isotope effect cannot be attributed to a lower
acidifying effect of the ~N=0 function. The vot ion, is,
however, a relatively stable species (pK = -~6,12 on the Hp
scalelos) compared with other positively charged electrophiles,
go that the k-a step in equ,(7.1) should be particularly rapid.
This factor would appear to he of overriding importance in

deciding the rate-limiting step in aromatic C-nitrosation,
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g i NO

+ _kn ' - ky 4
@ « N0 Ea iy 2 @ it
.ha

Equ,(7.1)., A=3»2 Mechanism for Aromatic C-Nitrosation at Hish Acidity.
LU slstle HA=op .01 ¢ :

C-Nitrosation in Dilute Acidie Media,

The HZONO+ and Nﬁc; species have been identified as
active electrophlles in aromatic C-nitrosation at low acidities,
The nitrosation of extremely reactive compounds bcocomes a
diffusion«controlled process when the basicity of the substrate
exceeds a pK, value of about =3.0, The rate-determining
step in these cases is the rate of encounter of the reactant
speclies in solution, which is governed by the visecosity
of the reaction medium, and no kinetic isotope effect is
therefor ohserved, The rate~determining step in nitrosation
of less reactive compounds ( PK, <: ~4) in dilute acid can be
either proton loss from the intermediate or the initial attack
of the electrophile, depending on the reaction and conditionsg
(i), In the nitrosation of compounds such as l=-nitroazulene
( pk, = £ ~4,7) and the less-reactive,indoles ( PKa‘i -4}, in
which the formation of a positively charged Wheland-type inter-

nmédiate is prevalent, proton=loss from the intermediate is
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rate~limiting and k_, j?'kb (equ,(7,2)),

arm +  mowot —Xa__~ v
2 gt

—-a

.0...0(7.2>.
+ k gt
ArfiRO  —Be 3y AxNO  + H
k
rate = ka b [}rﬁ][ﬁZONOf] IR C7.3)
k-—a

For these compounds, a primary deuterium isotope effect is

observeaed,

(11), TFor the nitrosation of phenols and napthols in dilute
acid 0.lM, the reaction is an Sp-2 process involving the
formation of a neutral dienone intermediate in small stationary
concentrations, The active electrophile operating at pH 1 to &
has been identified as the H20N0+ reagent, Since the k_a

step (equ.(7.4)) is catalysed by H+, presumably by protonation
on the phenolic oxygen atom, and the second step ky is
catalysed by general bases, the kinetics of the reaction exhibit

a variable behaviour dependent on the conditions,
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4 0*§|-J H
OH 6 oW o
Q" ot 2
k"a
(s) (1) cerene(7,4),
O e OH
o ky o
+ B —
(1)
+.
Rate = [s][xmoz koK [".’:30][5] c e . (7.5),

k_a[uao"‘}- kp[B]

At very low [Hﬂ, when k-aCHSO-‘:] K kb[B], the rate determining
step is initial attack of the electrophile, and no primary
deuterium isotope effect is observed., When k_a[Hsoﬂ >>kb[B],
proton loss from the %ntermediate is rate~limiting, the reaction
shows linear base catalysis and a substantial primary

isotope effect (ky/kp =% 4) is observed. In the intermediate
acidity range, the reaction shows a decreasing degree of

bage catalysis with increasiﬁg pH, and a variation of the
magnitude of the ratio ky/kp with acidity. A value of k.a/kb
of about 102 has been obtained for the nitrosation of 2-napthol
in dilute acid. The results for phencl indicate a higher value
for kna/kb’ the difference gost likely arising.from a higher

value of k,, for the reaction of 2-napthol compared with
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phenol, sgince the rate of nitrosaticn of 2-napghol is markedly
higher in the acid independeht region than that of phenol,

These findings for aromatic C-nitrosation in dilute
acidic media.have provided conclusive evidence for an Sp=2
mechanism involving formation of a steady-state intermediate,
Furthermore, the results eliminate the possibility of an Sg~3
mechanism for aromatic Cenitrosation involving synchronods
electrophilic attack and C~H bond fission, Also, the possibility
that the nitrosation of phenolic compounds is a spécial case
in which the intérmediate has pronounced stability and builds&
up inte non-steady-state concentrations during the reaction
can be discounted. Cnce again , the results for C-nitrosation

in dilute acidic media underline the importance of k_, in

deciding the rate-controlling stepe
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CHAPTER VIII,

THE EXPERIMENTAL DETAILS,

An account of the experimental methods is given in this

chapter, together with examples of typical kinetic runs,

(A). The Kinetic Methods.

1, Method Fmploving Analvsis for Unreacted Nitrous Acid.

The kinetic method used in the majority of this work

involved analysis of aliquots of the reaction mixture for unreacted

1090

110
nitrite by a modification of the method first used by Shimn ,

(a). Petermination of Nitrous Acid by Shinn's Method,

This method involves diazotisation of sulphanilamide
by HNO, to give a stable diazonium ion, which is then coupled
with N-l-napthylethylenediamine-dihydrochloride to produce an
azo dye solution, the optical density of which is directly
propertional to the original concentration of HNOZ.

In a typical determination, 5ml of the reaction solution
were run inte about 25ml of distilled water contained in a

50m1 volumetric flask containing 2Zml of the sulphanilanide
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solution (0.5% in S5M HC1), and the flask shaken thoroughly,

P

After 2 minutes, 2ml of the napkhylethylenediamine solution
(0.,1% in H20) were added, the soluticn made up to the graduation
mark and shaken thorogghly, The time taken for the azo~éye to
develop fully varieg fronm 15 minutes for analysis of dilute
acid solutions, to 45 minutes for strong écidities. After
alliowing full development of the dye, the optical density of

the solution was measured at ;\max = 641 n.m, 'in a spectro-
~-photometric cell of sultable path length, against a reference
cell containing only a suitable dilution of the reagent solutions

.

in water,
37
The light absorption of the dye has been fully investigated

and has been shown to obey the Beer-Lambert law (equ,(8,1))

exactly, where the symbols in equ.(8.,1) have their usual

f.':".. = eazo.[Azo dyel, 1 o o 2 (8.1)

I

log

o eazo,[ HNUz-], 7.8

4 “l -1
significance., At 18°C, Eazo = 5,4 x 10 l.molescm,

(b), The Kinetic Method,

An account of the éeneral method is given below,
followed by a description of the variations in this procedure

used in specific cases.
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General Method,

The reactions were carrled out in volumetric flasks held
at constant temperature by immersion in a temperature controlled
bath, Tﬁe required amount of solvent acid or buffer solution
was added to water contained in the volumetric flask, follewed
by the required amount of an aqueous stock solution of the
aromatic substrate, The flask was shaken and immersed in the
thermostatting bath for 15 minutes. The reactlon was initiated
by adding a measured quantity of thermally adjusted aquecus
stock solution of sodium nitrite, The velume was adjusted by
addition of a small quantity of distilled water and the flask
shaken thoroughly before immersion in the thermostatting bath,
Aliguots of the reaction solution were removed at timed intervals
and analysed for nitrous acid by Shinn's method described above,

The gross acldity of the kinetic run was determined by
titration against standardised sodium hydroxide solution in
the case of the runs performed in mineral acids, or by pl
measurement of the runs performed in buffer soclutions,

Variationg in Procedure,

(1), The acidity of the runs carried out in HyPO4 was determined
as a weight % HaPO,, and so the weight of HgPOy added and the

weight of the total reaction solution were measured before
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sampling was commenced.
o
(ii), The runs performed at O C were held at this temperature

by immersion in an ice-water bath,

Side Reactions,

No kinetically significant side reactions other than
spontaneous decomposition of nitrous acid were encountered,
The initial grtho-nitroso products of the nitrosation of
para-substituted phenols are oxidised by the solvent HC1lOy4
immediately on formation, but this process does not interfere
with the kinetic analysis. This process is discussed later in '
the section concerning the products of reaction, All the
substrates were completely stable under the reaction conditions,

For the nitrosation of the activated compounds phenol,
7-hydroxy-l-napkhoic acid, nagthol, m-hydroxyphenylacetic acid,
and p-cresol, the rate of nitrous acid decomposition is negligible
compared with the réte of nitrosation of the aromatic substrate,
However, for the reaction of the less reactive p-substituted
phenols, this rate of unproductive loss of nitrous acid becomes
significant and so it was necessary to fully account for this
process in the kinetic analysis. Thus, independent ¢oncurrent
measurements were made of nitrous acid concentration under

identical conditions as for the nitrosation reactions, except
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for the absence of aromatic substrate., The decomposition of
nitrous acid at the high acidities studied shows an approximate
‘first order dependence of the rate on nitrous acid concentration

- 37,108
over a restricted range of concentraticon +« By studying
both the nitrosation reaction and the spontaneous decomposition

with 1dentical initial concentrations of nitrous acid, reasonably

reliable and consistent data.could be obtailned,

Error in Shinn's Anaslysis.

This method is subject to little error other than the
normal volumetric ones, There was no contribution to the
absorbance at 54ln.m, from any of the substrates or products,
and the azo dye solution was quite stable for at least 3 howrs
after formation, Although slight changes in thr extinction
coefficient of the azo dye with acidity have been noted in the

37

past , under the pseudo first order conditions employed here,

this is kinetically insignificant,

Calculation of Rate Coefficients,

In the presence of excess aromatic substrate over the initial
stoicheiometric nitrous acid concentration, the pseudo first
order stoicheiometric rate coefficient El is defined by

equ.(8,2), and is calculated according to equ,(8.4),
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- d(INO,) — Ky (0L) L., . a(8.2)
at

On intergration, equ.(8.2) gives,

i

K.o t

1 -2.3021og (HNO?) + a conatant ..(8.3)

and is equivalent to
©”s "

k.t

-2,303 log At + a constant ...(8,4)

Thus the rate constants were obtained from the slopes of linearxr
plots of log At versus time, where Ay is the absorbance
of the Shinn solution, from an aliquot of the reaction ertracted
at time t,.

For the runs in which there is negligible decomposition
of nitrous acld over sveral reaction half lives, the measured
El is actually the pgeudo first crder stoicheiometric rate
coefficient for the nitrosation of the aromatic substrate,
The second order stoicheicmetric rate coecfficient (iz) for
this reaction is caiculated diréctly from the observed pseudo

first order coefficient by equ,(8.5) and (8.6),

- ammo,) g qNQZ) (s) -
N ) (8,5)

k, = k, /{s) e e e e W(3.0)
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In the cases where a correction is applied for nitrous
acid decomposition, that is for p-chloro, p~fluoro, p-cyano
and p-nitro phencls, the observed first order rate coefficient
Eo is thelsum of the pseudo first order rate coefficient
for the nitrosation of the sromatic substrate (El) s DPlus
that for nitrous acid decomposition (k') , Thus El is calculated

according to equations (8,7) and (8.8),

- d (HNOz)
dt

= {1'21 + k'}(llNOz) veees-(8,7),

= kg (HNOZ)' seeses(8.8)

Typlcal Kinetic Runs,

Five examples of typical kinetic experiments studied
by analysis for unreacted nitrous acid axe shown in TABLES
(8.1) to (8.5). These runs represent the various conditions

under which the reactions were studied,
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Nitrosation of p~Crespl followed by Shinn's Method.

Run 145 .
r -2
[HClO;} = 4,000, Initial mesresm]] = 1,04 % 10 M,
o, A i -G,
t =0¢C,, Initial (thz) = 1,0 x 10 "M,

100% reaction corresponds to an optical density at 54lnm

of 0,00 in a lem, cell.

Time o.b,  107{mo,) % reaction 104k,
(min)  at 541nm, M, (seGe)
2 0,423 7.83 Taken as t, --
13 0,373 6,01 12,1 1.89
38 0,206 5.48 30.3 1.83
56 0,236 4.37 44,2 1,80
73 0,198 3,67 53.5 1.78
103 0,135 2.55 67.2 1,85
138 0.099 1,84 77.4 1.78
223 0.033 0,61 00,5 1,85
0o 0,00 0 100 .
- -1

-4
mean value of kl = 1,82 % ;O secs o
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TABLE (8,2).

Nitrosation of 2=-Narkhol in Acetic Acid Buffer Splution

Followed bv Shinn's iMethod,

Run 512,
pH = 3,071 Initial [ﬁ~Naﬁ¢hoi]= 2,84 x 10 "M,
[}ccf] = 0.02M, Initial (ﬁauoz) = 8,00 x 10 M.
t = 25%,

100% reaction corresponds to an optical density at 541 nm,

of 0,00 in a lom, cell.

Time 0.D, 105x<§ano;> | dreaction 10'x f
mins, at 541nm, M., secs
2 0.821 7.61 taken as t, ==
12 0.720 6,67 11.0 2,19
3¢ 0,520 4,82 . 36.6 2405
57 0,419 3.89 48,9 2,04
77 0.332 3.07 59,7 2,01
102 0.244 2,26 70.3 2,03
137 0.156 1.44 81.1 2,05
172 0,105 0,97 87.3 2,02
202 0,073 0.67 © eL.2 2,02

B AT e R e R A B, o g, Rl o . <o % SN

1

-4

- i
mean value of kl = 2,05 x 10 sec .

=Y
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TABLE (8.3).

Nitrosation of Phenal Follewed by Shinn's Method,

Run_469,

-4

H3P04 = 52,.841% Initial [phenoi] = 8,03 % 10 M,
s} -5

t = o°c, Ini'&:ial(HN(}z) = 6,5 x 10 "M,

100% reaction corresponds to an optical density at 541 nm,

of 0,00 in a lcm, cell,

Time  0.D, 10%(m0,) % reaction  10% R,

( mins,) at 541nm, M, secnl.
5] 0.688 6,37 taken as t, -

20 0,595 5.51 13.5 1.61

38 0,498 4,51 27,6 1.64

65 0,381 3.53 44,5 1.94

94 0,287 2466 58,2 1.64

139 0,204 1.8¢ 70,3 1,62

155 0.156¢ 1.47 76.9 1,63

2056 0,008 0,91 86,7 1.83

e m s ——— e o — - - —— —— o  ——

- -4 =1
mean value of kl = 1,63 x 10 secs ,
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Nitrosation of p-Chlorophenol Followed by Shinn's Method,

Run 211,
-2
[Hcm;l = 6,8V, [p-cmompheno§= 1.02 x 10°M,
o ey -5
t = 0°C, Initlalé%NO;) = 7 x 10 M,

100% reaction corresponds to an optical density at 541nm,

of 0,00 in a lem, cell,

Time 0.D. 10°% Qn«%g % reaction 10°x ko
(hours) at 541nm. M, sec_l.
0 0,355 6,57 Taken as tg -

1 0.313 5,81 11.6 3,45

2 0,276 5.11 22,2 3.52
3 0.243 4,50 31.5 3,50
4 0.217 4,02 38,8 3.42
5 0,189 3450 46.8 3,38
6 0,172 3.18 51.6 3.26
7 0,152 2,81 57.2 3,30
00 0.00 0.0 100 -

5 =1

Mean value of Eo = 3,39 x 10 sec .
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Decomposition of Nitroug Agid Followed by Shinn's Method,

Run 253,

[ucro,) = e.ou .

~5
Initial (HNO,) =5 7 x 10 M,

G
o

100% decomposition corresponds to an optical density at
¥
o

541lnm, of 0.00 in lom,. cell,
5 ;
B G
Time 0,Db, 10 X(RLDO) % reacticn 10 x k*?
. ' -],
(hours) at 54lum, Me sec .
4] 0,358 6.63 Taken as t, -

2 0,345 6,39 3.62 6,25
5 0,222 5,96 10,1 6.19
10 0,287 5,32 19,8 614
15 0.251 4,65 29,9 6.17
24 0,212 3.93 40,7 G .08
30 0,188 3.48 47,5 5,97
35 0.169 3.13 52,8 586
40 0153 2,83 57.3 5,80

Mean value . of k' = 6,04 x 10 sec

-



Precision of Measured Rate Coefficientsu in Shinn Method,

The second order rate coefficients (Ez) for the nitrosation
of phenol, m-~hydroxyphenylacetic acid, 2-napkhol, 7-hydroxy=l-
napthoic acid and p-cresol were reproducible to better than
5% in most cases. Rate coefficients for the reactions involving
the deactivated p-substituted phenols were subject to much higher
error because of the uncertainties introduced by the
decomposition ~ rate of nitrous acid, The error in these rate
coefficients.is of the order of t 10% for p-~cyanophenol and

+ 20% for p-nitrophenpl,

2+ Direct Spectrophotometric Method.

For certain reactions, it proved impractical to measure
the rate of nitrosation by determination of unreacted nitrous
acld by Shinn's method, either because the rate of reaction was
too fast for convenient sampling,as in the reaction of phenol
and 2-napthol at high aciditles, or beccause the substrate was
nitrosated under the conditions of the Shinn analysis faster
than sulphanilamide, as in the case of the very reactive azulene,
In these cases, a second method of kinetic study was employed

involving direct spectrophotometric monitoring of the reaction
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solution at a predetermined wavelength characteristic of either
the aromatic substrate, or the product, Thus, the reactions of
azulene, phenol in HZSO4‘;§ OM and il3PO, > 70%, and
2-napthol at pH 3 were followed by direct spectrophotomnetric
measurement of the product concentration at timed intervals,

The nitrosation of l-nitroazulene was followed by monitoring

the concentration of starting material in the reaction solution,
These reaction were carried out in thermojacketed silica

Spectrophotoyetric cells wmaintained at constant temperature

by water circulating from a temperature controlled bath, In the

case of low temperature reactions, the cell faces were continu;usly

swept with nitrogen to prevent condensation from the atmosphere.
The reaction solutlons were prepared in volumetric flasks,

In a typical run, the required amount of an aqueous stock solution

of the aromatic substrate was pipetted into the clean flacsk

containing the calculated amount of aqueous mineral acid, or

buffer solution, and the flask shaken and immersed in the

thermostatting bath for 20 minutes., The reaction was initiated

by adding a small volume of thermally adjusted aqueous stock

solutiosn of sodlum nitrite, after which the £flask contents

were made up to the graduation mark with distilled water and

shaken thoroughly, For the runs performed in H3P04, the weight
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of the reaction solution was determined at this stage, the
required amount of concentrated H3P0,; baving been previously
weighed into the flask, In all the runs performed in
concentrated'mineral acld, the anmcunt of sodium nitrite solution
added to initiate the reaction, and the volume of water
reguired to adjust the solution to standard volume were both
_kept small to minimise temperature changes arising from heat
of dilution,

A sample of the reaction solution was quickly transferred
to the clean, dry, thermostatted spectrophotometric cell whic?
was then placed in thé light beam of a recording spectrophotometer,
balancad against a reference cell containing similar solvent
concentrations, The reaction was monitored at a predetermined
fixed wavelength until no further chaﬁge in the absorbance of
the solution was apparent, For siudy of the reaction of azulene,
l1-nitroazulene and phencl, a Unicam 8P 700 recording spectr-
-photometer was employed, with lem and 10cm thermojacketed
silica cells, TFer the study of 2-napthol, the measurements
were made in normal lem silica cells set in the thermojacketed
cell block of a Unicam SP 1800 machine,

The gross acidity of each run was determined by titration

against standard alkali, or by pH measurment, where appropiate.
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Backesround Absorptions.

The reactions of 2-nagf¢hol and phenol were carried out
with a large excess ( at least 20x) nf aromatic substrate over
inital stoicheiometric concentration of sodium nitrite, the
concentrations of which were very small (~ 10_4). There was
negligible contribhution to the measured absorbance from nitrous
acid at the chosen wavelengths, and the contribution from the
aromatic was small and constant throughout the kinetic run, Thus,
under the ﬁséudo first order conditions employed, the observed
optical densities were used directly for the computing of rate
coefficients,

The nitrosation of l-nitroazulene was studied under
conditicns of a congtant excess of nitrous acid, but at the
monitored wavelength,the contribution to the measured optical
density from nitrous acld was insignificant, Any background
absorption from the product, at the wavelength at which the
the concentration of l-nitroazulene was monitored, can be accounted

for by employing equ.(8.9),

[é—niﬁroazulene & = t P e e o (8,9

where, 0,D.¢ 1s the measured optical denéity at time(t), m.éEp
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is equivalent fto the optiecal denéity at infinite time, and

€, and Ep are the extinction coefificients for le-nitro-
azulene and the product, respectively, at the monitored wavelength.
Since €4 -Ep is constant, then under the pseudo first order

conditions employed,

[1~nitroazu1ene]t ol O“Dt - O.D.e_‘0 e o o (8,1

and thus the observed optical densities can be used directly
to compute -t.he rate coefficlents,

Similarly, in the case of the nitrosation of azulene , at
the wavelength ( )\mx) for the nitroso product, the azulene
makes a small but measurable contribution to the observed
absorbance, The concentration of the product at time (£) is

related to the measured optical density by equ.(8,11),

[Az.NO]t = 0Dy, - m€_ ... ... (8,21
€, -~ €

p &

in which, m = initial concentration of azulene, Gs = the

extinction coefficlent of azulene at the monitored wavelength (/)\max‘)

and € = the extinction coefficlent of the product,
P
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The Ultra-~Violet Absorption Specfra.

The U,V, spectra of the l-nitroso-azulene;and of l-nitro~
-azulene in 1M HC10,  bave not been previously reported. Detalls
of these spectra are given in TABLES (8,6) and (8,7). Details of
the U,V. absorption spectra of all other products are well
known and in TABLE (8,8) are summarised the details of absorbing
species present in the reaction solutions for all the subhstratas
studied, together with their extinction coefficients at the

monitored wavelengths,

TABLE (8,6).

HC10, _at 18%c,

)\ (nm, > 280 307 350 400
max
1 4,08  4.23 4,02 3.68
og E T &

TABLE (8,713,

U,V, Absorption Spectrum for 1-Nitroazulens in 1M Aquecus HC1OQ./

/5% Ethanol, at 18°C.

;\ (nm,) 221 235 272.5 310-~320 4237
max

log € 4,33 4,31 4,18 4,17 4,19
max
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TABLE (8.8).

UV, Absorption of Species Present in Heaction Solutions,

for Monitored Wavelength ( ;\ Yo
B TR A X
111,112
S t ['u‘ s t] 0, ]
ubstrate substrate| A e (= . € prod. [}ﬂvoz gi{HOz
M. nm, M,
-5 -5
Azulene 10 307 2500 17,000 10 £ 30
l=-Nitroazulene 10 423,7 15,500 4600 10 < 30
113 %) : -5
Phenol : 10 385 - 17,000 10 < 30
114 -3 -q
2-Rapkthol 5x10 380 - 5000 10 <:50‘

Side Reactions,.

No kinetically significant side reaction was encountered
for any of the reactions studied by this method, The products
of the nitrosation of phenol, 2-napthol and azulene were quité
stable under the reaction conditions, and the rate of decomposition
of nitrous acid in these experiments was negligible compared
with the rate of reaction, The initial product of the nitrosation
of l-nitrcazulene 1s oxidised under the experimental conditions
of 100-fold excess of sodium nitrite in 1M HC]_O4 te 1,3-dinitro-

azulene, but since the rate was measured by monitoring the
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concentration of l=nitroazulene, thls pathway does not interfere
with the kinetic analycis, Also, since the nitrous acid is
in 100-fold exceuns, the order with isspsct to nitrite is unaffected
even if nitrous acld is involved in the oxidatlion reaction,

In the runs carried out in falrly concentrated mineral
acid selutions, there occurs a fast loss of about 5% to 10% of
the original nitrite concentration on initial addition to the
reaction solution, However, since this loss is known to occur
during initgal addition and shakinglll, and since there 1is no
significant subsequent loss of nitrous aclid during the reactioﬁ
time, this initizl loss is kinetically insignificant under the

first order conditions employed,

Calculation of Rate Coefficients,

(i} For 2-napthol, the data refer to the pseudo first order

stoicheiometric coefficient (El) definod by equs,(8,12) and

(8,13,
~0
Rate = Ky CNaNOz) o o o «(8.12)
= -0
kl = k2 (2-napthol) e o o . (8.13)

Under the pseudo first order conditions employed, the intefpgrated
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form of equ,(8,12) can be expressed in terms of the measured

optical densities and the data plotted according to equ.(8,14).
ky t = =2,203 log (A~ Ap ) +a constant cos(8.14)

where At and A, are the measured optical dencsities 2t time

(t) and (9°) respectively.

(11). The data for the reaction of phenol in concentrated acids,
refers to the pseudo first order rate coefficient (k;) defined

by equ.(8,15) and equ,(8.,16),

Rate = k; [mo,] c e e e el (8.15)

kl = k2 phenC’l] * * 8 o e » 0(8016)

and k; is obtained from the intefgrated form of equ,.(8,15)

expressed in terms of the optical density as in equ,(8,17),
k, t = -2.303 log (Ap =~ A ) + a constant (8.17J,

(111), The data for the nitrosation of l-nitroazulene refer to
the pseudo first crder rate coefficient (kl) defined by equ,’
(8.18), the intefgrated form of which can be expressed in

Rate = kl [nitroazulene] * e e o (8-18)

terms of the measured optical density by equ,(8.,19)
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k,t = -2,303 log (A = A ) + a constant ..(8.19)

and ky = RQ[HNO;] e« v e owa. . (8,20) |

(iv) The results for the reaction of azulere refer to the second

order rate coefficient dofined in equ.(8,21), calculated by
rate = I, [azulonél{HNoé] e o s o« (8,21)

by employing the intefprated form sbhown in equ.{(8.22), in which

-k, t = 2,303 5 log (& - x) + a constant (8.22),
(@ = bl (b ~ x)

a = initial nitrous acid concentration,'b = initlal azulene
concentration, and x = concentration of procduct at time t
calculated from the measured optical density by equ.(8,11J.
In all cases, the rate coefflcients were calculated
from the slopes of linear plots of the Jdata according to the

relevant equation outlined ahove,

Tynical Hinetic Runs,

Four typical kinetic runs folilowed by the direct spectrc-
~photometric method are detailed in TARLES (8.9) to (8.12) ;

these are representative of the variocus conditions employved.



TABLE (8.9),

Nitrosaticn of Azulene Followed by the Direct Snectro-

-photometric Mathnde

Run__ 36,
-3 -5
HCl0, = 107K Initial[azulene] = 4.64 x 10 M,
o -5
t = 14,5°C, Initial{mvo,] = 8.00 x 10 M,

100% reaction corresponds to an optical density at 507 nm,
i

of 0.886 in a lcm. celli,

(5
Time O.De l()x[ﬁz.NO] % reaction Ky
-1 -1
(nins,) at 307nm. Mo l.mnle.sece
1 0,233 0.75 taken as ty -
2 0,339 1.38 29 43,0
3 0,423 1.88 40,6 43,1
4 0,490 2.28 49,1 43,4
5 0,556 2.67 54,5 46,5
7 0,035 3.14 67 G 45,8
2] 0,692 3.49 Y752 46,1

11 0,731 3,71 80,0 45,1

<o 0.886 4.63 100 -
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TABLE (8,10).

Nitrosation of Phenol Feollowed by the Direct Spectrornhntometric

o A FIILT A kAl

Mp.g_q.
Run 408,
-4
{H,50,) = 10360, [Phenot] = 1.00x 1074,
-6
t = 0%, Initial{mo,)] = 5.0 x 10 M,

100% reaction corresponds to an optical density at 385 nm,

of 0,63 in a 10cm, cell,

Time CJD, % reaction 1032 ky
(mins) at 385nm, se;l. .
1 0,260 taken as t, -

2 0,337 18 3,87

3 0,396 35 3,82

L 0,443 48 BISTA)

5 0,488 59 3.99

G 0,522 68 4,11

7 0,550 76 4,05

8 0.5G8 82 4,26

: -3
Mean value of kl = 4,0 x 10 sec .



232,

TABLE (8.12),

Nitrcsation of 2-Napkhol Followed by the Direct Spectro =

~photometric Method.

Run 502,

-3
1,78 x 10 M

i

pl = 2.82 [2-vaptnol]

[

7 x 10 "M,

[aco™] = 0,02u Initial (NaNO,)
t = 25.0%,
106% reaction corresponds to an optical density at 38unm,

of 0,328 in a 1lcm. cell,

Time 0.D, % reaction 103x El
nins, at 3850mm. sec-l.
2.0 0,080 24.2 taken as t,
2,5 0,107 32,9 3,92
3.0 0,130 40.4 3,76
3.5 0.150 46,1 3.71
4.0 0,170 51.8 3.76
5.0 0,202 62,3 3.65
6,0 0,225 68.8 g 3.57
8.0 0.260 81,1 3.60

10,0 0,285 80,2 367

R 0,328 100 -




233,

TABLE (3,12),

’n,]
Nitrosation oﬁ_g:lhﬂl ~l-nitroazulene Followed by the Direct

Spectrophotometric Method.

Run 24,
-5
{HClO;l: 1 .04M Initial [.}-Nitroazulene] = 6,0 % 10 M
o) -3
£ = 25,0 Ce Em°2] = 2.90 x 10 M,

100% reaction corresponds to an optical density at 427.5mm,

of 0,276 in a lem. cell,

Time 0.D. 102 nitroazulen%l % reaction 10%: ky
(mins) at 427,.5mm, Mo scc—l. '
5 0.88¢ 5,60 6,7 taken as tg
15 0,777 4,58 23.6 3.36

25 0.686 3.75 37 .5 3.36

35 0,611 3.06 49,0 3.37

50 0.536 - 2,38 60,4 3.18

60 0,498 2,03 66,2 3,08

70 0.455 1,64 72.8 3,18

80 0,424 1.35 "77 .58 3.16

20 0.389 1,03 82,9 3,15

100 0,378 0.93 87.7 3.14

oo 0,276 0.00 100 -
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Precision of Rate Cosfficients Determined by the Direct

Spectrophontometrig NMethod,

The rate coelficlents measured hy this method were

reproducible to better than 5% in all cases,

3.Kinetic Method Employing Sealed Amunoules,

The nitresation of benzene and its hexadeuterio iscmer
were carried out in 12M sulphuric acid, at which acidity the
nitrous acid is completely converted into the foxm of NO+. ‘
Since decemposgition of nitrous acid probably proceeds by atiack
of the NO* ion on molecular nitrous acid, under these conditilons
the nitrous acid solutions are therefore quite stable, However,
at the eclevated temperature used in this investigation, it
is necessary to further reduce unproductive loss of nitrous
aclid by carrying out the reactions in sealed tubes, This also
prevents loss of the volatile aromatic substrate during the
reaction,

Ampoules of volume approximately equal to 12ml, were
prepared by constricting the necks of clean 'Pyrex' test tubes,

The reaction solution was prepared in a 100nl graduated flask,

A warm mixture of the reguired amounts of benzene, 98% HoS0,
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and a small volume of distilled water was shaken thoroughly

to ensure complete solution of the benzene, and then cooled to
0% in an ice bath for 30 minutes. A Bml aliquot of an aqueous
stock solution of sodium nitrite at 0°C was introduced into
the flask and after making the contents up to the graduation
mark with water, the flask was shaken thoroughly, A sample

of the reaction solutlon was analysed at this point by U,V,
spectroscopy for benzene concentration., 10ml aliquots of the
solution were distributed into the ice-covled ampoules, which
were sealed with 'Parafilm' and cooled in liquid nitrogen.
The remaining solution was again analysed for benzene to ensure
that an equal concentration of reactants had be¢én introduced
into each ampoule,

The ampoules were then sealed with a blow-torch and brought
to 0°C by immersion in an ice-water bath. The tubes were then
immersed totally in a temperature controlled bath at 52.900,
and after a period of & minutes each tube was inspected carefully
for homogeneity of the contents, At timed intervals, an
ampoule was removed from the bath and opened after cooling to
OOC, and the contents analysed for nitrous acid by Shinn's

method,as described earlier.,” The U,V, spectrum of the reaction

&



solution wasg scanned for analysis for both benzene and product,
The acidity was determined by titration of aliquots of the
contents of two or three of the ampcoules against standard B.D.H.

alkali, using methyl red indicator.

Side Reactions.

No evidence was found in the U,V, spectral analysis of the
reaction solutions for any .kinetically significant side reaction,
However, the rate of spontaneous nitrous acid decomposition
is significant under the reaction conditions, despite the
precautions taken to prevent this unproductive loss, Full account
was taken of this process in the kinetic analysis, by independent
measurement of the rate of decomposition under identical
conditions except for the absence of benzene, The decomposition
rate 1s known to have an approximate first order dependence

37,108
on nitrous acid concentration s for at least 70% reaction,

Calculation of Rate Coefficients,

With a large constant excess of henzene over the initial
concentration of nitrous acid, the rate of disappearence of

nitrous acid +to form products follows the rate law in equ.(8.,23).

- ¢l HNO
.Ei.%...el =k, [mo,] eenee. (8.23),
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However, superimposed on this rate is the spontaneous
decomposition process which follows the rate law of equ.(8,24),

although the-relationship is not exact,

~almo,] _

i k* [mio, ] N € 18 XD
at

Thus the total observed rate of disappearence of nitrous acid
can be expressed as the sum of equs.(8.,23) and (8.24) as in
Gl{u ® (8..25).

-1 -
= g} NG,
,Z.E,.l_é = (kl + k‘) T U C I

k, [m\:oz._\ e o o o o (8,26)

In this way, the pseudo first order rate coefficient (k;) for

the reaction can be computed from the observed coefficients
. .

k, and k . The sccond order rate coefficient (k,) is then

calculated from equ,(8,27),

k = kz{ﬁenzené] : e o o (8o27)

Precision of the lMeasured Rate Coefficients.

The rate coefficients for reaction of benzene determined
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hy this method are subject té¢ rather high error due to the
non exact nature of the rate of decomposition of nitrcus acid,
The caleulated pscudo £irst order coefficient (kl) are accurate

to about Ky 20%.,

(B). Analysis of the Products of Reaction under the Experimental

l. Nitrosation of Azuleng,

Nitrosation of azulene at the l-{or equivalent 3-) position

115
is well known  and past workers have isolated l-oximino=

azulenium perchlorate (I) as the exclusive produict of the reaction

116
of azulene with nitrosvl perchlorate o However, the free

cio,
N

() Py 2

l-nitroscazulene was reported to e too unstable to be purified,

and indeed attempts to isolate it in this work were unsuccessful,

-“

J
In the extremely dilute solutinns employed nere (~ 10 i), the
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conjugate acid appeared quite stéble. Ultra~Violet spectroscopy
of the reaction solutlon showed a geod isobestic point at 290nm,
and no evidence ¢f any further reactlon was seen, Spectral
analysis of the product is detailed below, based on the initial
stoicheiometry cf azulene,

TABLE (8,13),

- 0
UeV, Spectrum of l-nitroso-azulene in 10 M HC1Q4, at 18 C,

P\ max(n' m) 280 307 350s 400

log € 4,08 4.23 4,02 3,66
max ¥

2, Nitrosation of l-Nitroazulene.

Repeated atteumpts to isolate the product of nitrosation
of l=nitroazulene proved unsuccessful, T,L.C. analysis of an
ether extraction of the reaction solution showed a single,
yellow highly polar - product which darkened to an intractable
material on removal from the plate, However, the U.,V, spectrum
of the reaction solution in 1M HClO, and excess nitrous acid
indlcated that the product under these conditions is 1,3-dinitro-
-~azulene, The U,V, spectrunm of the reaction solution after several
half lives, and after destro?ing the excess nitrous acild with

urea, shows peaks at 240, 300~-310 and 380-320 nm, The literature
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. 117
U,V, spectrum cf 1,3-dinitroazulene in ethanol is:

log € 4,17 4,40 4,47 4,138 4,14
max

It is therefore assumed that the initdal product of nitrosation
of l-nitroazulene ig le-nitro-3-nitrosoazulene, which is

oxidised by the excess nitrous acid and HCL1O to the 1,3~

4
=dinitroazulene, It is known that the nitration of l-nitroazulene

73
yields exclusively 1,3-dinitroazulene and this supports

the evidence for exclusive nitrosation at the 3-position,

3. Nitrosation of Phenol,

The product of nitrosation of phenol in 0.2M H,504 has
) 118

been reported to be at least 95% p-nitrosophenol » the few
remaining percent arising from ortho substitution, The % para
substitution was checked here over the complete acidity range
of the kinetic runs, Thin layer chromatography and U,V, spectral
analysis and comparison with authentic p-nitrosophenol
indicated that the yield of para nitrosophenol is > 90% in

all cases,

4, Nitrosation of m-Hydroxyphenylacetic Acid, and the Methyl Estexz,

Similar experiments were carried out on m~hydroxy=-

-phenyiacetic acid and its methyl ester, as for phenol, and

[
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in both cases, :> 95% of one single product was found, with
a U, V, spectrum almost identical to that of the p-nitrosophenol,
Thus the product in both cases is the expected nitroso - phenol
substituted para to the phenclic group. The chserved U.V,
spectra for both compounds was @ A 303, log Qmaxsfl.Z at

119
pH = 4,(Literature U.,V, for p~nitrosophenol ;\m 302, log GEHF:

4,23 at pH 3,8)

5.Nitrosation of 2-Napkhol.

Nitrosation of 2~-naphol with nitrous acid in acetic acid
4% §120

has been reported to yield exclusively 1l-nitroso-2-napthol .
This result was confirmed for nitrosation of Z=-napthol over
the complete range of acidity studied, by t.l.c. analysis and
U,V, spactral analysis and comparison with an authentic sample
of l-nitroso-2-napthol, Observed U,V, spectrum of reaction
solution at pi 1 to pH 5: A 380 My log € .= 3.7, based
on stolcheiometry of nitrite. The spectrum of the product
isolated from reaction at pH § with excess nitrous acid gavej;
)\ Etou 114
270, 370 nm, Literature U,V, for l-nitroso-2-napéhol .
max

H,O EtQH
151 A2 320(2,7) 3 A 260(4,12), 272(4,0), 3706(3,7),
max . max

6, Nitrosation of 7-lydroxy-l-Napihole Acid,

Telecs analysis of the reaction solution of 7-~hydroxy-
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-napthoic acid with nitrous acid,in acetic acid buffers, shows
the formation of one exclusive product with an ultra-violet
apectrun identical to that of l-nitroso-2-napkhol, It is
concluded that the sole product is the expected 8-nitroso-

7~hydroxy-l—napkhoic acid,

7. Nitrosation of Benzenag,

With a 100xfold excess of benzene over the initial
nitrous acid concentration and in sulphuric aecid, as in the
kinetic experiments, the product of the nitrosation of benzene
was identified as nitrosobenzene by comparison of its UV,

121
spectrum with that of an authentic sample of nitrosobenzene

in 12M H 804. UV, maximum for both solutions in 12M stO

2 4

is )\maXSIO nm, That the sole product was nitrosobenzene was
confirmed by t.l.c. analysis of an ether extract of a scaled
up reaction, and comparison with an authentic sample. With
excess nitrous acid in 12M H2504, appreciable amounts of
nitrobenzene were obtained presumably from the oxidation of
the initially formed nitrosobenzene by the high concentrations

+ 122
of NO present.

8, Nitrosation of para-Cresol.

U.V. analyslis of the kinetic reaction sslution after
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about 10 half lives showed the presence of 2~nitro~4-methyl-
phenol, Thus, the observed spectrum based on the stoicheiometry
of added nitrite is:

n dilute M710, at pH=2, basified with NaOH 4o pH 14

A 275 370 430 n.mn,
max
1ogE§max 3,70 3,32 3,45
123 Ho0
(Literature U,V, for ortho-nitro-p-chloro=phenol; ;N 275

max
NaOH
(3,72), 370(3.35); ;\ 427(3.50)3,
max
Telezce analysis of the reaction carried out with excess j-crescl,
=2 3
excess nitrous acid, and at several acldities between 10 and
SM HC10,4 indicates one single product in all cases, Comparison

with an authentic sample of o-nitro-p-cresol confirmed this

as the exclusive product under all conditions,

9« Nitrosation of Para-Chloro-and Filuoro~ Phenols,

U,V,. spectral and t.l.c. analyses of reaction solutions
for p-chloro and p-fluoro pherols in HC10, shows the exclusive

product to be the ortho- nitro-para-halophenol, by comparison

with authentic sample of o=-nitro-p-chlorophenol,

Observed U,V, spectrum for both phenols, based on stoicheiometry

of added nitrite: at pH 1 (HC104), ;\max 275 ym,(3,80), 370 ma,

(3.46); at pH 14, }\nmx 430 (3.6%),

JI20
Literature U/ V,.spectrum for o-nitro-p-~chloro-phenol} ;\ 275(3,73%

max

,
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3 pH 12 3

363(3.43); 427 (3,65),

max

10, Nitrosation of p-Nitrophenol,

The ;eaction was too slow under the conditions of the
kinetic experiments to allow convenient analysis of the product,
However, reaction of p-nitrophenol in 7M HClO,; with excess
nitrouc acid in a sealed tube at IOOOC foxr one month gave
appreciable yields of 2,4~dinitrophenol as the sole detectable
product. The preduct was identified by U,V, analysis of the

reaction solutiong

Observed U,V.spectrum ; pi 1 , Amaxzsz, 300 nm,
H 13 226, 258, 362 nm
E ;‘max ’ s o
124 P
(Lit, for 2,4,-diritrophenocl: _261(4,13), 300(3,97);
max .

A NaOH
e 226(4,01), 258(3.86), 358(4,17)e),

The product was also confirmed as 2,4-dinitrophenol by t.l.c.
analysis of the reaction solution and comparison with an

authentic sample,

il, Nitrosation of p~Cyanovhencl,

By analogy with all the other p-substituted phenels,
the product of nitrosation of p-cyanophenol under the reaction

conditions is assumed to be o-niiro-p-cyanophencl, T.l.c.
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analysis of the reaction solution established that the p-cyano-
~-phenol was quite stable under the conditions of the kinetic
experiments, and that no hydrolysis of the cyano function was

occurring,

Concerningz the Product of Nitrosation of p-Substiﬁg&gﬁ Phenols.

The observed formation of ortho~nitro products from the
nitrosation of p-substituted phenols in aqucous BCl0, solutions
is not an unexpected result, since the oxidation of orgho-nitroso

39 .
phenols is known to be extremely facile . In order to confirm
this under the kinetic experimental conditions, authentic
samples of ortho~nitrosc-p-crescl and oyxrtho-nitroso=p-chioro=-
-phenol were prepared by the method of Cronheimsg. On dissoclution
of the former in distilled water, U,V, spectral analysis
revealed appreciable oxidation to the nitro counterpart. Both
compounds were completely oxidised to their ortho-nitro
counterparts on brief contact with very dilute HClO4 solutions,
Thus under the kinetic reaction conditions of 6.8 HC1l0,, the
initial nitroso product will be oxidised immediately on formation,
by the solvent acid,

The nitrosation of two-other p-substituted phenocls were

briefly studied, but fourd to be unsatisfactory for kinetic

study Lecause of rapid displacement of the para-substituents by
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nitrous acid,. Thus p~bfomophenoi cn reacting with nitrous acid
in 6.8M HC1O,4 rapldly gives a brown colouration and substantial
amounts of p-nitrophenol were isolated from the recaction
mixture,

The reaction of p-methoxyphenol with nitrous acid was also
observed to result in the displacement of the methoxy group,
This reaction has been reported recently to give poor yields
( 4% ) of 4-methcxy=2-~nitrophenol and p~benzoquinone12? but
p=henzoquinone formation was much nmcre extensive under conditicns
used in this work, Thus at 0°C in 2 to 5M HC10,4, the rcaction‘
of p-methoxyphenol with excess nitrous acld yielded quantitative
amounts of p~benzoquinonc, as seen by U,V, spectral analysis
of the reaction solution, At lower acidities ( pH = 2 - 3),
increasing amounts ( up to 30%) of 4=-methoxy-2-nitrophenol

were detected in the spectra, although p-benzoquinone was still

the major product,

(C). Preparation and Purification of Materials,

'Analar' grade phenol was fractionally distilled under
reduced pressure, and was dried over P,05 in a vacuum desiccator;

f.p. 40,5 C (1it, 40,5 - 41,5 C ), 'Analar' benzene and
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2
[I{]—benzene (Koch~-Light Ltd.) were each fractionally distilled
v . .

20
= . 327 20
and the middle cut taken; benzene, np = 1.5008 (lit, np = 1,5011); °

2 20_ . &
Hgkbenzene , np = 1.,5013 .
.Reagent grade pecresol and p-chlorephencl were each
fractionally distilled twice, and the middle cut vacuuwn dried

o o 128 o
over Py0g; p-cresol f.p, 34°-34.5°C (1it, 347°C.); p-chlorophenol

128
fePo 4300.(1it. 4SOC¢). Reagent grade p-fluorophenol was
recrystallised from petroleum ether (b.p. 400—60°C.) and dried
0 o 130 o
under vacuum; m.p. 47.5 —-48 C,.(lit. 48 C.,), Reagent grade

p=cvanophenol and p-nitrophenol were each recrystallised

repeatedly from water and vacuum dried over P205: p-cyanophencl

o . 131 o . o o 13z
mepe 113 ¢ (lit, 113°C.); p-nitrophenol m.p. 113 =114 C,(1it,

o
114 Co),

Reagent grade Z-nahol was crystallised repeatedly from

133
water and dried under vacuum over P,0g, mep. 124 C, (1it,

o o
123 ~124 C,J, 7~hydroxy=l-naptheic acid was prepared by the

134
method of Royle and Schedler  and recrystallised from wator

0 134 o} o
with charcoaling, m.p. 253 ¢ ( 1it, 253 - 254 C,),

Reagent grade pzulene was recrystallised from ethanol

o 135 © _ o
and dried under vacuum over P,On, m.p. 99 (1it, 98,5 ~99°C,)
l-nitroazulene was prepared by the method of Andersen and his
73 . ' . .
coworkers y and recrystallised from dichloromethane/petroleun

' 0 73 0 0
ether, m,p, 107 C,(lit, 106 ~107 C.),
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n-Hydroxvphenylacetic acid supﬁlied by Ralph=-Emmanuel Ltd,

o 138 o o
was recrystallised from water, m.p. 132 C (lit, 131°-134°C,).

The methyl ester of m~hydroxyphenvlacetic acid was prepared

by refluxing the acid in anhydrous methanol, with 3% H2804 a8
catayst, for 30 minutes followed by neutralisation and ether
extraction, The ester was purified by fractional distillation
o 20 y
under reduced pressurej b.p. 134 C, at O,8mm/lig, np = 1,5311;
+ -1 -1
MT =166, I.R, := 1720, 1100 cm ~( ester Y -C=0), 3400 cm
(phenoliec ~0CH),
g:ﬁzﬂ;l:i:giggpazulene was prepared by stirring a
homogeneous mixture of l-nitrcoazulene(0,5¢g), DyS0, (10ml, 100%
D,0 (10ml) and sodium dried ether (10ml.) for 24 hours at
room temperature, After neutralisation and extraction with
ether, the nitroazulene was purified by crystallisation from
o
dichloromethane/pet,.cther, m.,p. 109 C, N,m.r. and mass spectral

analysis revealed 100% exchange of the 3-proton for deuterium,

2
1.3~£ H;1~azu1ene was prepared in a similar way, again with 100%

deuterium incorporation in the 1,3-positions,
o) 7
The 4-L H,3-phenol used was that prepared by A.J.lawson
from p-bromophenol by a Grignard reaction. Tho compound was

80% pure with respect to isotopic label in the 4-position,

2
g16~[ H;&-p~cresol was prepared by heating the normal
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compound dissolved in D0 (Koch-Light Ltd., 99.7% d) at pH = 9,
in a sealed tube at 100°C. for 9 days. After neutralisation
. [27
and extraction with ether, the szwp-cresol was purified
20

as for the normal compound, np = 1.5310, Mass spectral analysis

showed - 69% incorporation of deuterium in the 2,6-positions,

2,4,6-[?H;1-S-hydroxvnhenylacetic acid was prepared by
heating the normal compound in D20 at pll = 1C in a sealed
tube at IOOOC for 2 weeks, After normal work up, the product
was recrystalliised from water., Mass spectral analysis revealed
98% incorporation of deuterium in the 2,4,6-positions, The

methyl ester of the 2,4,6~‘?H;1-substituted acid was prepared

by esterification of the deuterio-acid as described for the
normal compound ., Masg spectral analysis revealed no loss

of deuterium from the value of 98% for the acid,

1—[2H£]-2-naﬂthol was prepared by heating the normal
compound in D,O at plf = 12 in a sealed tube at 200°C for 9
days. After neutralisation and filtration of the precipitated
napthol, this was recrystallised from boiling water, Lass spectrél-
analysis revealed extensive deuteriation in all four reactive
sites of the 2-napthol, but complete absence of the undeuteriated
molecular ion. The l-proton has been reported to exchange

137
exclusively under milder conditions , thus it 1s assumed that



the prepared d-uapthol is 100% deuteriated in the l~pnsition,

8—[2H;X~7ahydroxy~1-nag§hoic acid was prepared as
for the deuteriated 2-napthol, but at lOOOC° The product was
recrystallised ﬁrom water, m.p.254°C.Mass spectral analysis
revealed 88% exchange of the 8~proicn for deuterium,

*Analar' grade sodium nitrite, sodium acetate, sodium

chlorida , and gsodium perchlorate were dried in a vacuum

desiccator and used without further purification. Perchloric

acid (72 wt%), sulphuric acid(98% wt.), phosphoric acid (90 wt.%)

and acetic acid were 'Apnalar' reagents and these were uszed witﬁout
further purification. Standard solutions were prepared by dilution,

Deuterium oxide was supplied by FKoch~Light Ltd, and

Protochem (both 99,7% isctopic purity), That used in the
azulene nitrosation study was purified by distillation from

a few crystals of potassium permanganate, Otherwise, it was used
as supplied,

Deuteriosulphuric acid'(DOSO4) was prepared by distilling

freshly prepared sulphur trioxide into Dy,0 after the method

138
described by Challis .

All other reagents used were of the best available grade.
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