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Abstract

The mechenistic investigations of certain electrophilic
substitution reactions are briefly reviewed, with particular
regard to C-nitrosation of aromatic substrates.

The kinetic principles of the investigation are then
outlined,

An account of the C-nitrosation of a series of indoles in
dilute aqueous acid is reported, in which nitrous anhydride,
nitrosyl chloride, and the nitrousacidium ion are each deduced to
be active electrophiles. 4&n uﬁusual change in the rate-determining
step on veriatiod of the basicity of the substrate is ascrited to
the diffusion-controlled nature of reaction, when the reagent is
either nitrosyl chloride or the nitrousacidium ion.

The nitrosation of both phenol and anisole in more concentrated
acid are then reported, and the results interpreted in terns of a
dienone intermediate in the case of vhenol. The nitrosoniun ion
is demonstrated to be an active nitroseting agent.

Further studies are presented on the reaction of less reactive
aromatic substrates with the nitrosonium ion, and the conclusion is
made that the trensition state of the aromatic C-nitrosation .
reactions generally involves loss of a proton from the Wheland

intermediate o the solvent.
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PART I,

INTRODUCTION



CHAPTER I .

THE HISTORICAL SURVEY,

Q). AROMATIC ELECTROPHILIC SUBSTITUTION,

The scope of this section will be limited to a brief
presentation of the general features of some of the large
range of electrophilic substitution reactions, A very
detailed account of the history and conclusions of kinetic
studies of aromatic halogenation and nitration has been

written in recent years by De la Mare and Riddl

2
later review, by Norman and Taylor, covers other electrophilic

s While a

substitutions in addition to those described by De la Mare
and Ridd, A comprehensive review, by Berliner, in 1964 ,

deals with the more theoretical aspects of the reaction,

A typical reaction, involving a general electrophﬁle

designated E' , is shown in FIGURE, (1.,1),

+ L _Ifi +
E + . )v—— “I'Y
(i -
v Fy E

FIGURE (1.1).
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Generally, though not exclusively, Y (FIG,1,1), represents
a hydrogen atom, The intermediate (i) has a finite existence,
glbeit very transitory in most cases, Either k, or k; may
be effectively rate controlling in most reactions, In.the case
where Y represents a hydrogen atom, the rate-determining step
can usually be defined by comparison of the observed rate
of reaction in substrates substituted with isotopes of
hydrogen, A rate determining carbon/proton bond fission
usually occurs between two and seven timés faster than the
correspondiné carbon/deuteron bond fission,

Some reactions appear generally to involve a&
rate-determining k, , others a rate-controlling k, ,

N

It seems” that the criteria for this distinction are connected
with the reactivity of the electrophile used, Thus, the more
reactive reagents, (eg, the nitronium ion and the hypobromous~
acidium ion ,) generally involve fast proton loss from the
intermediate , while in less facile reactions, (eg.iodination )
and diazo coupling), the proton loss is often kinetically

slow, Moreover, the nature of the aromatic substrate may

also determine the rate-controlling step, particularly if the

intermediate (i) becomes sterically crowded .
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In this case, k_i is increased relative to k, , resulting
in a rate-limiting proton loss from the intermediate (i) ,
Much interest has'centered in the past on the
exact nature of the electrophile, E' , in a variety of
related reactions carried out in agueous solvent acid, In
the general case , the reaction is accomplished by a solution
of the typical acid, HOE , in mineral acid,such as HClO, ,
In theory, such solutions may contain several possible
electrophilic agents generated from the éompound HOE by
protonatioq.«
eg. HOE + HY = H, 0B —= E + Hy0
Attempts to ascribe the electrophilic reaction to either
HQOE+ or E+ have met with mixed success :
In nitration, the nitronium ion has been shown6 to be
the active nitrating agent over a wide range of conditions y
while no convincing evidence for the nitricacidium ion,-
(H,0N0.") , has been presented,
In halogenation , via an acidified solution of the

7

hypohalous acid , the position is not so clear, Barly

evidence indicated that both the hypochlorousacidium ion,
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H,0c1" , and the chlorinium ion , Gl ,are effective electro—

philes generated by theaction of mineral acid on agueous

- solutions of hypochlorous acid, Objections have been

raised8 , however to this conclusion , on the grounds of

thermodynémic calculations of the likely concentrations
of these species in solution, Indeed,-it has been suggested9
that the necessary presence of silver salts in the original
exper;mental conditions interfere with the reaction path
by forming a species AgClz+ , and hence ﬁreclude any
meaningful déductions on the nature of the electrophiles
in solution ,
The analogous reactions of the species generatéd by

the acidification of hypobromous acid have been studiedlo
in an attempt to distinguish between H20Br+ and Br+‘as
reagents, Acidity function correlation did not provide a
definitive result,

Aromatic iodination , furthermore, has been observed

to involve a large primary isotope effect11

sand consequently
the nature of the iodinating species cannot be easily

ascertained by acidity function correlations,
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’

12
Recent work, in fact, on the iodination of indoles, has

-indicated that the active agent in agueous solution is
*molecular iodine , a conclusion earlier proposed by Grovenstein
and coworkers .13
The uncertainty as to the electrophilic agents in
halogenation is mirrored in the analogous nitrosation reaction,'
Nitrous acid reactions, in principle, shouid have proved the
most tractable of all electrophilic reactions, since more
data is known for the nitrosonium ion and its derivatives
than for any of the series of electrophiles mentioned above,
The nitrosonium ion is readily 14 formed in concentrated
mineral acids, has a measurable ultraviolet absorption

15 16

spectrum , has a known pKa , and the concentration of the

species has been shown to follow the HR acidity function17 .

Nevertheless, as is discussed in the next two sections below,

separation of the reactions of the nitrosonium ion (NO+) s '

and the nitrousacidium ion,(H20N0+) s, has not been achieved

with any certainty,
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B). NITROSATING AGENTS FROM ACIDIC NITROUS ACID SOLUTIONS. ,

The nature of the wvarious nitrous species generated
from'aqueous nitrous acid , and the effective role of each
species in many electrophilic reactions , have been reviewed

18, 19. In this section, only a brief

in recent years,
summary of these conclusions , with mention of more recent
relevant work, is presented, Reference to the excellent

review of Ridd 18, in particular, will present a clear account

I
of the complex nature of the problems and findings in the

reaction of nitrous acid with amines, prior to 1961 ,

An ageous acidic solution of nitrous acid may contain ,
(in various proportions depending on the exact composition of

the medium, ), the possible nitrosating agents shown in TABLE

¥

(L.1), Also shown in TABLE (1,1) , are the conditions
which generally favour the predominance of the individual

agents,
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TABLE (1.1)

REAGENT CONDITIONS
HNO, low acidity;

low nitrite conc,s ,
N50g low water activity;

high nitrite cone,s,
NO,Hsl, high acidity;

high conec,s halide ion,
H,0NO" high acidity.
No™* , high acidity;

low water activity,
NO,X high acidity;

high cone,s of X~

X~ represents acetate, phthalate, nitrate
and thiocyanate ion,

The individual agents can each be regarded as carriers of tye
nitrosonium ion , and an order .of reactivity as electrophilic
reagents can be proposed on the basis of the basic strength
of the moiety bound to the ion , Such an order of reactivity

is shown in FIGURE (1.2).

no* yNofH,0 )y wotci™y motwo,” y Notwo,™ y woToae™ yy NoToHT,

FIGURE (1.2).
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The theoretical order of FIGURE (1,2). is in good agreement
with the results observed in electrophilic reactions of
nitrous species, The relative importance of each agent,
however, depends on both the reactivity of that species,.
and the absolute concentration which it holds in solution
under the conditions used, Thus, the most powerful nitrosating
agent, the nitrosonium ion , is believed to contribute to
only a negligible extent in reaction at low acidity, .
because this species is not present in solution to any great
degree, Similarly, molecular nitrous acid, the weakest
electrophile in the series, does not nitrosate‘even the most

reactive amines,}although this reagent is always the major
nitrous component by far at low acidities,

The identity of the active electrophile gnder
a particular set of conditions can usually be determined by
examination of the rate equation which governs the reaction,
since each reagent has a specific kinetic form, as is illustrate
below, in CHAPTER II, A knowledge of the pre-equilibria
governing the concentration of the nitrosating species,
therefore,enables molecular rates to be calculated,
Molecular rate-coefficients for the various nitrosating species
are directly comparable, since corrections for concentration
and acidity effects are inherent in the calculation of the
molecular reagent,

An analysis of this type breaks down, however,

when applied to comparison of ﬁhe nitrousacidium ion and

A “~



- 20 -

the nitfosonium ion, These two species present identical

rate expressions. in reaction, Furthermore, no information is
available on the pre-equilibrium which controls the concentratio
of the nitrousacidium ion in solution, although the analagous
pre-equilibrium for the nitrosonium ion is well defined.16'
Nevertheless, a corre1ation of fhe rate of reaction with
gcidity functions , as disscussed below in CHAPTER II, was
believed to be a possible method of separating the roles

of these two distinct reagents, Acidity functions could not
be successfully applied, however, in the study of amine
nitrosation in moderate solvent acidities, since a reaction

20
path was observed which involved the conjugate acid of the

J
amine , and in which the transition state could be a
proton transfer to the medium, if the solvent acidity were

2k

sufficiently high, Similar limitations were observed in

the study of the reaction of nitrous acid with hydroxylamines, -2
with the additional possibility of nitrosation occurring at
Oxygen, involving a potentially slow rearrangement in this
reaction, Such complications make acidity function
correlations difficult to interpret, particularly when the
rate-determining step was not known with certainty,.

In a study¥ of the ntrosation of benzamide,‘however,

25 assumed that the rate-controlling stage

Ladenheim and Bender
of reaction involved the initial nitrosation of the free amide
substrate, with no reaction proceeding through the amide

conjugate acid,
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Correlation of the reaction rate with the acidity function

Hp

the active species in moderately concentrated acid,

indicated to these workers that the nitrosonium ion was

Hughes and Stedmanzu, however, studying the nitrosation
of acetamide, reinterpreted Bender's data, and concluded that
the nitrousacidium ion was operative in the nitrosatioa of both
benzamide and acetamide at moderate acidities, although in
higher acidities a change in the rate-determining step was
possible,

In neither of these studies of amide nitrosation,
however, was any acgount taken of the possibility that
reaction may occur vig nitrosation at the Oxygen atom,with
a potentially.slow rearrangement of the fragment NoT to the
amide nitrogen, Such a mechanism can be declared to be
generally operative in the reaction of electrophileé with
amides.25
Considerable uncertainty exists, therefore, in the
nature of the nitrosating species in modergtely concentrated
solvent acid, At low acidities , however, the nitrousacidium

Y

ion has been shown conclusively to exist as a nitrosating agent.

In particular, the results of studies of oxygen exchang626
between labelled nitrous acid and water have excluded the
nitrosonium ion as the active , positively charged electrophile
in dilute mineral acid, (pH 4,0 ) , This conclusion was

first proposed by Hughes, Ingold and Ridd27 in 1958, on the
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basis of a compiex but apparently rigourous argument derived
from the results of the diazotisation of amines, catalysed by
the anions moderately strong acids.

Consequently, the.bulk of the results of nitrous
acid reactions to date have been interpreted in terms of the
nitrousacidium ion as the positively charged electrophile,
despite the possibility that the conclusions of Hughes,
Ingold and Ridd may not necessarily apply to solutions of

greater solvent acidity,
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(c.). AROMATIC C-NITROSATION,

The mechanism of the reaction of agueous nitrous acid
with aromatic substrates to yield C-nitroso compounds has been
accorded little attention to date, Indeed, the first recorded
kinetic data of aromatic electrophilic C-nitrosation was
published as recently as 195529'. Prior to this date,
interest in the reaction had centred primarily on the wvarious
preparative methods of proéucing C-nitroso compounds, and on
the properties of the nitroso compounds themselves, In a

30

series of papers in the period 1923 to 1943, for instance,

Hodgson and coworkers prepared a number of substituted

nitrosophenols by direct nitrosation , and speculated on

-

the possible tautomeric forms of these compounds, Blongey,

d 31 that the reaction of certain substituted

]

in 1938, observe
anilines with nitrous acid in concentrated sulphuric acid

produced C-nitroso compounds, and noi the expected diazonium
ions, Aside from phenols and a few indoles, however,32’33'

direct nitrosation of the aromatic substrate was not generally

used as g preparative method for C-nitroso compounds, since



A

- 24 - +

many substrates were found to react very slowly, and many
nitroso compounds react further with extreme facility ,
under the conditions of direct nisrosation,

This latter observation , that many nitroso derivatives
undergo further reaction, doubtless diverted interest for
many years from any mechanistic study of aromatic C-nitrosation
yet, paradoxically, it was this very property which attracted
the attention of Hughes, Ingold and coworkers in the early
1950.3. In a series of very comprehensive studies 3h of the
mechanism of the nitration of aromatic substrates, they
analysed an observed catalysis by nitrous acid in terms of
a special mechanism of nitration , involving prior'
C—nitrosaxiOSS; The nitroso compound so formed was rapidly
oxydised by nitric acid to the nitro compound, with
concomitant regeneration of the nitrous acid, Thus the
kinetic data for many nitrosation reasctions was latent in
the results of the nitration studies, but this was rather
difficult to analyse, due to the contributiqn from a different,

competing process, the "general' mechanism of nitration,

involving attack by the nitronium ion,
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Suzawa and coworkers , in 1955, were the first to
report the rate of a simple aromatic C-nitrosation by agueous
nitrous acid ?9 They established the rate-law: for the

nitrosation of phenol , as shown in egquation (1,1),

rate = k,, (phenol), (HNO,), = = — - = (1,1),
The nitrosation of phenol was studied further by Morrison
and Turney36, in1960, who correlated k,, (eq.1.1), with the

solvent acidity , as m€asured by the acidity functions H0 and

g U6

R s in an attempt to differentiate between the nitrosonium

ion and the nitrousacidium ion as possible electrophilic
agents in the medium of moderately concentrated HCldé.
They concluded that the nitrosonium ion could be excluded
as an active electrophile ,and postulated that reaction
occurred between either phenol and the nitrousacidium ion,
or molecular nitrous acid and the conjugate acid of phenol,

37 sn 1966 , reported studies

Schmid and coworkers ,
of the nitrosation of phenol in more dilute acid , (viz pH 5.0
to pH 1,0 HCl), and found that the kinetic form of eguation

(1.1) was rigourously obeyed at all concentrations of reagents,
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and furthermore that the value of k, was independent of the
bulk concentration of acid , although the observed rate
increased with increasing ionic strength, To explain this
observation , Schmid proposed reaction between molecular
nitrous acid, (HNO,), and molecular phenol, Reaction between
the phenate anion , (PhO” ), and the nitrousacidium ion was
ruled out on the grounds that such a reaction rate would
greatly exceed the limiting encounter rate of the two species-
in solution , For this calculation , Schmid apparently used
thermodynamie fgnctions for the nitrousacidium ion , which
are more commonly associated with the nitrosonium ion.16
The reaction in 70,0 % H,SO, was concluded to procéed via.
attack of the nitrousacidium ion on molecular phenol;
surprisingly, in view of Morrison and Turney's earlier prop-
osals, no justification was made by Schmid for this assumed
mechanistic path. '

Schmid also made no mention,in his conclusions,

. 38

of the earlier work by Ibne-Rasa ,who studied the nitrosation
of 2,6-dibromophenol, and the nitrosodecarboxylation of
3,5-dibromo-4-hydroxybenzoic acid, In a kinetic study of

these closely related reactioné, Ibne-Rasa concluded that

. "
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in the case of nitrosodeprotonation, reaction occurs in a

fast pre-equilibrium between the anion of the phenol and
either the nitrousacidium ion or nitrous anhydride, The
rate-controlling steb, he claimed , was the fission of the
carbon/hydrogen bond at the site of reaction, This conclusion
was justified in particular by the observation,by Ibne-Rasa,
of a large primary isotope effect, kH/kD = 3,6

The nitrosodecarboxylation was shown to pass through the
dianion of the benzoic acid, slthough no new definition of the
active species could be made, in view of the postulétéd _
formation of a quinonoid intermediate, which loses carbon

dioxide in the slow step,

A SUMMARY,
No conclusive evidence has been presented to

define the nature of the active reagents in aromatic '
C—-nitrosation, either at low or high solvent acidity, All
postulated mechanisms are in contradiction in their conclusions
with other existing work, The observation of Ibne—Rgsa 58,

that proton loss may be rate-controlling in a C-nitrosation

reaction, may explain much of the discordancy,since all other
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workers assume a fast fission of the carbon/hydrogen bond,
despite the shrewd postulate of Veibel, 39 in 1230, who
foresaw the possibility of a slow proton transfer in the

case of the nitrosation of phenol,
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CHAPTER II,

THE KINSTIC PRINCIPLES,

&), ACIDITY FUNCTION CORRELATIONS IN STUDIES OF NITROSATION,

The generation of molecular nitrous acid and the

nitrousacidium ion, which are both formed by prototropic
equilibria from the initial sodium nitrité, cannot be the rate
limiting step in any nitrosation reactionuo, since proton
transfer to oxygen is generally a fast process, Formation
of the reagehts’Nzoaland NOClu? however, have been observed
to be slow processes under the correct conditions, In theory,
the formation of the nitrosonium ion may also be rate-limiting,
although this has not been observed, to date,in practice,
The rate-expressions listed in TABLE (é.l) summarise the
kinetic forms found in nitrosation reactions by the various
reagents under suitable conditions, when all reac@ion stages
after the initial nitrosation are fast,

It will be appreciated from a study of TABLE (2,1),
that reaction involving a rate-controlling attack by the
nitrousacidium ion or the nitrosonium ion produces an
identical rate law in dilute acidt It should be possible,
however, to differentiate between these reagents in more

concentrated mineral acid by relating the reaction rate with

the acidity functions H, and H’ué, in the manner described
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in. this section,

TABLE (2.,1).
Reagent Slow step. Rate-law, Comment,
HNO, Attack, v a (8). (HNO,) Reported once” ! *
N,05 Formation, v o (HNOj)2 Well established

Attack, v
NOCl. Formation, v
Attack, v

NO R Formation, v
Aftack. v
H,0NO " Attack, v

"s" pepresents the substrate

o (8).(HNO,)®  Well established
o (H"). (HNO,). (C17)

o (#"). (HNOS). (C17), (S).

a (H+).(HN02), Unreported

o @), (ENOL). (S). |

e (H'). (HNO,). (S).

in reaction,

The activity of the nitrousacidium ion will be

governed by equation (2,1),

8y on0"

In common with other oxygen acids

Ll

s the nitrousacidium ion

can be assumed to follow the ho.acidity function , defined

.

“
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by equation (2,2),

ag* . Iy

fBH+

in which B is the indicator base used to measure the acidity

function,

Combining equations (2,1) and (2,2):~

2No, ¢ eyt -+ Bo

Ka . fB

-—

- == -(2-3)-

4, on0™

The Br¢nsteﬁ rate~expression for a rate-controlling attack
of the nitrousacidium ion on the free base form of the substrate
(s), is shown in equation (2,4),

& +, a
rate =k, H?ONO* S .- (2.4)

g

Combining equations (2,4) and (2,3) :—

k., (S), (HNO,). T « fo o Tyt o )
Ka fB . T .

Provided that the activity -coefficient ratio is independent
of the medium, and in conditions such that the nitrousacidium

ion does not constitute a major part of the total nitrous acid
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species, equation (2,5) reduces to equation (2,6),
rate = ks, (8).(HNOg).h, —— - - = — (2,6).

The experimentally observed rate-coefficient is defined by

equation (2,7).

rate = kg, (8), (HNO;) = ==00Z- == = = - (2.7).

Thus , if the nitrousacidium ion is the active reagent, the
rate-~coefficient 'iz (equation 2,7) , should be related to

the acidity function hy by equation (2,8),

/

kg (s ho ------ (208)0

16

The nitrosonium ion, however, has been shown to follow a

different acidity function, hR s defined by equation (2.9).

ag*t « fpoy

hR e e (209)0

aHgO o fR+

where ROH 1is the indicator used to measure the acidity
function, By an entirely analogous calculation to that
expressed above for the nitrousacidium ion, equation (2,10)
can be derived for a rate~determiﬁing attack of the

nitrosonium ion on the free base form of any substrate,
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k, (S), (HNOy). f . £ .
rate = X, s HNOQ* hR

Ka,no* oo *

- = -(2'10).

£

" Assuming again that the activity coefficient ratio is

independent of the medium, equation (2,10) reduces to :=
rate = k5,(8),(HNOz), hy - - - = == - = (2.11).

and thus:-

The numerical value of hR increases by a much greater
factor L5 than the corresponding increment in h0 s ON
increasing the stoicheiometric concentration of perchloric
or sulphuric acids in the range 1,0 to 7,0 M, , and so,
from these arguménts, distinction can be made between reaction
of the nitrosonium and the nitrousacidium ions , provided
the reaction involves a slow nitrosation of the free base

form of the substrate,




Nl

" equation of Debye

(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 the
L7 .

_ 8NKT 1 R; ., Ry
Ken, = 3000, X'Ej (2 + R, | Rg )

where N is pvogadro's number
2

-

k 1is the Boltzman constant,
23' is the specific viscosity of the medium,
and Ry and R; are the molecular diameters of the reacting

particles,
k calculated in this way ,has a value of

-1 48
o 9

en’
ca, 10™° 1.mol?1sec for agueous solutions at 25.000.
Reactions which are thus "diffusion controlled" show
only smallL"9 energies of activation, arising from viscosity .
changes in the solvent , with temperature, Also, the rates

of such reactions are insensitive to the reactivity of the

reactants involved, . ‘
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(c). THE HAIZE™T & . 0 RELATTONSHIP.
4

1
The linear free energy relationship of Hanmlett5 , (equation
- 2,13), measures quantitatively the effect of an aromatic

substituent on reaction rates, relative to hydrogen.,

log. (/) = 6. ----- (2.13).
;
G;( is a constant for the substituent X, in a mrticular ring

position, measuring the electronic interaction of the group as
the logarithm of the ratio of the ionization constants of the
substituted and unsubstituted benzoic acid. The value of /0 is
constant for a given reaction, the numerical velue and sign .
being a relative measure of the degree of positive or negative
charge developed in the 4ransition state of reaction.

The original model for measurement of & values,
given in equation (2,13), has been found to be inadequete in
representing the substituent effect in reactions, such as
aromatic substitution, which involve a transition state in
which the site of reaction is directly conjugated to the substituent, °
Consequently, a rew model52 for the measurememt of substituent
parameters, (designateds""), has been proposed, to determine
value-s.for.electrophilic substitution, and other reactions in
which a directly conjuzated substituent can stabilize a transition

state by electron donztion via resonance delocalization,



Thus, for an electrophilic substitution reaction:-
X, H +
log. (K/x7) = G ----- (2.14.)s

where :

X
k is the rate-coefficient for reaction of the substituted

benzene;

k 1is the analogous rate coefficient for benzene itself,

/AD values for various electrophilic substitutions have been

53

determined”™, All are of negative sign, indicating a
positively charged transition state in each case. In general,
a larger negative value of O indicates a greater selectivity
in the attacking electrophile, and hence a less reactive
reagent. Thus, bromination in perchloric acid has a/0<mf

-57785H% while the less reactive diazonium ion in diazo

coupling reactions, has éyﬂjvalue of ~ =12 .55
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D). CONVENTIONS USED IN THE PRESENT WORK,

(1). Rate-coefficients defined ffom the total
stoicheiometric concentratibns of reactants are denoted by
barring, eg. Ea

(ii). The stoicheiometric concentrations of reactants are
designated by round brackets, eg, (HNOj).

(1ii) Molecular rate-coefficients, (calculated from the
stoicheiometric counterparts by adjustment of reactant
concentration terms), have been written unbarred, eg. kj

(iv), Molecular concentrations of regctants , specified
in either tpé free base or the conjugate acid form, have been
denoted by gquared brackets , eg. [ NO+] .

(v), The term " indole " , abbreviated on occasion to
the symbol,IND,, is a generic name in the present wérk,
and does not in any instance refer to the parent unsubstituted

molecule, Indole,
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PART II,

DISCUSSION OF THE EXPERIMENTAL RESULTS,
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CHAPTER III,

C~NITROSATION IN DILUTE MINERAL ACID,

The mechanism of the electrophilic reaction of aqueous
nitrous acid witﬁ aromatic and aliphatic amines is now well
defined.'In particular, a number of active nitrosating
species have been identified under various conditions of
solvent acidity and reactant concentrations, In the few
studies which have been performed on the C-nitrosation of
aromatic substrates however, insufficient evidence is
available to define the nature of the active electrophile,

Consequently, & study of the nitrosation of a
series of in@ples has been undertaken in the expectation
that the reactivity of the indole nucleus in C-nitrosation
should approximate to that of the éromatic amines in
diazotisation, and hence the role of the various nitrosating
species can be compared in the reaction of nitrous acid
with Carbon and Nitrogen bases of similar basicity., The
indole molecule is suitable for such a study, since it is
known57to react with electrophilic reagents very readily
at the 3-position (FIGURE(3.1).) specifically; alsoc the

basicity of the 3-position in many indoles has been measured 58

and correlated with an acidity function, H for both

I ?
perchloric and sulphuric acids,
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H

FIGURE (3.1).

(A.). THE NITROSATION 6F 1,2~-DIMETHYLINDOLE IN DILUTE HC1lO,,

(i,). The zero order path,

Under conditions of
low solvent acidity, (ca, pH.3.0 ), low concentrations

of the indole, (ca. 10™2M, ), and moderate concentrations
of nitrous acid, (~3x 10™°M, ), the rate of nitrosation

of 1,2 dime%hylindole has a second order dependence on the
nitrous acid concentration, but is independent of the

concentration of the indole,

rate = E.(Hmozjz, - - - (3.1).

Evidence that the reaction rate depends only on the nitrous
acid concentration is presented in TABLE (3.1), which lists
the percentage reaction versus time for a kinetic run carrieé
out under conditions of excess nitrous acid, The slight
deviation from linearity probably arises from a small
contribution from a differgnt, acid-catalysed path, which is

discussed in detail below,
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TABLE (3.1) .

[s)
Nitrosation of 1,2-dimethylindole at 3.0 .C,

Run, 323,

(Reactant,) = initial stoicheiometric values,
(HC10,) =.1.45%.10 M. (indole.) = 1.13x,107°M,
(HNO,) = 1.00x.10 ™y,

t, (Prod,) % reaction, a(% react,)/dt,
a;;n.) x.106M.

1.5 1.37 12,1 ' -
3.0 2,25 19.9 5.2
L.5 | 3.38 29.9 6.7
6.0 .15 36.7 .5
7.5 5,04 W7 5.3
9.0 5.67 50,2 3.7
10.5 6.47 57.2 L7
12,0 7.15 63.3 L.l
13,5 7.78 68.9 L.6
15,0 8.4l 4.7 3.9
16.5 9.02 79.9 3.5
18.0 9.61 85.1 3.5
19.5 1.01 | 89.0 2,6
22,5 1.09 9.5 2,5

o0 1,13 100,0



The second order dependence on the nitrous acid concentration
is demonstrated by the data in TABLE (3.2); where variation
in the absolute value of the initial concentration of the
nitrous acid is recorded together with the concomitant

values of d(% react,)/dt. , and the deduced values of k,

equation (3.1).

TABLE (3.2),

(o]
Nitrosation of 1,2-dimethylindole at 3,0 C,

(Reactant,) = initial stoicheiometric values, °

(indole,) = l.l3x.lO—5M. throughout,

Run. " (HC10,.).M, (HNO,).M. ~-d(indole,)/dt. k(eq.3.1)
x, 104 x.10° x.10% l.mol.ilmin"

321 4.5 3.1 5.93 61.8

322 14,5 5.0 13,0 | 51.4

323 4.5 10,0 51.4 51.4

324 14,5 15,6 125.0 51.4

338 5.8 el - 53.6

mean” =  53.9

(ii), The acid-catalysed path, -3
At acidities higher than 10 “M,

the rate of nitrosation of 1,2 dimethylindole shows the
incursion of an additional path, with only a first order

dependence on both nitrous acid and indole concentrations, in
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accordance with equation (3,2),

rate = Eg.(indOle.).(HNoz)-

—" - = (3-2)

Reaction orders for the indole and nitrous acid were

determined in this instance by the method of initial rates
This evidence is given in TABLE (3,3); dx/dt, represents

the rate of formation of the product at time zero in

individual kinetic runs,

The consistency of the values of

ko, (equation(3,2)), calculated by this method, justify the

adoption of the kinetic form of equation (3,2),

TABLE (3.3).

o]
Nitrosation of 1,2~dimethylindole at 3.0 C.

(reactant, )

(HC10.,) = 4,0x,10"" throughout,

Run (indole) .M, (HNO,),M, dx/dt,

x.10° x,10° x.107
325 10.6 3,10 28.6
327 7.1 2,06 10,8
326 10,6 1,04 8.5
328 11.3 2,06 16,2
329 18,8 © 2,06 - 30.0

mear

B i ieaibtaaal

initial stoichiometric wvalues,

Ez (eg. (3.2

1.mol. ‘min
8700
7400
7700
6940
7750

7700

59

)
-1



The first order dependence on acidity is reflected by the

rate coefficients listed in TABLE (3.4),for concentrations

1

of solvent acid up to ca, 10 ~M, HC1lO..

TABLE (3.4).

3 (4]
Nitrosation of 1,2~dimethylindole at 3,0 C,

Acidity dependence of k, , (eq.3.2).

Run (HC10,) .M, k, (eq.3.2)
x,lO2 1,mol. tmin, 1

270 1,03 253

183 - 4.8 1510

182 ! 13,5. 4350

Thus the full kinetic form for nitrosation via this path
is given by equation (3.3). .

rate = kg, (indole.), (HNO,). H')., =~ - - =(3.3).

At higher acidities, however, the walue of Ez,(eq.3.2),
passes through a maximum, finally decreasing on raising the
acidity, This non-linear dependence is discussed in

Chapter IV, below,
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(iii), Catalysis by Chloride ion,

Addition of sodium chloride
strongly accelerates the rate of nitrosation of 1,2~dimethyl-

indole, and the reaction then follows equation (3.4).

réte = Kg. (indole), (HNOL). (HT) + E*.(indole).(HNOQ).(H+).(01').
> - - = (3.4)

The first term is identical to that observed in the absence
of halide ion, and the second term represents an additional
reaction path, Since the overall reaction rate can be
expressed by equation (3.5),

f

rate = k,, (indole), (HNO,). - - = = (3.5)

equation (3,6) may be easily

deduced,
K, = (ks + k., (17) 1.@") - - - (3.6)
At constant acidity , therefore, k¥ varies linearly with
2

the concentration of added chloride ion, as is shown in

TABLE (3.5).
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TABLE (3.5).
0
Nitrosation of 1l,2-dimethylindole at 3,0 C,

Chloride ion Catalysis,

(HC10,) = 1.03x.10"2u,
Run (C17).M, ks (eq.3.5) K. (€q.3.6)
x,10° 1.mol. tmin.™d  1,mo1l. Ymin,”d
270 0.0 253 ’ -
278 7.2 2960 3,65
279 12.0 L4870 3.73
280 24,0 9130 3.63

mean = 3,67

(iv). A Summary of the Nitrosation of 1,2-dimethylindole,

Depending on the experimental conditions,
the reaction rate follows three different kinetic laws,
defined by equation (3,1), pageh0, equation (3.3), pagehh ,
and equation (3.7).

Y

rate = EQ.(indole).(HNog).(H+).(Cl-) - - (3.7)

As was discussed in the Introduction, page30,
nitrosation according to egquation. (3,1) has been observed

previously for several species , including certain amines

60

and inorganic ions--, This behaviour is commonly attributed

to a slow formation of the reagent nitrous anhydride from
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two molecules of nitrous acid, followed by & rapid nitrosation
of the substrate, This mechanism must also operate with
1,2~-dimethylindole, and this conclusion is strongly supported
by the close correspondence between the value of k. (eq.3.1)

61 ¢ aniline , (K. =51.0 1.mol-lmin

1

obtained in the nitrosation

o] d— —_ -—
at 0,0° C.) , and 1,2-dimethylindole, (kK. = 53.9 1. mol min;
o]
at 3.0 C,), ' Perhaps the most surprising feature of this

result is that previously, slow formation of nitrous anhydride
has been reported only with much more basic compounds than
1l,2~dimethylindole,

Nitrosation according to equations (3.3) and
(3.7) have been ascribed, in the analogous previous studies,
to rate—deéermining nitrosation reactions involving the
nitrousacidium ion ;(H20N0+), and nitrosyl chloride,

(NOCl), respectively,

{B). THE NITROSATION OF 2-~METHYLINDOLE IN HC1O.,

Similarly to l,2-dimethylindole, the nitrosation
of this substrate predominantly follows equation (3.8) in

the absence of chloride ion,

|

rate = Kg, (indole), (HNO,). (H') - - - - (3.8).

= k,. (indole). (HNO,). - - - =(3.9).
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TABLE (3.6) demonstrates the variation of the initial rate
with variation of the reactant concentrations, and the

ensueing constancy of k, , (eq. 3.9).

TABLE (3.6).

0
Nitrosation of 2-methylindole at 15.2 C,

(reactant) = initial stoicheiometric values,
(HC10,) = 1.0 x.10™2M,
Run (indole),M, (ENOg).M,  dx/dt, ko (eq,3.9)
x,10° x,10°  1Thol. minTt 1,mo1TiminTt
21 l' 5.7 5.7 5.65 1730
23 11.4 5.7 11.0 1690
2L 5.7 11k 11.3 1740
20 11,4 11.4 20,9 . 1610
22 17,1 17.1 56.5 1930

The acidity dependence of K, is illustrated by the data of
TABLE (3.7).
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TABLE (3.7).

o]
Nitrosation of 2-methylindole at 22,0 C,

Run (HC10, ). M, ks (ea.3.9). k, (eq.3.8).
x.1o” l,molflmintl ]..mo'.l.’.']'min.""1
8 9.6 350 3.65x,10°
9 19,2 732 3,81x,10°
11 96,0 3420 3.57x,10°
mean = 3.??x.105
(). NITROSATION OF 2<PHENYLINDOLE IN HCLO,

(1), The contribution due to nitrous anhydride,

The
reaction of 2-phenylindole with aqueous nitrous acid in dilute
HC10, (ca.1072H.), shows the incursion of at least two
reaction paths , since the apparent order in nitréus acid is
non-integral, being between 1,0 and 2.0 , The empirical -

relationship is shown in equation (3,10), ,
. 1.3
rate = k, (indole ), (HNO,). -~ = (3,10)

which refers to measurements of the
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reaction in 0,02)4, HC10,, That the reaction is first order
in the indole is demonstrated by the dependence of the rate
on the indole concentration throughout a typical kinetic run

shown in TABLE (3,8).

TABLE (3.8).

(o]
Nitrosation of 2-phenylindole at 3,0 C, Run, 311

(reactant) = initial stoicheiometric values,

(HC10,) =2.ux.1o"2M. (indole) = 1.76x.1o‘6M.
(HNO, ) = 8.0%.107°M,
£, (indole). M, 7+10g1 . (indole), dllog(indole)¥dt

4;;1 x.lO6

1.5 1,41 1,141 0.070

2,25 1.24 _ 1.093 0.068

3,0 1,11 1,045 0,067

4,5 0,91 0,959 0.064

6.0 0.733 c.865 0,064

9.0 0.452 0.655 0.066
12,0 0,312 0. 494 0,063
15,0 0.209 0.320 0.062

Q) Q.0

If the initial concentration of the nitrous acid is maintained
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constent, in excess, in individuel kinetic runs, then equation

(3.10) can be rewritten as equation (3.11).
rate = E1.(indole). ----- (3.11).

A reasonable interpretation of the non-integral order in
nitrous acid is that reaction via nitrous anhydride and the
nitrousacidiun ion occur concurrently. Thus the rate law

is more correctly expressed by equation (3.12).

; - 2
rate = kj.(indole).(IH\TOZ).(H+) + X, (m70,)". (indale) - - (3.12).

Combinging equations (3.11) and (3.12),

/

- - 'l e -
k= k}.(H ).(}moz) + kl'.. (mvo

5

2
o)

— _ [ o+ — - S o -
and k1/(fmoz) = k}.(H) + klk.(d'.TOZ) (3.14).

Hence a graph of §1/(HN02) against (HNOZ) should be linecar
for runs performed at constant acidity, and under conditions
vhere the concentration of nitrous acid remains effectively
constant throuzhout each run., A graph of this type is shom in
FIGIRE (3.2), the relevant cosfficients being listed in

maRIE (3.9).
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3
N 10, & /o).

(1. mol_].'min:'"1 )

NITROSATION OF 2~PHENYL INDOLE .

(HNO, )%.10° M,

—,
L] ] 7

5.0
PIGURE (3.2), O
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TABLE (3.9).

0
Nitrosation of 2-phenylindole at 3.0 C,

Variation of Ei (eq.3.15) with nitrous acid concentration,

(reactant) = initial stoicheiometric values,
(HC104) = 2.ux,1o"2M. (indole) = 1.76x.1o'6M.
Run (HNOz) M, k, (eq.3.11) ky/ (HNO)
— Crrem——
x.lOB x.102, min 1 1.mo1  tminTt
308 1,2 1,29 . 1080
309 4,0 5.52 1380
311 ) 8.0 14,1 1760 -
310 12,0 30,7 2560
From FIGURE (3.2).,
ks.(@T) = 950 1.mol T minT?
and  K,. = 1.1x.107 1%mo1, %min7t

(ii), The acid-catalysed path .

At higher solvent acidities,
reaction via the nitrousacidium ion should predominate ,
especially if the initial concentration of nitrous acid is low,
(ca. 10"5 M.)., Under these conditions, equation (3.12)

effectively reduces to equation (3.15),

rate = Eg.(indole).(HNOQ)f(H+) - - - - (3.15)
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which can be rewritten as equation (3.i6).
rate = K. (indole), (HNOjz) - - - -(3.16)
The variation in k, , with acidity , is shown in TABLE (3,10),

TABLE (3.10).

0
Nitrosation of 2-phenylindole at 3,0 C,

Variation of k, (eq.3.16) with solvent acidity.

Run (HC10,). M, k,(eq.3.16) ks (eq.3.15).

om— - S——— ———
,x.102 ' 1.mo17 tninTt 1.2mol.—2min'.-l
{

308-311 2.4 950 3,96x.10%
316 6.7 21,20 3.61X,10u
307 20,0 8450 4.23X.104

mean = 3.93x.104

It is interesting to note in TABLE (3.,10), that the value of
k, T k. (H"), obtained from the graphical intercept of
FIGURE (3.2)., is quite consistent with the wvalues of ki,
obtained directly at higher acidities, This can be regarded

as evidence to support the general treatment of the results,

(iii), Catalysis by added Chloride ion,
Added sodium chloride
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strongly catalyses the reaction rate , which then is controlled

by equation (3.17), by analogy with 1,2-~dimethylindole,

rate = Ea.(indole).(HNoz).(H+) + Eé.(indole).(HNOz).(H+).(Cl—),

At constant solvent acidity, and with an excess of chloride

ion, equation (3,17) reduces to equation (3,18).
rate = k,, (indole), (HNO,) - - - - - = - (3.18).

where K, = Kz. (") + K. @), (@7). - - -(3.19).

A graph of k, against (C1™) at constant acidity will
therefore be linear, with gradient of Eé.(H+) and intercept
of Ks. (HY), A graph of this kind is shown in FIGURE (3.3).,
the relevant coefficients being listed in TABLE (3.11).
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NITROSATION OF 2-PHENYLINDOLE ,

HALIDE ION CATALYSIS,

Eg x.lO3

150 (l.molflminfl).

10.0-

z
(NaCl)x.10” M,

0.0 i v i 1 T
g.0 lo.o 5.0 20.0

FIGURE (3,3).
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TABLE (3.11).

Variation of k,(eq.3.19) with concentration of sodium chloride,

(HC10,) = 2.4x.10 M.
Run (C17). M, Ko(eq.3.19) K. (®).
x.10° 1m0l minTt  1%molT%minTt
31 4.0 3360 6.02x,10°
315 8.0 7000 7.57x.10°
312 12,0 8750 6.35x,10°
313 20,0 14800 7.40%,10°

Mean = 6.83x.105

The observed intercept value from FIGURE (3.3)

= + -1 . -1 °
leads to:— kg.(H' ) = 950 l.mol, min, ~ at 3.0 C, and

2.0x.10"2

M. HC10,, This corresponds exactly to the value
of k5. (H'), already obtained from the graphical intercept
of FIGURE (3.2)., thus generally establishing the consistency

Y

of the graphical treatments used for this compound,

(D). NITROSATION OF 2~METHYL-5-NITROINDOLE ,

(i). The acid-catalysed path,

The kinetic method used
for this reaction, combined with the relative insolubility

of the substrate, prohibited a rigorous study of the reactant
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orders, The experimental conditions of solvent acidity,
(ca,pH 4.0) , and low nitrous gcid concentration (ca.lO‘BM,),
would, however, in combination, prevent any appreciablg
iﬁterference from a mechanism involving nitrous anhydride,
By analogy with the other indoles, already described, it was
assumed that the reaction rate also follows equation (3,20),

The data of TABLE (3,12) fits this assumption

appropriately.

rate = Ea.(indole).(HNoz).(H+) —————— (3.20),
J
= k,, (indole), (HNOR) = = = - = = - (3.21),

TABLE (3.12),

0
Nitrosation of 2-methyl-5-nitroindole at 0.5 C,

Run (HC10,).M, (indole)M, (HNO, ). M. k,(eq.3.21),
x,10 X.106 x.106 1,molfihinfl '

2119 7.2 40,0 6.0 ) 6000

250 1,19 7.8 10.0 1800

265 - 1,13 20,8  11.2 1700
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Analysis of individual runs employing eguation (3,22)
always resulted in good linear dependence of the logarithmic

function, plotted against time, to over 90% reaction,

Bao (t-ty) = 22292 | gog (2. (22X ) - - (3,22)
a=-b a (b=x)
where all the symbols have their usual significance,
Equation (3,22) is sensitive to the validity of eguation (3,21),
especially if the initial concentrations of reactants are

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

(11), Catalyéis by chloride ion ,

Added chloride ion catalyses

the rate according to equation (3.23).

rate = Ks, (indole), (HNO,), (H") + K,. (indole). (HNO,). (E'). (C17)

At constant acidity, eguation (3,23) reduces to eguation (3.24) ,
when the individual runs maintain a constant concentration of
chloride ion throughout reaction, by virtue of the catalytic

nature of this ion,

rate = T{-g. (indOIG) . (HNOQ) —————— - (3.24) .

Combining equations (3.23) and (3.24) ;-

.
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¥, = K,.(@@") + K, @").17) - ———- - (3.25),

A graph of k., (equation 3.25),a gainst the concentration of

added chloride ion is shown in FIGURE (3,4), the relevant

coefficients being listed in TABLE (3,13),

TABLE (3.13),

) 0
Nitrosation of 2-methyl-5-nitroindole at 0,5 C,

Catalysis by added chloride ion,

(HC10,) = 0,10 M,
Run . (NaCl),M, _kz (eq.3.25) ki ") (eq.3.25)
x,10° 1m0l ninTt  12mo17%minTt
250, 265 0 1510 -
28l 1,67 3320 1.08x,10°
285 3.4 5400 1.13%,10°
283 5.00 7500 1.20x.10°
282 7.20 8800 1,01x.10%
mean = 1.1Ox.106 ,

The value of ke H ) , =1600 1,mo1l - minTt , obtained
from the intercept of FIGURE (3,4), leads to the value of

P -— -— (]

ks =l6OCX31?mol.2min.l at 0.5 C,, which is in good agreement

with the wvalue of Ea measured in the absence of chloride ionJ
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NITROSATION OF 2~-METHYL~5-NITROINDOLE,

HALIDE ION CATALYSIS,

q9.0 - 10}

k, x.102
1

min:l).

(1.mol;

(NaCl).x.lO3 M,

T T 7 T i T ) [

0.0 1.0 2.0 2.0 k.0 0 6.0 +.0 §.0

PIGURE (3.4).
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(B, = 15100 1%mol72minT> ), and listed above in TABLE (3.12),

®). NITROSATION OF 5-CYANOINDOLE,

(1), The acid-catalysed path,

The reaction has been
studied over an acidity range of 1072 to 107" M, HC10,.

In this acidity range, with a large excess of the indole over
nitrous acid, the rate expression for individual runs was

always that of equation (3,26),
rate = k,,(HNO,) = - - - - - - (3.26),

Good linearity was always observed in a graph of log.(HNOz)t

against time, up to at least 90% reaction,
The variation in k, (equation 3,26),with the initial
stoicheiometric concentration of substrate, is shown in

TABLE (3.14),

TABLE (3,14). ,

[+]
Nitrosation of 5-cyanoindole at 25,0 C,

(reactant ) = initial stoich, values,
Run (indole).M,  (HNOg).M. k, k, (eq.3.27).
x.10% x,107 min, 1.mol o min Tt
346 8.0 . 1.0. 5.37x.1072 67,0

347 4,0 1.0 2,77x,1072 69,0



- 63 -

The observed first order dependence of Ei on the concentration

of the indole implys that reaction follows equation (3,27),

rate = k,, (indole ), (HNO,) - - - = —=(3,27).

The acidity dependence of k, is shown in TABLE (3,15),

TABLE (3.15),.

o
Nitrosation of 5-cyanoindole in HClO. at 0,5 C,

Variation of k, (eq,3.27) with acidity,

Run . (ECl0,).M. K, (eq.3.27)  Ep/(H).
x,10° 1.molTiminTt  1%mo1T%min Y
286 1.0 12,7 1.27x.10°
348 4.9 59,0 1.20x,10°
287 10,0 126.0 1.26x,10°
mean = 1.2ux.103
Thus the total rate law for this regction is that of
equation (3,28),
rate = kg, (indole), (HNO,), (H') - - - —(3.28),

(1i), Chloride ion catalysis,

Unlike the previously
mentioned indoles, only g small. increase in reaction rate

.
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was observed on the introducfion of chloride ion,

TABLE (3.16),

0
Nitrosation of 5-cyanoindole at 0,5 C,

Chloride ion catalysis,

(HC10,) = 0,10 M,

Run _(NaC1),M, (NaC10,).M, Kk, (eq.3.27)

: -1, -1
%.10 x,10 1,mol7 min?

287 0,0 0,0 126,0

349 0,0 4,0 226,0

350 - 0.0 8.0 350,0

288 1,0 0.0 170,0

289 7.5 0,0 314,0

The catalytic effect of sodium chloride is of the same
order of magnitude as that of sodium perchlorate, which is
known62 to form no covalently bonded nitrosating agent
with nitrous acid, and hence can only exert a medium effect
on the rate of reaction, Thus the logical conclusion is that
sodium chloride , in this case, mildly accelerates the rate by

a salt effect,

(F.). NITROSATION OF 1-METHYL-5~NITROINDOLE AND 5-NITROINDOLE,

By analogy with the results for 5~cyanoindole and

L 3
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2-methyl-5-nitroindole, the rate law for these reactions

is assumed to be that of equation (3,29).

rate = Kg,(indole), (HNO,), (H') - - - - - (3.29).
= k,, (indole), (HNO,) = = - - - - (3.30).

This assumption is supported by the observation that
individual kinetic runs follow equation (3.22) exactly,
and that the wvalue Ea (eq.3.30) is directly proportional to

the concentration of perchloric acid in dilute solution,

as is shown by TABLES (3,17) and (3,18),

TABLE (3.17).

The Nitrosation of l-methyl-5-nitroindole,

Temperature = 0.500.
Run (HC10.,) .M, (NaCl) M, k, (eq.3.30),
.10 .10 1.mo1T minTt
358 1,0 0.0 70.0
351 2,0 0.0 195,0

352 2,0 ' 1.0 . 221,0
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TABLE (3,18).

Q
Nitrosation of 5-nitroindole at 0,5 C,

Run (HC104) .M, (NaCl).M, k, (eq.3.30),
x,10 x,10 l.moltlminjl

266 12,0 0.0 1100

252 1.19 0.0 35

281 1.00 1,0 2l

For both indoles, the extent of specific chloride ion
catalysis , as listed above , is too small to be detected,
the observed variations in the rate,with added chloride,being

well within the expected medium effect,

(G), THE RATE-DETERMINING STEP IN THE NITROSATION OF INDOLES .,

(1), Nitrosation of 1,2-dimethyl-3[°H]-indole,

The
nitrosation of this indole could not be carri-d out directly
in Hp0, because of the extremely rapid rate of protodedeuter-
iation , Consequently, the reaction has been conducted in
Dz0, and the rate compared with that obtained from reaction
of 1,2-dimethylindole in H,0, The results are shown in

TABLE (3,19), in which the second order rate coefficients

are defined by equation (3,31), . l

.
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rate = X,,(indole), (nitrous acid), - - - (3.31).

TABLE (3.19).
[o]
Nitrosation of 1l,2-dimethylindole at 3,0 C,

Runs in D,0 and HZO,

Run (DC10.) .M. (HC10.).M, k, (eq.3.31),
%,10° x.10° 1,mol T min Tt
269 1,02 0.0 416

270 0,0 1,03 253
The concentrations employed in equation (3,31), however,
are stoicheiometric values, and consequently the magnitude
of any primary isotope effect will be compounaed with

solvent isotope effects 63

on the fast pre-equilibria
involved in this reaction,
The solvent isotope effect on the concentration of the

6L

nitrousacidium ion is known under similar conditions to
the above measurements, and the result is expressed in '

equation (3,32),

[ Dyono+yP20
[ Hgomo 1120 .

The solvent isotope effect on the indole protonation ,

.
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moreover, has been determined in the present work, by

direct measurement of the basicities in H;0 and D;0 as

solvents , and is expressed in terms of pK_ (eq.3.33), in

TABLE (3.20).

TABLE (3.20),

Values of pK_ (eq.3.33) for 1,2-dimethylindole,

Solvent K

X
H,0 + 0,3 98
D,0 ' + 0.8 0,1

The symbol " L", at this point-, is used to represent

gither the deuterium or hydrogen atoms,

Thus, :-

rate = Egbs . (indole), (LNO,) - - - - - (3.34)



- 69 -

~

= Rl ,([ID] + [INDL'] ), (LNOg).‘ ~ - 43.35).

obs
L ~+
= ks, [IND].[LgONO'] = == == = = = (3.36).,
where E% is the molecular rate coefficient for reaction,

and is therefore corrected for solvent isotope effects,

Then:-
+
. _ L [Inon ™y (LNO,)
2 = Kk (1 F Y. ——2 - - - (3.37).
obs [IND] ~ [LLONO']
and,since KX = Liﬁgl;gi;)
, ' =
/ & [INDL ]
o+
L =L L LN i
kg = k.obs ,(l + LT)>. -(—-—O—?—_)F Lol A (3.38).
: K. ' [LgONO"]
- + y . -3
If (') = (H ), both being greater than 10 -M,, then
(DNO,) = (HNOp) = total stoichéiometric value,
Thus :~
") +
H ~H [DLONO"]
ks - Kops .(1'+ Kg ) . uTE??ﬁﬁ;P - - =~ (3.39).
D 1) 3 2 ]
k5 iie D)

obs (1 + igﬁh)
&
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When the data recorded in TABLES (3.19) and (3.,20) are

combined with the result of equation (3,32), and substituted

into eguation (3.39), the numerical answer is that presented

in equation (3.40),

H

1. +
k —
2 /k]g

= 1,26 0.2 == - ==~~~ (3,40),

The assumption , inherent in the above calculation, that

reaction occurs through the base form of the indole, and not

" through the conjugate acid, is justified below in CHAPTER IV,

-

The calculated ratio of the rate~coefficients of equation
(3.40) is less consistant with a primary isotope effect than
with a secondary isotope effect, Thus, for the nitrosation
of 1l,2-dimethylindole, the rate-determining step is concluded
to involve very little stretching of the carbon/hydrogen
bond at the site of reaction,

(1i), Nitrosation of 5—cyano—3[2H]—indole. ’
The magnitude

of the primary isotope effect for the nitrosation of this indolé

was determined directly,without resorting to D,0 as solvent.
This was possible by virtue, of the.melatively high solubility
of this substrate in water, and the relatively slow rate of
protodedeuteriation® in cold dilute HCLO,.

Under carefully controlled experimental conditions,
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the nitrosation reaction of an aqueous solution of
5-cyano~3[2E]-indole will be complete before a significant
fraction of the isotopic label has exchanged, The resulting
rate~coefficients, defined by equation (3.41), are listed in

TABLE (3.21),

rate = Eo%s.(indole).(HNoz) - = —(3.541),

TABLE (3.21),

Nitrosation of 5-cyanoindole in HC1lO,,

Primary isotope effect ,

(HC10,) = 1.2x.1072
0 - T, - I
Run Tndole TG, & £ B/e p
obs, /E‘
1.mol tminTt
311 ~3[ °m] 0.5 8,0
1,86 ,
TABLE (3.15) -3[1H] 0,5 - 14,9
342 —3[2H] 25,0 38,1
| 1,75
343 ~301m 25,0 66,5

The observed ratio of rate-coefficients, k H/E D =1,8 0,1



- 72 -

is large enough to justify interpretation as a primary

isotope effect, In contrast to the more basic 1l,2-dimethyl-~
indole, described above , the transition state for nitrosation
of 5-cyanoindole apparently involves considerable stretching

of the carbon/hydrogen bond at the reaction site,
3

(7). DISCUSSION,

The following rate—-laws have been described in

the nitrosation of indoles ;=

rate = k. @ENO-)2 - - -- (3.42).
rate = k.. (HNO,)Z, (indole) 000 == om - - (3.43).
rate = &g, (HNO;), (indole), (") e - (3.14),
rate = Ik, (HNO,). (indole). (H"). (C17) . = = = =(3.45).

Values of the various rate-coefficients for the series of

indoles are summarised in TABLE (3,22)., along with the
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relevant pK& values for the indoles, protonated at the

3~position,

"TABLE (3,22).

Summary of the rate-~coefficients for the nitrosation of indoles

Units of coefficients = 1?m01:nmin:1
Indole PK,_ 1°a, El Ez‘ Ea“h E%‘T
x,10' x,107 x,10
n=l n=2 n=2 n=3
1,2~dimethyl +0,3* 3,0 53,9 3.2 3,67
2~me thyl ~0,28% 3,0 3.0
2-phenyl -1,85% 3,0 1.1 3,9 2,85
2-methyl=5~nitro ~3,58% 0,5 1,5 1,10
5-cyano -6.0° 0.5 " o,124 0,000
l-methyl~5-nitro 6,63 0,5 0,07 (0,000
5-nitro ~7.48 0.5 0,027  ({0,0001
a = 7reference 58, b = refereﬁce 7Y,

¢ -~ measured in the present work,

a - estimated'value,'see reference 58,
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Some of these results are also shown in'graphical form in
FIGURE (3.5).

The various kinetic forms listed above all have their
analogues in the diazotization of amines, when they havé been
attributed to nitrosation vig a series of carriers of the
nitrosonium ion, and presumably, the same conclusions can be
drawn in the present study.

Thus:~
(eq,j,u25 refers to a rate-determining formation of the

reagent, nitrous anhydride,

k, (eq,3.43) refers to a rate-determining attack of the

reagent, nitrous anhydride,

k; (eq.3,4l4) refers to the nitrousacidium ion as reagent,

ik, (eq.3.45) refers to the reagent nitrosyl chloride.

It is therefore interesting to see how far this analogy applies
in terms of the reactivity of the various nitrosating agents

towards the amines and the indoles,
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NITROSATION OF INDOLES

' FIGURE (3.5).
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(i), Nitrous anhydride,

Nitrosation ¥ig this species is
observed only for the most basic , (and therefore most reactive),
substrates, 1,2-dimethylindole apparently reacts with nitrous
anhydride as fast as the species is formed, whereas
2—phenylindole reacts with an equilibrium~controlled concentra~
tion of the reagent in the rate-determining step, The
discovery of these pathways is surprising, since comparable
reactions of amines are observed only with more basic species,

1

This is evident from é'éomparison of the molecular rate~
f
coefficients for reaction of nitrous anhydride with the

substrates listed in TABLE (3,23).

TABLE (3.23),

Nitrous anhydride resaction with anilineslgnd indoles,
Substrate pKa. El(eq3,u2) k,(ea3,43) 7C,
1.mo]?lmin:1 I?;;ltzminfl

aniline L.6 51,0 1,8x,10' 0.0,

L~Cl=aniline, 4,0 5.5x.106 0,0

L4-Nie -aniline ., 8,4x,10° 0.0
L4=NO,~aniline, 0,99 undetected

1,2-dimethylindole, 0,3 - 53.9 3,0

o-phenylindole ,  ~1,85 ' 1,1x.107 3.0
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This implies that either the reactivity of the site toward
nitrous anhydride is not adequately reflected in the basicity
as measured by the pKa, or that the nitrosation of indoles by
nitrous anhydride does not involve rate-determining attack

by nitrous anhydride at the 3-position, Further discussion

of these possibilities is deferred until later,

(ii), The nitrousacidium ion,

The form of equation (3.44) has
been previously interpreted in terms of reaction through the
nitrousacidium ion, As discussed earlier , reaction through
the nitrosonium ion would give an identical rate-expression,

but the bulk of the work to date on nitrosztion reactions

suggests that the nitrosonium ion is not the active electrophile

in dilute mineral acid, 1In particular, the experiments of
Stedman and coworkers26 on the rate of oxygen exchange between
labelled nitrous acid and water, seem t0 be guite exclusive

of this agent, The present results do not materially

" alter these conclusions, and therefore the nitrousacidium ion

will be assumed to be the active species for nitrosation in

accord with equation (3.44),

The numerical values of ks (eg.3.u4kL),
measured for a series of indoles , show a striking lack of
variation with pKa in the case of the four most basic
substrates studied,as is shown in fIGURE (3.5). This

behaviour is similar to that observed in the diazotisation
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1)
-~

of the aromatic amines by the nitrousacidium ion, Values
”’ . r 3
of the rate-coefficient , (k;), equivalent to k; , (eq.3.44),
for the diazotisation of some aromatic amines of known
basicity are reproduced in TABLE (3.,24), It will be readily
- -3

appreciated that k; and ki are directly comparable, since
they both refer to reaction of the nitrousacidium ion on

\

the neutral base form of the substrate,

TABLE (3.2L4),

Nitrosation of amine%gand indoles by the nitrousacidium ion,

Substrate Eig; ' PK, ks ﬁé
j T x.107% x,10™2
1%mo1 T min T
2~Cl=-aniline, 0.0 2,6 105,0
L~NO,=~aniline , 0.0 0.99 97.0
2-NO,~aniline, 0,0 -0,28 87.0
2,4~dinitroaniline, 0.0 -4,5 2,2
1,2-dimethylindole 3.0 0.3 320,0 '
2-methylindole, 3.0 -0,28 300,0
2-phenylindole, 3.0 -1.85 320,0
2-methyl-5-nitroindole 0,5 ~3,58 150.,0
5~cyanoindole 0.5 “6.0 12,4
1-methyl-5-nitroindole 0,5 -6,6 7.0

5-nitroindole, 0.5 - 7.4 2 7
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66
It has been postulated that the observed insensitivity of
the magnitude of the coefficient k, to the basicity of the
amine may arise from a diffusion controlled mechanism, in
which the nitrousacidium ion reacts on encounter with an
amine molecule, This hypothesis is attractive, since it has
been demonstrated 67 that the nitrosation of certain amines
by nitrosyl chloride proceeds at a rate closely approaching
the rate of encounter of the reactants in solution , despite
nitrosyl chloride being a weaker electrophile, presumably,

than either the nitrousacidium ion or the nitrosonium ion,

The similarity in the results of the amine and indole
nitrosations , chorded in Table (3,24) above, supports

the notion of a diffusion controlled reaction, particularly
as the insensitivity of Ea to basicity is even more marked
than the analogous behaviour of E; . It is interesting

to note ,however, that the pKa of the indole molecule does
not adequately reflect the absolute reactivity of the indole
to the nitrousacidium ion , 2~methyl-5-nitroindole, for
instance, is over fifty times as reactive towards this ,
reagent as is 2,4-dinitroaniline, of similar basicity. Thus the
unexpectedly high reactivity of the indoles towards nitrous -
anhydride is also paralleled in reaction through the

nitrousacidium ion,

In contrast to the more basic indoles, the rate

of nitrosation of the four iess basic indoles studied is
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a function of thé basicity of the indole substrate, as
was shown in FIGURE (3.5). This behaviour will be discussed

at a later stage in this CHAPTER,

(iii), Nitrosyl chloride,

The values of k, (eq.3.45), which
represent reaction through nitrosyl chloride, are recorded

in TABLE (3.25). for the series of indoles,

TABLE (3.25).

Nitrosation of indoles by nitrosyl chloride,

Indole PK_ 7°0, k, (eq.3.u45)
B %1077
1?m0173min71
1,2~dimethyl, +0,3 3.0 3,67
2-phenyl , -1.85 3,0 2,85
2-methyl—5—nitro._ ~-3,58 0.5 1,10
5-cyano, —6.0. 0.5 {0,0001
l~methyl-5-nitro, -6,6 0.5 {0, 0001
5-nitro -T.4 0.5 (0, 0001

The apparent lack of selectivity of this reagent with
the most basic indoles can be intérpreted as arising from
the operation of a diffusion controlled process, This con-

clusion is confirmed by calculation of the molecular

Al
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rate-coefficients for reaction of nitrosyl chloride with

the free indole, Since the equilibrium constant for the

. . , . 68 _ NOC1 )
_ formation of nitrosyl chloride is known ~, (KNOCl =[N0, . TTc1]
the molecular rate-coefficients defined by equation (3.46)

can be calculated from the data of TABLE (3.25),

rate = kyo.q.[(indole base],[NOCl] =~ - ~ (3.46)‘

It is evident that the values of Kxoc1 listed in TABLE (3,26)
are of the order of magnitude expected for a diffusion

o " - N
controlled reaction at 3,0 C,, ( Kepe. = 3. {0 1.m01.1min.1

o L ]
at 3,0 C, calculated from the Debye equation'*!,) if due
allowance is made for the temperature dependence of the

concentration of NOC1,

TABLE (3.26),

Nitrosation of indoles by nitrosyl chloride,

Values of kNOCl’ the molecular rate-coefficient ,

{
(o}

Indole Ky . TG,  Xygnq(ea.3.46)
©1,mol T minTt
1,2-dimethyl. +0,3 3.0 1,78x,10%0
2-phenyl, -1.85 . 3.0 1.38x,10%°
2-methyl-5-nitro, ~3.58 0.5 5.32x,10°
5 68

(Eyocy = 2.06x,107 1,mo17t at 25,0°C.7 ),
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This observation of an encounter-controlled reaction of
indoles more basic than 2-methyl-5-nitroindols is surprising
in view of their relatively weskly basic nature compared to
the amines, but it is in accdrd with the results discussed
earlier, for the nitrousacidium ion and nitrous anhydride,
The apparent lack of appreciable chloride ion
catalysis with the less basic indoles is both surpriéing 9
and inconsistent with the comparable results for the other
indoles, It seems unlikely, if the more basic indoles react
on encounter with nitrosyl chloride over a pKa range of four
units, that a further reduction in the basicity of 2,5 units

would bring about a reduction of 106% in the rate of

reaction, Also, it is difficult to account for this difference

in terms of either an alternative path for nitrosation , or
structural effects, It is more probable that a change in

the rate~determining step , on a common reaction path , occurs
for the less basic indoles, Evidence for such a change
comes from the studies of the nitrosation of deuteriated
substrates, reported earlier, in which the more basic indolez
1,2-dimethylindole, involved little stretching of the carbon-
hydrogen bond in the transition state, whereas the less
basic, b5-cyanoindole showed an appreciable isotope effect ’
consistent with a rate—determining fission of the bond at the
3-position,

One conclusion , therefore, is that the
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indole substrates more basic than 2-methyl-5-nitroindole

(pKa = =3,58), react with the nitrousacidium ion and nitrosyl

chloride in a rate-limiting initial nitrosation ,which is
diffusion controlled, and the ensueing proton loss is fast
but that the rate-limiting step in nitrosation of indoles
less basic than 2~methyl-5-nitroindole is not the initial
addition of the electrophilic reagent, but a subsequent
carbon/hydrogen bond fission, This hypothesis, of course,
accounts for the lack of detectable specific chloride ion
catalysis in the nitrosation of the less basic indoles,
since the chloride ion , being a poor base, cannot be reasonably

accomodated in the transition state of this reaction,involving

proton loss to the solvent from a positively charged Wheland

intermediate , presumably that shown below, (ii),

(ii),

(iv). Thevchange ih the rate~determining step,
: Onrintroduoigg1‘

electron withdrawing gféups iﬁﬁélén éfomatic molecule, the i

Free energy of both the Whéland intermediate and a positively

charged transition state will normally be raised, However,

the Free energy of the transition state for the nitrosation

of the more basic indoles by the nitrousacidium ion , or Dby
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nitrosyl chloride, does not appear to be of kinetic
significance, as the reactions are diffusion controlled,
and hence the effect of a nitro group, conjugated to the reactio
site, does not appreciably alter the rate of the initial
nitrosation step, The observation of a change in the rate~
determining step , however, implies that electron withdrawing
groups exert a much greater influence on the rate of proton
loss, and this process becomes consequently progressively
slower, on reducing the indole basicity, until the initial
nitrosation is no longer rate-controlling, giving way to the
step involving carbon/hydrogen bond fission,

This behaviour is illustrated in FIGURE (3,6), in
which the energy requirements for the nitrosation of both

1,2-dimethylindole and 5-nitroindole are drawn schematically,

A
5=-nitroindole,
FREE

ENERGY 1l,2-dimethylindole,

reaction extent,

Ly
e

initial nitrosation 4
(diffusion controlled) Loss of proton,

FIGURE (3.6),
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(v), The detailed mechanism ,
The observed results of the study

of the nitrosation of indoles can be accomodated by the

" peaction Schemes I and II, shown below in FIGURE (3,7).
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In both schemes, proton loss from the intermediate becomes
rate~determining on reducing the basicity of the indole, as
was discussed above, In Scheme I , however, the rateflimitigg
step for the most basic indoles is the diffusion controlled
nitrosation of the 3-position, whereas , in Scheme II, the
most basic indoles involve a rate-determining, diffusion =~
controlled nitrosation of the hetero-atom, followed by a fast
intramolecular transfer of the nitroso group from nitrogen
to carbon prior to, or synchronous with, fast proton transfer,
It is difficult to separate these two schemes on the
basis of the available data; it has been stressed, however,
that the observed reactivity of the most basic indoles
towards the‘various nitrosating agents is far in excess of
that expected on the grounds of the measured basicity of the
3-position , This anomaly can be accounted for in Scheme II,
since the basicity of the hetero-atom must be much higher
than that of the 3-position in an individual molecule,
Unfortunately, it is not possible to measure the basicity of
the hetero~atom by conventional methods, since the thermo-
dynamically favoured firm of the protonated indole involves
protonation at the 3—position58. Nevertheless, that the
nitrogen is very reactive toward electrophilic attack can Bé
demonstrated by considering. the rates of protodedeuteriation
at positions 1 and 3 in indoles, All indoles exchange the

deuterium at position 1 "“instantly" in pure water or dilute

.
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acid, whereas'the loss of the deuteron at position 3 is a
much slower process, requiring added acid to catalyse the rate
in a measurable rate of reaction.7o
Furthermore, the proposed rapid intramolecular
transfer of the nitroso group can be rationalised in terms of

the intermediates (iii) amd (iv) , shown in FIGURE (3.8).

FIGURE (3.8).

Intermediate (iii) is more readily formed because of the
greater basicity of the nitrogen atom, but quickly rearranges
to intermediate (iv), because this has a greater stability
by virtue of the possibilities of delocalisation of the positive
charge produced,

From these arguments, the observed data is more neatly

accomodated by Scheme II, although Scheme I should not be
too hastily discarded ©n the grounds of correlations of
reactivity with basicity across two different classes of base,

the aromatic amines and the indoles, eéspecially when there is

no certainty that the rate—detérmining step in diazotisation

1y
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71’ 720

is necessarily that assumed by previous workers,

(7). A SUMMARY OF THE CONCLUSIONS OF THE STUDY OF

NITROSATION OF INDOLES IN DILUTE PERCHLORIC ACID,

The principal kinetic forms identified in the diazotisation
of the aromatic amines have also been identified in the
C~nitrosation of indoles, and consequently, the same series
of nitrosating agents are concluded to be operative in
C~nitrosation as in diazotisation at these acidities,

ﬁbreover, the initial attack by the electrophile

approaches a diffusion-~controlled process, when the species
concerned is the nitrousacidium ion or nitrosyl chloride,
However, the initial attack by the electrophile is rate-cont-~
rolling only for the most basic substrates 3 the less basic
indoles involve a proton transfer from the 3-position in the
slow step, This change in the rate-determining step is
explained in terms of the relative sensitivify of the
relevant transition. states to the degree of positive charge
dveloped in the reaction,

The mechanism of the nitrosation of indoles may

incorporate an unusual nitrogen-to~carbon transfer of the

fragment No*,in a fast step,
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CHAFTER IV,

ACID CaTALYSHED NITROSATION IN HODER.TELY CONCENTRATED

SCLVNT ACID.

The experiments reported in this Chapter were primarily aimed
at identifying tﬁe effective nitrosating species in noderately
concentrated acid, and, in particular, to determine whether any
distinction could be made between resction by the nitrousacidium
and the nitrosonium ions under these conditions.

As wes discussed in Chapter I, previous attempts to identify
the reactive nitrous species by rate/acidity correlations have led
to discordant conclusions, It was thouzht desirable to re-examine
some of this data, perticularly the nitrosation of rhenol in
pverchloric acid, because of +the possibility of alternative
rnechanisns from those considered earlier, and the likelihood of
experimental error arising from the reaction conditions.

Morrison and Turney36 examined the nitrosation of phenol in

aqueous verchloric acid at C.6°% ¢ from ca. 1.0 M o0 6.0 M. They
worked exclusively with equal concentrations of nitrous acid and
phenol, and no experiments were reported to determine the order of
reaction under the experimental éonditions. The rates were assumed

to follow equation (h,1) and the consistency of the rake coefficients
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throughout each kinstic run justified this assumption.

rate = 1<2.(phenol).(1m02) —= (41).

.

Their reaction rates were determined by estimating the amount of
unrceacted nitrous écid, and no corrections were made for spontaneous
decomposition of the reagent. It is clear from their results that
reaction half'-lives in many cases were of the order of several hours,
When conpared with the known rate of decomposition of nitrous acid
under similar conditions73, (13 to 275 per hour), it is clear that
some error is introduced by neglecting to correct for spontaneous
decomposition of the nitrous acid. Furthermore, with the reactant
concentrations employed by liorrison and Turney, red coloured products
are observed, which probably arise from the formation of indophenols,
formed by further reaction of nitrous acid with pars nitrosophenol.
These possible sources of error leve been ninimised in the present
work by reducing the initial nitrous acid concentration and
increasing tne initial phenol concentration for individual kinetic
runs. Thus, pseudo first order kinetics were observed. These
conditions minimise possible errors botih by reducing the half-life
of the reaction, and by inhibiting the indophenol formation by a
concentration effect.

In addition to phenol, the nitrosation of anisole,
1,3,5-trinethoxybenzene, 1,2-dimethylindole, and 2-methylindole were

also shudied in mcderately concentrated acidic solutions,
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(4). NITROSATION OF PHENOL IN AQUEOUS HC10, A" O 7°¢.

The reaction of phenol with nitrous acid to produce para
nitrosophenol has becn investigated over an acidity range from
10™> He to 10,4 M. perchloric acid. The reaction is governed by

equation (4.2), where Ez is a function of the solvent acidity.
rate = EZ.(phenol).(HNOZ) - (L.2).

When the initial concertration of phenol is much greater than the
initial nitrous acid concentration, the rate-law simplifies to

eq”a ,io;l (1;.. 5).
- ; -

The validity of these equations was checked briefly in the present
investigation, The first order dependence of EZ on the phenol
concenkration is evident from the data listed in TABLE (4.1).
Althouzh +the order in nitrous acid éoncenbration was not checked
specifically, rate constants celculated from equation (1.3) were

reasonably constant up to 955 reaction,
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TABLE §4.1}.

. . , . . . o
Witrosation of vhenol in acuecus perchloric acid at 0.7 C.

(reactant) = dinitial stoich values.
Run (HClOA) (Phenol) '(HNOZ) ky(eq. 4.3) Ez(eq. 4.2)
(1) (x.1o3 M) (x.10h'M) (nin,~1) (1 mols™! min=1)
%. 103
165 1.0 1072 30.9 1,4 2.2 0. 071
167 1.0 1072 123.,0 1.1 9.25 0. 675
337 1.0 1071 103.,0 1,0 8.65 0. 08
85 1.0 1071 51,3 1.0 L.16 0. 081
168 1.0 1071 30,9 1.0 2,38 0.077
101 1.70 51,9 2.5 9,45 0. 181
80 1.72 51.3 1.0 S.65 0,189
83 1.72 51.3 1,0 9.85 0,192
87 3.99 2.57 1.0 3,96 1. 54
356 3095 9-80 1.0 114..6 1.Ll-8

90 3.98 51.3 1.0 76.0 1.47
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The influence of acidity on the coefficient EZ is recorded in
TABLE (4.2), which also includes values of the Ho acidity function.
These results are also presented graphically in FIGURE (A.1), where

1oz, iz is plotted against ~H .
Q

mABLE (L.2).

Nitrosation of phenol.

Variation of EZ (eq. 4.2) with acidity.

Run (HClOA) H, Ez(eq. 4.2)
() (1 mols™! min~1)
166 1,0 x, 1077 -3,0 0, 05
165,167 1.0 x, 102 -2,0 0.073
337,85,168 - 1,0x, 1077 -0,9 0,080
81 0.99 +0,20 0.125
80,88,101 1.71 0. 66 0.185
78 2,50 1,03 0.326
79 3,02 1.26 0,532
336 3,95 1.70 1. 48
90 3,98 1.73 1447
87 3.99 1. 7k 1,54
86 L 92 2,22 5. 96
113 5. 80 2,73 28.3
120 6.7L A 3.36 152,0
121 7.32 ‘ 3.77 395.0
122 7.87 L.18 430.0.
. 9L, 8.28 4,58 275.0
124, 8,90 5.05 123.0
96,119 9,40 5.35 61.0

n
)
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As far as the acidity dependence is concerned, three distinct regions
can be recognised from the data in FIGURE (L.1) :-

(1). At very lov acidities, (< 0.1M, HCth), the EZ value
is virtually indevendent of acidity. Similar behaviour has been
observed by Schmid and his coworkers in the nitrosation of phenol in
dilute hydrochloric acid, and it is interesting o note that the
value of EZ obtained by Schmid37 is identicel to the value obtained
in the present work, within the limits of experimental error. This
demonstrates the absence of specific chloride ion catalysis in this
reaction,

12 the value of EZ increases

rapidly with acidity. This sort of acidity dependence forms the basis

(ii).  From 0.1M %o 7.5l HC1O

of lMorrison and Turney's conclusions, set out in Chapter I; however,
the values of EZ which they obtained range from three hundred percent
higher %0 one hundred percent lover than the values lisbted in TABLE
(h.Z), the differences presumably being due coupletely to the side
recchtions present in their work, as discussed above and in Chapter VIT,
Morrison and ™urney slso declare that the nitrosation of vhenol follows
the acidity function HO, whereas a graph of their data would show

that a plof of log-l-c2 agoinst —Ho shows considerable scatter of points.,
Reference to FIGURE (L.1), hovever, will indicate that the gradient of
the linear section of %he zraph of log. EZ against -Ho is in fact

about 1.3, very little scatbter being observed in the experimental

roinks,
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(iid). Af acidities greater than 7,5M. HCIOA, EZ decreases

with increasing acidity, and the slope of log. Ez Versus —HO is about

~0. 6.

The observation of these three distinct regions must imply either
reaction-via different pathways, or changes in the rate-determining
step, or nust reveal the existence of acid/bese pre-equilibria prior
to the transition state. Thus before discussing the implications of
the observed acidity dependénce, further evidence on the mature of the

rate-determining step was obtained from the studies of 4—(2H)-phenol.

(i). The rate-determining step.

1[it rosation of L-(°H)-phenol in EC10, at 0,7°C.
‘-'-

Rate measurements were made under comparable condiktions to
those for phenol itself, great care being taken that no siznificant
isotopic exchange occurred bteflore nitrosation., This was checked by
analysing for percentage riny dedeuteriation by infra-red spectroscopy
before and after individual runs. Ring exchanze was found to be
nezlizible belaor 5,001 HCth, Values of EZD far the deuteriated srecies
are listed in T4RLE (L.3). Tor the purposes of coaparison, the values

=~ H . . : . o
of kz for ohenol are given, and these have becn interpolated Irom the

2ta of FIGRE (L.1).

Y
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TABLE (4.3).

2
Nitrosation of phenol and L-{ H)-phenol a% O.7OC.

Ran  (1G10,) H, kg kg 1%?@%
(1. ) (1omols™! min=1)  (L.mols™! min~1)
116 1,05 x. 1071 - 0,081 0. 021 3.9
118  1.67 0. 7h 0, 181 0. 0k3 52
117 2.25 0.98 0.262 0. 061 bo 1
115 3,86 1,72 1.30 0.39 3.3
114 413 1,85 1,85 0,52 3.6
106 4,87 S 223 5.25 1.60 3ol
107 5.89 | 2.82 33,0 9.4 3.6
mean = 3.8

It is evident that the ratio EH Kg is significantly greater than
unity over a wide range of concentrations of acid. Also, bearing in
mind that C-nitrosation at the para position only accounts for about
957 of #he preducts of reaction, it is evident that the observed value
of the ratio is in fact 2 minimum value, ™hus, nitrosation of phenol
involves as large a primary isokgpe effecﬁ as lodination of phenol, in

. . D N
which ths ka/k rutio is revoried to te 4,0
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The rate-determining step in both the acid-catalysed and uncetalysed
mths therefore probebly involves breaking of the carbon-hydrogen bond,

rather than the initial attack of the electrophile,

(1i). m™he acid-independent path,

From pH3.0 to pH1.0, an acidity difference of 102 in the
solvent, the value of £2 (equation 4.2) increases by only ca. 205
In view of the observation of é large primary isotope effect in this
reaction, one possible conclusion is that the transition state is
essentially similar to a dienone intermediste (V) which loses the

ring-hydrogen in the slow step,

0

|
o
(V).

This explanation is very attractive, esvecially since it accounts

37

1

neatly for Schmid's similar results” ', wvithout recourse to any unlikely

mechanism involving molecular nitrous acid,

Since the rate-determining step involves loss of a proton to the

solvent, great care must be tzalen in the definition of the origin of

ci

he intermediate (V). 1In theory, the dienone intermediate could be



generated fron either phenoxide ion or phenol, reacting with HNO2 or

N .k . . G xmigs

NO or H ONO or IN_O,, These eight possibilities may be reduced on
2 2

careful consideration of two experimental findings :-

(1) In solvent H0137, equation (L.2) apparently defines the
reaction rate, and k2 is indevendent of both acidity and concentration
of chloride iomn,

- -1 . - 0
(2) k2 = 0,08 1,mol 'min at 0.5 C.
Reaction between the phenate ion and molecular nitrous acid would
. . . + +
violate (1); also phenate ion and either MO or H,ONO" can be
discounted on the evidence of the diffusion conkrolled reactions of
Chapter ITII, since the observed rate, shovm in (2) above, greatly exceecds
the value calculated on the basis of encounber-confrolled reaction
betiween phenate ion and either of the two nitrous species.

Reaction of I O3 can also be disrcgarded, since the observed

2
half-life of rezction under particular conditions has been observed
to be much less than the known half-life of formetion of this specles
under the same condi%ions.,

Rejectinz the attack of molecular phenol on molecular nitrous
acid leaves only the conclusion that molecular phenol reacts with
either the nitrosonium ion or “he nitrousacidium ion, in a fast
pre—cquilibrium, %o yield +the intermediate neutral dienone, (V).
Turther definition of the precursors of this interanediate camot e

successiully atternvted in *the vresent state of knowledge.

LTI g
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(iii). The acid-dependent vaths,

The incursion of an acid-catalysed path in acidities
greater than 1,0M, ClO 2 with no change in the rate~detemining step,
suggests tlat the dienone intermediate (V) is bteing protonated prior
to, or concurrent with, the release of the vroton from the reaction
site,

Thus -

+

-

M\OH

i
!

The site of protonation is not immediately clear, and consequently
further information on this sransition state was sought by the aid of

solvent isotope effects.,

Solvent isotove effects in the nitrosation of 4—(?H)jphenol.

Reactions were carried ous in H SO and D_SO solutions of
2 L 2 4
sinmilar acidity, care being taken that the experimental condifions
involved no detectable isobopic exchange in the ring hydrogen.

Solvent isotope efTects on the ground state pre-equilibria can

(&)

be taken into account, regardless of the active electrophile being th
nitrousecidium ion or the nisrosonium ion, since both reazents hold a
higher concentration, by a factor of about 2.0, in D9SOA than +they do

in HOSOI a% the sane acldity. This observation is parily in
(=4
].
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conftradiction with existing work75, but, as is explained at a later
voint in this Chapter, the results of the vresent studies sugzest thakb
the previous attenpts to measure the solvent isotone effect on the
concentrevion of the nitrosonium ion are in error,

Thus, since the acidity of D, S0 and H SO, are closely similar

27 2 4

at the same molar concentration581, a comparison of the rate of
nisrosation of phenol in HZSO2+ and DZSOZ1L should yield some information
on the role of water in the transition state. The resulis are listed
in TABLE (4.4), in which Eg represents the value of EZ’ (equation 4.2),

corrected for the solvent isoiope effecks on the vre-equilibria

controlling the concentration of the nitrous reagent.

mable (Loh).

Nitrosetion of phenol in D,S0 _and H,SO, .

: L.
T = 0,7%.
H -+D
- e oo +
i ;S P k k
Fun (Dzsobr) (hzooh) k, k, ( 2) /(x,)
. . l.mol min™ .
123 0.263 0.099 0,099
2,9
14 0.263 0.075 0,03
152 3.95 3.5 3.5
144 L, 37 6.0 6.0
2,0

145 L.32 " 4,06 8-03.
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The observation of sizeable isotope cffects, in both the acid-
catalysed and uncetalysed vuths, suggests that in both cases water is
'acﬁing as a proson donor in the transition-state, since the observed
reduction in rate in the deuteriated solvent can be looked upon as a
primary isotope effect on the oxyzen-hydrogen bond of water,

Thus the nechanism of the nisrosation of phenol may be represented
in one possible scheme, shovn in FIGURE (4.2), although other possibilities,
involving protonation of the keto function in the transition state,

should not be ruled out at this stage.

/o

i
"”{O? M W .
\—\hgg”/}’a
¥

FIGURE (L 2).



If, however, the reaction scheme of FIGURS (h.2) is correct, then it

is obvious that protonation on the nitroso function of the intermedia%e
(V), leads to formation of the product of reaction, whereas protonation
on the keto function lezads to regeneration of the startin; materials,
also, it is likely that the conjugate acid (VII) w+ill be

thermodynanically more stable than the tautomer (VIII),

+ O-H

l .
O (
o—_-|\/| }-l 0=

(VII)., (VIII).
by virtue of the increased possibilifties of delocalization of the
positive charge in the case of (viz).
Thus the observed acidity dependence of FIGURS (4.1) could be

1

exploined by the effect of +th

[¢)

solvent acidity on two factors
influencing the rate of reaction -

(1) 4ae concentiration of the niirosonium ion, which has a
pKa of about ~7.7 on an HR scale,

(2) conpetition, between #wo basic sites on the dienone (),
erent basicity, for the solvent proston which will drive the
reaction in one case %o starbting materials, in the other case to
products.

To further elucidatc this possibility, experiments were carried

out on the nikrosation of zaisole, which should not te able Lo underzo
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some of “the postulated processes in the nikrosation of phenol.,

(B). THE NITROSATION OF ANISOLE.

(i), The acid-catzlysed path.

This reaction of anisole has been studied in aqueous
verchloric acid at 0.7°C over a range of acidity from 4.Cl. o 10,33,
The experinents were carried out with the ratio of (anisole)/(HHOz)
beinz greater than 10.0, under which conditions the observed rate
followed equation (4.4)., lMoreover, a firs: order dependence of the
rate on the anisole concentration was established by the experiments

summarised in TABLE (A.S).

]
L
o~
4]
i

Ez. (anisole)._ (Ii.TOz) - (hn),
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TABLE (4,5).

. . R . s o
Nitrosation of enisole in HC1O0 at 0,7 C.
i

Tstablishnent of kinetic orders,

(reactant) = 1nitial stoich values,
Run (1{0104) (anisole) (mzoz) EZ (equ Lol)
(1) (x. 101*1.1.) (x. 101'1\{.) (1.mols™t min™T)
151 5.96 29,4 1.1 L2k
340 5.96 38.0 1.1 4.30
170 6,01 26.4 1.1 Lo it
171 6,03 13,2 1.1 Lo b5
175 6,05 13,2 1.3 4,78
340 10, 22 9,25 0.43 32,4
345 10,22 6. 65 0.48 35.8
150 10. 33 4. 40 0.4 30.9

As in the casz of phenol, %“he nitrosaiion rate varies with acidity.
This is denmonsirated by the data of TiBLE (4.6), which shows values
of’ EQ’ (equ..tion 4.4), as a function of both the concentration of

HC10 and the H_ value.
A [¢)



Ta3LE (L, 6).

_ . . o
Nitrosetion of anisole at 0.7 C.

Varietion of Ik (eq. Lk.l) with acidity.

<

Run (HCIOA) ~H k
) (1.mo1s™" min™1)
23}, 4,96 2,31 0,21
152 5,32 2.52 0.68
169 5.52 2,63 1.11
151,350 5,96 2,85 427
170,17% | 6,02 2,90 L b3
175 6.05 2,91 L. 78
15 6,16 3.18 16.7
148 6.8 343 43.0
155 7.40 3,84 124.. 0
149 7.8 La15 173.0
162 8,00 125 180,0
156 8,50 5. 70 129.0
147 8.72 L. 88 102.0
157 9,41 5.55 71.0
3L, 345 10,22 ) 6.32 3414
150 10,33 6,40 30,9
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A plot of 10510. EZ versus —H0 is given in FIGURE (4.3). The
triking features of this curve, in compurison with the corresponding
plot for vhenol, are threefold
(a) there is no anparent evidence of a reaction path which
is independent of the solvent acid concent;ation. This leads suppord
t0 the hypothesis, postulated above, of a dienone intermediate in the
nitrosation of phenol, Anisole, of course, cannof readily form a
neutral sigma-bonded intermedinte of this type. Unfortunately, however,
it was not possible to measure the rate of anisole nitrosation at
regions of lower acidity, (say pH 1.0) in order to justify this
conclusion more fully, since the obsearved rate becomes virtually

undetectable in acidities less than 3,Cl. HCIOA.
!
(b) the curve of FIGURE (4.3) passes through a macimum
at an Ho value of about'—.3.9, which is close o0 the acidity in which
the corresponding curve for phenol nitrosation achieves its maximum
value, This acidi%y is also very close o that at which the aitrosoniunm
ion bhecores the major nitrous snecies present in a solution of sodium
ni%rite in aqueous perchloric acid, sugsesting tha% the nitrosoniua ion
is indecd the active nitrosatinz species in concentrated acid,
{c) +the slopes of tne linear portions of £he curves of

WIGUXS C!;..'I) and (1.3) aiffer markedly in megnitude, over +the ranze H
0

!

0 -4, ‘being 1.3 for phenol and 1,9 for anisole. Thus the rcaction

rase nos 2 much greater dependenoc on the acildity in the case of anisole,

bui this could be an artefact of the possibility that the reaction
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involves a difflerent rate-determining step in this case. Experiments

with phenol showed thet the proton loss fron the ‘Wheland intermediate is
rate-limiting, and to establish whether this is a general featurs of
nitrosation reactions, (or a result of the forsation of a dienone

intermediate) cvidence for a primary isotope effect was sought for the

reactlon of anisole,

2
(ii). Witrosation of Lh-( H)-anisole.

A direct comparison vetween the rates of nitrosation of
anisole Eg) and 4—(2H)-anisole(ﬁg) in aqueous HCth was made at several
acidities where the rate of niktrosation is much faster than the rateSG
of protodeuter;a{ion. "he values of Eg were interpolated, when
necessary, from the ta shom in FIGURE (4-3), +o0 ensure identical

acidity factors. The results are summarized in TABLE (4.7).

mll:\.BLE (‘)—Lo 7 ) »

2
. . . - : . o
Wit roseiion of anisole and 4-( H)-anisole as 0.7 C.

- D H, D
Run (110, ) kg E, Xp//k
(11.) (1. mols™ nin~1)
172 5.53 1.23 G, 401 3.0
159 5.94 3.98 1a70- 2.5
161 6,38 47.8' 16,4 2.9
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The substantially reduced rate for the deuteriated substrate
H, D : . : :
(1': K, = 28 is good evidence for a prima isotope effect. It
s « =
would therefore seem that a Teature of aromatic nitrosation is that

breakdomm of the Wheland intcrmediate, (IX), is normally the rate-.

controlling process.

(IX).

(iii). A comparison of the nitrosation of anisole and phenol,

The marked dif'ference in the acidity dependence of the
nitrosation of anisole and phenol, varticularly in the sloves of the
acidity profile on both sides of the reaction maximum, is indeed
consistent with the hypothesis, made earlier, in which the nifrosation
of phenol involved a neutral intermediate (V), the breakdown of shich
by solvent acid, actinz on two distinet sites, produced either starting
naterials or vroducts by two discrete paths.

This process cannot take place in the nitrosation of anisole,
since no neutral dienone structure can be readily formed, and reaction
presunably occurs throush the process shown below, with or without the

assistance of the nitrosoc group.

Y
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Such a mechanism would in no way be anti-catelysed by increasing solvent
acidity, exceont as a result of a reduction in the water achivity,
This probably accounts for the slight decrease in the reaction rate,
for anisole, in the rezion of acidity 8.0, to 10,5, HCth, when the
gradieﬁt of that section of the reszction profile, (FIGURE 4.3), is only
0.3.H_, as opposed to O.6.H0 in the case of phenol.

An analogous rath for the reaction of vhenol, showm below, possibly

contributes in addition o the scheme shovm earlier in FIGURE (4.2),

oW ANSY

but the argﬁments advanced{in this Chavter suggest that thisz is not
the major path in the acid-catalysed nikbrosation of phenol, This
conclusion is borne out by consideration of recctivity parameters in
Chenter V, when the case of phenol is showvn to be quite anomolous in

comparison with Lthe nitrosction of other mono-substitubted benzenes.,

(c). TITROSATION OF 1,3,5-"RI & HOXYSRIZEIE.

The wnitrosation of 1,3,5-trimethoxybenzene was brielly studied

-1,. . .
over an acidity range of 10 Ii. %o 2.0H.hcth. The reaction, as

expected, rollows cquation (A.S) at constant scidiity.
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rate = EZ.(ﬁrimethoxybenzene).(FHOZ) = (1.5)

The effect of added chloride ion on the reaction rate was also
investizated, (TASLE L.S). The small increase observed, (1§75 forO.1 -,
Cl7) is more consistent with a kinetic salt effect than catalysis by

chloride ion,

mABLE (1. 8).

. . . . . . s Q
Witrosation of 1,3,5-trinethoxybenzens in HC10, at 0.7 C,
~p

Run (1610, ) (vacl) K eq. (2.5)
01.) (x. 10.M.) (Loiols™ nin™1)

188 1,25 x, 1077 0 5.9

201 1.17 z. 1071 1.0 ‘ 6.35

189 5.75 x. 107 0 56,6

186 1.0 0 151.0

202 1.09 1.0 236.0

187 1.9k 0 910.0

190 1,96 0 910,0

“his is, of course, the expected behaviour if, as in the case of
anisole, breakdown of a Whelund intermediate is the rate-deteramining
sten,

foreover, khe valuss of kp {(equation 4.5) gquoted in TASLE (L.s)
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show no incursion of a reaction path uncatalysed by acid, This serves
to 1llustrate thaet the observation of on uncatalysed path in the
nitrosation of vhenol in similar solvent acidities is indeed associated

with the acidity of the phenolic hydrogen in the reaction intermediate,

(D), NITROSATION OF 1,2-DL S HYLINDOLE AND 2-E HYLINDOLE IN

HODERATELY CONCENTRATED ACID,

The nitrosation of these two indoles, conducted in dilute acid
solution, has been reported in the preceding Chapter, The foregoing
results of the siudies on the reactions of phenol and anisole, however,
engendered interest in the ni‘rosation reaction of these extrenely

i
reactive arormetic compounds in more stronzly acidic solubions,

The rate of reaction follows cauation (L4.6) at constent solvent

acidity, in which the concentration
rate = 1{2.(inﬁole).(HH02) ——— (L, 5).

terms are the total, stolcheiometric values.

-—
knl

. . s
The obhserved values of k2 are reccorded in "iBLE (L.9) and

74BL7 (4. 10), and shown in gravhical form in FICURE (L. k).
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24815 (L.9).

. . . . e« o
Nitrosation of 1,2-dimethvlindole in HC1Q, at 3.0 C.
—r

Variation of EZ (eq. 1.8) with acidity.

Run (HClOA) EZ (eqe 4.6).
o) (1.mols™ " nin~1).

270 1,03 x. 1072 253

183 4.8 x. 1072 1510

182 1,35 x. 107 4350

275 2.4 x. 1077 6090

272 5.6 x, 107 7630

184 1.19 7900

180 1.20 8150

185 2.38 7100

179 TN 5140

181, b 77 2600

178 6,03 1390

275 6.90 9,0

158 7. 91 179

160, 8,22 58,0

163 9. 0L 3.1
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PABLE (1.10).

. . N s .. o)
Hitrosation of 2-mebhylindole in HC10 at 3.0°C.
pin

Veriation of k. (eg. 4.6) with acidity.
-4

Ru }_Clo 1—{ . te 6 .
n (n 4) , (ea: 4.6)

(1.) (l.mols_1 min'1)
137 2.45 %, 1071 12,000

136 7.45 x, 1071 28,500
134 1.21 50,000
135 1.21 51,500
159 1,99 57,000
126 3.50 87,500
128 1,10 ' 31,000

127 5.07 17,000

™he form of the curves of FIGURE (L.4) merit further discussion,
e values of EZ reach mazimun velues on increasing the solvent acidity.
This obszrvation is concludzd to be duc to the renoval of the neutral
indole base by solvent proionziion., Such a conclusion is étrongly

supported in particular by tihe sharo reduction in hhe rate of

nitrosation of 1,2-dimethylindole on increasing the aclidity in the
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NITROSATION Or INDOLES,
0

2 -
1~
..HO
¥ T | A Y \ N
-2 -1 0 1 2 3 4 5

FIGURE (L.L),
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renge 8,01, Lo 9,0, HClOk. Thus the indoles do not show that unusual
feature of amine niirosa®ion, reaction vis the conjugate acid.
Consequently, a naw rate coefi'icient may be defined in terms of

the nmolecular concentration of the free indole base, as recorded in

equation (4.7)

rate = % [unprotonated indols{(nitrous acid). e (L 7)
)

The relative concentration of unvrotonated indole, {equation 4.8), is

governed by equetion (4,9), in which hI is a measured acidity function,

) 1 .
Lo + H- - - w.s).
H 1 |

(IsDHY). (I¥D).
%?;gu - %I_ wem (19)
a

Thus, combininy egua*ions (L.é), (4.7) and (he9)

k2 (eq. L.7) = k2 (eqe 2.6) x (1 + hI/Ka) = (%4.10),

Values of kp calculated according to equation (L.10) are recorded

in “ARLE (L.11) and TiSLE (h.12).



7307 (L, 11).

o
Titrosation of 1,2-dinethvlindole in UC10 at 3.0 C.
ooy -2 .

]
3

Veriation of k. (eg. 2.9) with scidity.
P

Run (HCIOA) by EZ (eq. 4.6) k, (eqe 1a7)
(1,) (1.mols'1 min_1) (l.mols-1 min-1)
270 1.03 x. 1072 1.1 x. 1072 253 258
183 L8 x. 1072 5,6z 107% 1510 1680
182 1,35 x. 1071 2.5 % 107 1,350 6520
275 2.4 x. 1070 L6 x, 107 6090 1,17 . 10t
272 3.6 x. 1071 6.2 x, 107 7630 1,82 %, 10"
181 1.19 5.75 7900 9.9 x. 10"
180  1.20 5.9 8150 1.0L = 10
185 2.38 7.8 7100 6.15 =, 106
179 L.1b 1.12 %, 107 5140 1.45 %, 10°
18, L.77 3,51 %, 10° 2600 1,72 5 10°
178 6,03 3.5L7 :f..'lOl’L 1390 _ 9.65 x. 108
273 6.90 1.5 % 107 94,0 2,82 =, 10°
158 7.91 1.0 107 Y 558z 107
16, 8.22 1.6 2 10° 53,0 1,53 . 107
o

N

. 3
163 2,04 1.0 x. 107 3.1 6.28 . 10




- 119 -

3L (h.12).

- . s A 2 A0
it rosation of 2-usihrlindole in HC10 2% 3.0°C,
LAeTOS&ELION O < L T on

Verigtion of k (eq, 4.9) with ceidity.

Run HG10 ) h 107 . EZ (ca. 26)  x, (eq. L.7)

(1) (1.mols ™! min~ 1) (1.mols'1min_1)

b6 %, 107 12,0 1,49 z. 10*
2.4 28,5 643 %, 10"
134 1.21 6.0 50.0 2,08 x, 10

135 121 6.0 51.5 2.1k % 10

139 1.99 25,0 57.0 8.1 x. 10
126 3.50 347.0 87.5 1.6 z. 10
128 1.10 1050 31,0 1.7 x. 107

127 5.07 5620 17.0 5.0 x. 10

- —— et e - -

The rate-deseraininzg shen,

"he nitrosuftion of 1,2-dimethylindole af low ccidities has been
shovm in Chapter III %o inveolve z fast woson loss at the site of
reachion, Txperiments are nov revorted 4o debermine if this isstill
true in reaction at higher scidities, Suvech expefiments, hoﬁever,

necessitasc the use of deuserosulphuric acid as solvent, since the



prosodedeuteriation of 1,2-dimethylindole is extremely fast

acidic solutions, Consequently,

solvent isotope effects on both the nitrous acid

the ground sitate pre-~equilibrium of the protomation of the indole.

77

in

carasful account

The pKa (equation L.8) of 1,2-dimethylindole-3-d in solvent

D2804 has been neasured and was reported earlier (TABIE 3.28) as

+0,85 ¥0,1, measured on an Hy

scale of acidity.

nust ba taken of the

pre-equilibria and

Since +the analogous

PKa of 1,2-dimethylindole in H2302l~ is +0.3, the concentration of the

conjugate base in moderately concentrated zcid will be about 3,5 times

less in %the deuteroacid than in the proteocacid, at the same acidity

neasured by the H_ function,

I

The solvent isotope effect on the nitrous acid pre-equilibria,

however, is less easy o estimate,

concentration of the nibtrousacidiun ion is greater

It has been reported that the
6L

in deuteroacid

by & factor of 2,2, but that the nitrosoniun ion maintains the scme

concentration75 in deusero and proteo acid of the- same molarity,

However, in *he present work, the solvent isotope effect on the

concentration of the nitrosonium ion has been directly determined by

a spectroscopic method, and it ha

concentration of this snecics is

DZSOA 1,30,

~,

Thus suilta

rcac

-
ok

in the nitrosatio:

ble correchtion can be made for tihs

s been esiablished that the

eater by a FPactor of about 2,0

(‘,":}

than in H,.30, at she same solvent acidity.

solvent isotone

lon reperdless of whether the nitrossting

in

effects

svecies

is the nikrosoniwa or the nitrousccidium ion, and the magnitude of any

vrinary isotcpe elfect evaluated.

"he results are tabulated in
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TABLE (4.13), in which

ol

isotope effecits,

the quobed XH LD values are corrected for solvent

"MABLE (L,13).

'Y

Mitrosation of 1,2~dinethylindole in H

1 A L O
280, and Do80, _at 3.0%C.

Primary isoctovs effect.

Run (1,50, ) (p,50, ) ~Hy 122 (eq. 14.8) ¥A>
(1) (1) (1.mols™! min™1)

333 2,97 - 1,84 7800

334 595 - 3,16 2560

331 6.32 - .10 1190

335 6,45 - 4,15 1220

353 - 5.78 3.71 1730 0.57

339 - 6.2 lL,05 1230 0, 61

Despite the magnitude of the assunpticon in these calculations, the

observed KI/iD velues of abous

step does not involve breaking

of reaction in contrass ko the

sinilar ccidisy connisions,

0.6 illustrate %let the rate-controlling
o' the carbon hydrogen bond ot the sise

reactions of thenol and anisole under



(E), THE DTTROSONIUN TOM AS AN SLECTROPHILIC REAGENT,

.

The results of the niirosation reactions studied in this Chapter
are collected in FIGURE (L.5) in which losz, k2 (equation 4.11) is

plotted azainst the solvent acidity measured by the HO acidity function.
rate = ké.(Substraﬁe).(nitrous aoid) — (4.11).

The obvious common feature of the reactions studied is the
occurrence of a naximwa in the profile at an acidity of HO = - 3.6,
(Acid)~ 7,51, 'This is close to the acidity at vhich the nitrosonium
ion bezins to be the major nitrous species present in solution., This
strongly sugggé%s that the nitrosonium ion is the active species in
concentrated %cid. Further evidence is suggested by the somewhat
loose emvirical calculation based on the sloves of the profiles of
FIGURE (L.5), before and afier the maxinum,

RBach reation anvarently incorporates a factor which diminishes
the rate on increasing acidity above 8,0l, solvent acid. This factvor
is believed to be due £o0 the decrecasing waher activity, affoecting the
various transiiion shtotes in the role of water as a base, (as in the

case of anisole) and as solvating molecule, (es in the case of

)

1,2—dimethylindolc) or for some oiler reason, as in the case of phenol,

If +he ex:ent of this Tachor is reasured b7

o

+the negative slope of the
orofile after the maimum, this can be exbranolated vack to regions of

lower acidify. "hen the obssrved positive slope of the profile con be
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FIGURE (4.5).

—— 1,2-dimethylindole,

£ ‘5}\;@)“'-\. -
phenok \
~— anisole b
£
/g/
¥ . ’ ' \ Y \ v ?
-1 0 1 2 3 . 5



regarded as a resultant of' the 'true' dezrec of acid catalysis and the
factor which is anti-catalysed by incrsasing acidity. Calculations of
this sor%, shown in TABLE (A.14), show that each of ths three reactions
studied shows a corrected acidity devendence correspondinz o an

H0 slope of~ 2,0,

. a . . . 1
The concentration of the nitrosoniun ion has bteen showm 7 to

follow the acidity function HR, which is numerically equal %o aboub

2.0 H .
o
MUBLE (4, 14),
Substrate llezative slope Positive slove Corrected acidity denendence
(“ffo> (-H,) (-H,)
Phenol -0,6 +1.3 1.9
Anisole -0.3 +1.9 2,2
1,2-dimethylindole -0, 6 +10h 2,0

n

“hus *the nitrosonium ion can be deduced to be an agent in

C-nitrosation reztions in concertrated aineral acid., This seemingly

-

. 78
axionetic conclusion has been overlooked by recent workers
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NITROSATION O SUBSTITUTED FRIIEITES BY iR NITRCSCITIUN IO,

AN

The evidence presented in Chapter IIT sugzeshs tlat nitrous
svecies formed in acidic solution usually atiack reactive carbon bases
on encounter, and these results therefore zive lit+le information on
the reactivity of nitrosating zzents relative to other electropniles,
This difficuliy can in principle bz overcome by studying less reactive
substrates, and the results of such an investization are reporited in
this Chapter.

To minindse experimental and intervretive problems, this

investization was confincd +0 a series of monosubstituted benzenes

A

=5 O s . . , .
at 52.9°C. in agueous perchloric acid, (10,415, ). 4% such high solvent
acidities, *he sole detectable nitrous species in solution is the

. - - 19
nisrosonivm ion, which alparently zccounts for close %0 1007 ~ of the

toicheionetric Ynitrous scidl,

9]

2

ence the mature of the active reazens, and its concentration

>

ities,

fo )
p

nay te deduced with a falr auwount of certainhy at Shese acl
Furthernore, the rcte of decomposition of nitrous acid is sharsly

reduc=d by incressing solvent acidity in the renge 8,0Y. to 11,00,
79
[iC10,, since “he decomposifiion reaction involves  both the nifrosonivn

b

ion and molecular nibtrous acid. Ilevertheless, it was s3ill only

IR
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possible in the present work to study simple benzene derivatives
more reactive than henzene ikself, since ths nifrosation reaction of
the 1eos reactive substrates was found to be slower than the observed
rate of nitrous acid decomvosition.

The observed rate of nitrosation, measwed by the rate of

disappearance of nikrous acid, is governed by equation (5.1).

rate = Ez.(Substraue).(HHOZ) - (5.1).

Since all *he subskretes used are unprotonated, and the nitrous
acid is virtually completed converted Lo the nitrosoniun ion at +the
acidity used, equation (5.1) can be rewriiten in terms of molecular

reactant concentrations, as equation (5.2).

rate = lcz.[SubS'trate].[I30+]. -—- (5.2).

X . - .
Thus +the otserved rate cosfiicient k2, (equatlon 5.2), approximates %o

the molecular coefficient for reaction beiween the nitrosonium ion,
>
s

( 0" ) and the monosubstilfufed beazene, KY . Para

substituted oreducts are forned predoninantly, as discussed below in

Chapter VII, magec 168, Tor cach substrate, therefore, the partial rate

3

factor, (f“), for the para nosition was calculated directly from the
ol

"value of K* (equation 5.2) relative %o the correspondinz rate
2

.. . 1 e . . s .
coefficient, ¢d ), for tie nitrosation of any ons nosition in benzene,
2 . ‘
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Thus T = 6kf/k -—~ (5.3).
D 22

(1), DIPLIIYLITHER,

This reaction is complicated by further reaction of nitrous acid
" with phenol, which is formed by hydrolrsis of the para nitrosodiphenyl
ether formed in roac*lon, (FILURS 5.1). The justification for such e

reaction schene is discussed in the experimentzl section, Chapter VII,

rege [FO.

T, ool
[ i:‘?‘_ E+
xot+ ; I +

I

NG NOH /4 o

I\'Os 1{2

NOH

rIGURE (5.1). ,

Under initisl comli% ions of a 4enfold excess of diphenylether

beca x XKk the molecular

SPTp

xoF is related %0 Hhe observed second order rase

coefficient defined by equation (5.1), by means of equation (5.4).

ady



R

-~ 128 -
k. = 2k -~ (5.4),
Data for the nitrosaiion of dipnenyl eiker is shovn in TasLE (5.1).

TABLE (5.1).

. . P . o
Titrosation of divhenrlethar in 10,4 Y, 100 2% 52,9 °C,
I

(reactant) = dnitial stoich velues.

10.40 1,

(x#010 )
L

- h
Run (diphenylether) (HNOZ) k2 (eq. 5.1) k;p (eq. 5.4)

L. . 5 .. I B R
X 10 U, %, 107 14, l.noles nin . l,moles nin -,

266 10.0 10.1 57.6 28,8
296 L.8 4.0 60.5 30.2

300 3,15 3.5 ’ 57.5 28,5

PAICT ST T 1T r TN
(3), "OLITTI AT TR,

These reactincns wre sufficlen*ly slow Sihat the rate of decoznosition
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of nitrous acid las %o ve taken in%o account., The decomposition of
nitrous acid eporoximasely follows egquation (5.5) at constams acidisy.

- d.(E70
(00,)
dk.

= k', (nitrous acid) ~= (5,5),

Tith excess aromethic substrate, thke second order equation for
nitrosction of the subsirate, (eguation 5.1), reduces to equation

(5.6).

rate = k. (&0 ) -— (5.6).
1 2

and thus the total rate of coaswmntion of nitrous acid follous

eqetion (5.7).

1)

i (k1 + x'). (]r:zoz)

LI (}E-TOZ). - (5.7).

N

Since the value <! for spontanzous nitrous acid decomposition has bteen

measured indeonendentls under the sexperimeral conditions, +he
e ! ¢ P)

~

coefficiens k¥ (equation 5.6), and consequentlvy the molecular

1
coel'ficient for nifresation of either toluene or tenzene, k

(equation 5.2), can be dzduced from the observed first order rate



TABLE (5.2),

ey . ) 0
Nitroszghion of 4olucne and benzene ot 52,9°C,

(m10,) = 1.0 %107
(Bc10 ) = 10,4,
L
Run (Subssrate) Kobs(eq.5.7) x'(eq.5.5) £1(eq.5.6) k:(eq.S.Z)
x.1OAH. min_1:-:.103 min~1x.10 min—1x.10 1.11101"'1min"1
TOLUEHE
359 0. 0! 1.25 1.25 - -
300, 160, 0 7.45 1,25 6.20 3.9 x,1071
260 0.0 2,92 1,25 1.67 5.2 x.10"
298 20,0 2,07 1.25 0.82 bt %1071
297 8.0 1,54 1,25 0,29 5.6 x. 107
-1
mean = 3.9 %,10
REZIHE
256 0.0 0.73 0.73 - -
: 2
255 0.0 0. 9% 0.73 0.21 2.3 %.10
261 90. 0 0.95 0.73 0.22 2,5 %1072

nean = 2,0 %, 10
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(¢). a SWILRY OF ™HE RESULTS.

Y

<

The values of kz, (equation 5.2), for each of
benzenss described above, as well as for phenol and
in TABLE (5.3), along with the pertial rate facktors

the para position, calculated according to equation
- +
para

relevant

tke three substituted
anisole, are listed
for nisrosation in

(503)0 The

velues, according %o the Haumett equation, (equation

5.11), are also recorded in "ABLE (5.3), with the corresponding calculated

values of Q, equation (5.11).

X +
loz, 'F e = 6 .
bara nara
e A ettt

-— (5.11).

T = 52.9C (30104) = 10,4 K.
< bl +
Substrate Ik foara (S’;EQQE [<)
.2
1.mol ™ Tmin™
2.1072 0 0.0 -
Zenzene 2.0 2,10 Te .
moluene 3.9 <.10"1 97,6 0,311  ~6.k .
Disheaylether 29.2 3,65 x.10° =05 “71
o
aniscle 220, 2,0l x.10” -0,778 76.8
Phenol 655, 0 1,62 %107 =0,92  -5.67




& graph of log.{; * against G * 45 shown in FIGURE (5.2).
+oara para

(D). DISGUSSION,

(i). The Rote-Deternining Skep,

It has been showm in CHapher IV that for anisole and
phenol, (the most reactive aromatic subsirates studied in this
Chapter,) Tission of the carhon-hydrozen band is the rate-limiting
step in nitrosation, This leads to the gquestion whether fhese two

conpounds are spscial cases, or whether rate-determininy vroson loss

}.l-

s generally observed in the nifrosation of benzene and its derivetives,
Mo elucidate %this poink, the reclative rates of nisrosation of
hexadenterobenzene and benzens itself were compared in a brief stvdy,

in which the rates of nroduct formution, with identical reactant

. o) - . . .
concenitrations &t 52.9 C, were measured using solvent sulphuric acid,

Deu*criated sulphuric acid, (D280 ) however, was used for the
-

nitrosction of the deuteriated btenzene, ™nis should not apvreciably

affect the validity of the comparison, since the acidities of the
- y : ; .80 .
deutero and yroteo sulnhuric acids are closely similar af any given
nolarity, Further, under the chosen experimental conditions, the

reaction rate is not aporecicbly devpendent on the acid concentration,

"his is wprobably because the niftrosonium ion is the only nihrous

species present to any extent at these acidities. Thus solvent isotone

effects operatinzg on th~ zrocund stahe wre-squilibria are considered to

=
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In vractice, the absorbance of nroduchs was measured 2% A\ 3000 n
on sanples of the reac’ion mixburc which had been diluted by a factor

of four wikh pure water. ‘™he resulis are collected in "aBLE (9.4).
TABLE (5.k).

Mitrosation of Benzene and Renzene-d, ab 52,9 C.
A~

(reactant) = initial stoich valuss,
3enzene, Run 364. (benzene) = 1,0 x,10 1, (HHOZ) = 1.0 x.1o"3M.
(32304)= 12, 251",

0
t (minutes) Abs. A 3000 a DN\(isbs. )H/&t

-3 1
35 0.16 1,2 %10 nin

-

2 _
) = 1.0 .10 1. (30 ) = 1.0 %10 gis

Qenzcne—ds Run 363, {(benzoae-D
—————e

I
N
()

D 30 ) = 12.L5!.
( 23 4) 1 5

5 (minuﬁcs) ahs,  3N0C0 g [&(ibs.)D/ZBt

5 O. ll,;
-4 -
5 Q.15 2,7 %, 1C nin |,

-
D
C
(@]
.
O

et e . 8 iy s e e 2 e e s e b — - —
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FIGURE (5.2).
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The ratio of the initial rates should bes direetly nrovortional Lo the

o
ratio of the second ordsr molecnlar rote-coeificiznis, kz, for %the
proieo and deutero subsiretes, since all other conditions are

constant. This then leads to the conclusion thut :-

H D

(A .bsor ancn) (Aibsorbance) . L, D
- t ) /( I\ tine ) '{;:/1\:2 = b5

N .

A substantiel nrimary lineltic isosope effect is therefore indicated
. ,4 y x L)

>

and suzzests that, as in %the casc of anisole and phenol, the rate-

controlling stev is the fission of the carbon/hydrozen bond from the

intermediate shown in PICURE (5.3).

+
NO +
\ Rate . + |—-l
7
\ deternining

/ I
CANH NO

FIURY (5.3).

(ii). mae anoasls of Fhenol.

Reference 4o YIMUR3 (J.-) will dindicede that the valus of
~OH ~ v L :
Loz, 7t does nos conform o the value eivected, based on the ;ood
ATy -
lincorisy of ths ;resh throu_h the obther Jour compounds studied. ™his

deviziion, which is well outzlds the culculsted exzerimental ewrror, can



i
Y
(2]
O\
!

be explainaed in teras ¢ a recction, in the case of phenol, passinz
o 3 e * r S

shrouzh a transition state invelving orotonation of the nitroso sroup,
ather than the phenolic oxy3en Such a scheme was shown earlier

( c|01 TFIGURE 1.2) eud cen sccount for the marked diffcrsaces in
+the observed results, already discussed, for the acid catalysed
nitrosations of phenol and wnisole,

oL
On such an assumption, therafore, thse CT; value for the
- para

hyaroxy groun would be an inudeguate narameher 4o describe this

A

particular reaction of phenol, and consequently the anomalous deviasion

of this point from the zrach of FIGURE (5.2) would be not unexpscted.

(1ii), ™he Resctivityr of the Tifrosoaiun ion, as an Slectrodhilic

Abent,
The resulbs Giscussed above for anisole and benzeae, noint
o]

to oroton loss from the lwhermedisase as the rete-deSeraining shep for

L

L)

all four of zhe arorctic conpounds sktudied. 7hus the observed
Hemachs /3 value of -5.8 T 0.5 refers to this process and does nah
reflzet cocurcsely the rewctivity or szlechivisy of the nitrosonium
ion, althouszh the consisian’ observehiion of a vrimwry ischope effect

in ibse2ll can te crzusd’ o reflect the acticn of & relatively weak
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) A SUIMIARY OF THE FoaATURES OF C-ITITROSATION,

In the discussion of the preceding three Chapters, the following
observations have been made :-

(1) for the most reactive aromatic compounds, (pK:>-~3.0),

a
nitrosation is a diffusion controlled nrocess at lov solvent
acidities;

(2) Por all less reactive aromatic substrates (pKé( —A.O),
the rate determining step of reaction is normally proton loss from

“heland intermediate;

(3) +he nitrosonium ion is an active electrophile in
concentrated acid mediun,

These obscrvations lezd logically 4o a consideration of
the two oukstandinz questions in the siudy of electrophilic aromatic
nitrosation :-

(a) ‘hat is the exhent of coapetition between the
nitrousacidium ion and +the ni%rosonium ion in reaction?

(b) In what ways, and for what reasons, does nifrosation

by the nitrosonium ion idffer from the achion of other electropniles

ni

in zeneral, and “he analozocus nisroniwm ion in weriicular?

mhese voinks are briefly discussed in +his Chapier.



(4), ™HZ DPLICATIONS OF A DIFFUSION CONTROLLZED REACTION.

(1) The observed ILnerzies of activation.

Tre nitrosation of the mos% basic an 1nes18 and indoles has
been ascribed to a diffusion controlled mechanism, when the reagents
nitrosyl chloride or the nitrousacidiuvm ion are involved. Such
reactions should involve very small free enerzies of activation, due
1argelyh9 to the change of viscosity of the solvent with temperature.

Nevertheless, any activation energies calculated from stoicheiometric

rate coefficients will contain *he “emverature devendsnce of any

ground sta‘e, fashk, pre-egquilibria., This czn only be Laken into

acccunt if the relevant *hermodynenic information on the pre—-equilibria
is known. In the casc of attack by the nitrousacidium ion, hovever,
no direct evidence is zvailable +o enable wny predictions Lo be made
concerning the equilibrium which combrols the concentration of this
species in solution.

The reactions listed in ™aRLB (6.1), and governed by equation
(b.1), are believed %o »roceed by a diffusicn controlled mechanisa,
and hence the avrroxinase effect of temperchure on the ground state

concentration of the nitrousacidium ion can be calculated,

rate = E.(Subaurate) (H‘O ) —— (6.1)
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TABLE (6.1).

~rs

Mitrosation by the “Titrousacidium ion,

Activation Energies.

(Hc101)=1o“2m.

-
79 k (equation 6.1) 5, observed
1.1m01s™ nin~t, k.cals.nole ™!
1,2-dimethylindole 3,0 290
25.0 2580 16,5%2.0
Z2-nethylindole 20,9 2880
17. 4 2080
15.2 1690
11.2 1140 15.0%1. 0
. va. . B2 +
nara-nitroaniline 17,050, 5

(All values of EA‘ includs ~ Lk, cu,ls.mc)le"1 due to viscosity change

in tre solvent with 4eunterature. )

Thesa anroxinate results 1aply an observed enthalpy of aboud

12 ¥.cals.uole = due 40 pre-cquilibria processes soverning the
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concentration of she nistrousacidium ion.

(ii) Tas concentration of he nisrousacidiua ion in coamarison

to the nitrosoniun ion, under identical condifions,

If the assunpiion that the nitrousacidium ion reachks on
encounter with the more basic indoles is valid, then the proportional
concentration of the nikrousacidiwa ion can be calculated ai any

acidity in dilute solutioas of perchloric acid, since :-

rate = kencounter.(indole).(H20N0+). —- (6.2).

. (indole). (Hvo ). - (6.3).

HE

Thus, substi*uting values Tor the aprropriate rabe constams (-

Iy

/ = - _ _
(= 0"0?+)/(Ln ) = ;& _ _3000% 1.m01 Tnin™?
2 Kencounter 6 x.101 1.mol Tmin~t.
= ?_k 10—9

\ . .o s -2, - s
for o solution of nitrous acid in 10 ~il, HC10, at 2900. This can be

LY

comnared with the value of the prosortional concentration of hhe

nitrosoniun ion under *the same conditions, calculated from eguation (6.1.).

AN

T
x|
l\)

- averc e velue of k. *alzen froa srrhenius plots of nitrosation of

0 2-nethrlindole, see TARLE 6,1).
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— (6.4).

s ) _
Gy = 5 %107 at 25°c_ in 1072, HC10,.

The conclusion reached by such a comparison is 3hat the nitrousacidium
ion has a closely similar concentration to tlat of the nitrosonium
ion, calculeted from known parameters, in dilute soluiions of

ninersl acid.

S is quite convincing for the
Q 3

|-

nce the existing evidence

only achive, vositively charged

13
e
ot
H
(]
o
n
%)
[¢]
[y
o
[y
o
=
He
9}
I3
o5
(0]
|-
ot
Y
sk
]

zlectroovhile in very diluie acidic solutions, %the possible

interpresations of %he above conclusion are listed below.

(«) That +h2 niirosonium ion is a nuch less rezctive
electrophilic reagent than the nitrousazcidium ion, . This is unlikely,

s is shown by studies of the analojous nitration of arometic systens,

©

ian which thes nitropiun ion was found %o bz the wredoninent nitrating
svecies in agueous minerdl acid and orgunic solvents,

(b) Thet the nitrous sneceies, dezciuble by its ultraviolet

-

absorption19, observed in cencentrated soluSicus of HClOL and HZSOL
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is not the niLrosoniun ion, dbubt the nitrousacidium ion. This postulate

also is unlikely, on *he zrounds 4hat the observed species has been

85
3

s o 17 . .
studied both as on indicator tyne ' and in terms of its Raman spectrum

and both results suggest that the species is the nitrosonium ion,

(q) That neither the niftrosonium ion nor the nitrousacidium
ion react with any indole or amine subsirate at collision frequency, or
at a frequency even rcmotcely approaching encounter, althouzh the
nitrosations by nitrosyl chloride are diffusion conirolled, as shown

-
by the czlculations of Schmid 7. Also, the nitrouszcidium ion, for
some reason other than diffusion control, snows little selectivity in
the niftrosation of indoles and amines oi veryingz basicity.
These conclusions arz untenabls, since Lhey suppose that the
neutral electrophile (170C1) is more reackive than the positively
charzed electrophile, HZOXO+, and that a weak elechkrophile should show

no sclechivity in reachion with substrates of varyinz basicity.

(d) mhat the nifrosoniun ion does no% follow the Henderson
equation, (e equasion 6. Z) whon 1% is carried threouzh the diluse acid
conditions; i.e., the nitrosonium ion is incanable of wmaintaining a
discreet existence in a2 solvent of hizh water cetivity and low solvent

acidity, This conclusion 15 vossibly near the truth., Perhaps the

covalent boud betican oxrzen and nitirowen in the nitrousacidiun ion in

o

. . - -~
very dilute acid {WICIRS o.1), he

0

ones prosressively weaker as the

solven: wocidify is incroased, until the weber mcleculsz has, in effect,
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Hot S bt &
H,O-go H : NO i
e

-
el
¥

+
NO

dilute acid intermediate acid conc. acid
cURE (6.1).

This concept, that a solubtion of nitrous acid in aqueous mineral acid
does not contein equilibrium coatrolled concermtrations of both the
nitrosonium ion and the nitrousacidium ion, bub only one vositively

. . . . . 8
charged species of intermediate nature, is not completely new
However, 1% seems that the concentration of this species is governed
by the Henderson equation, (eguation 4.L), using the thermodymamic
Ka of the nitrosonium lon, and, unexpectedly, b5he HR acidity
fuaction. In dilute acid, this species would effectively be the
nitrousacidiun ion; in concentraetad acld, the nitrosounium ion.

(B). FITO3LTIOT 40D PITRATION.

"he general voaclon schene for aitrosation by the nitrosoniun
jon and nitration vis She nitrounina iom is shown in TR U (6.2),

in which X rewrcesents 2ither of *he Lvo snecies,

‘o +

oty V] e + H
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In nistretion, k_I is often sufficiently large to allor the formation of
the nitronium ion to beccne rate conbrolling, mdkzlqdm%uW11wt

excevtlon very much greater then k g

In nitros:tion, by the nitrosonium ion, hovaver, k2 is always rate
determining in part, at least, as is shorn by the consistent
observation of a substantial primary isotove cffect throughout this
present study. Also, however, the wesence of a heland intermediate

in nitrosa’ion hes not been detected, directly, despite numerous

P

attenpts o observe this sonectrally in the esent work, and in the

. 38
studies of Tbue-Rasa .
These observations are in accord with two possiblc conclusions :-

(a) +hat #he nitrosation process iuvolves & synchronous

attack of %the nitrosonium ion ani fission of the carbon-hydrozen bond
at the si%e of reaction. Such a mechanisn would be exiremely
unusual in an eleclirophilic substitution reaction, The observation
recorded in Chapter IV moreover, “hat the nitrosation ol phenol can
oroceed Shrouzh a dicnone intermediate with sufficient stavility to
present & linetic fom indencndent of the solvent acidity, would
seenm Lo rulc out +the possibility of a synchronous rcachion in the
sereral case,

(b) §§55;351L2£2_1: in nisrosation, %he reverse being

true for ndtration. 1% secens ualiely the’ vroton loss {ron the

on

positivel; clumrgad intzimediate should bs assisted dirzetly by the



nitro sroup and no% by the nifroso gsroup, since the nitroso group

is actually nuch nore basic than the nitro grous, being able to fom
oximes, or ‘isonitroso' compounds very readily, Consequently,.the
differcnces between nitration and nitrosabion processes must lie in
the relative maznitudes of k_y, il.e., k_y for nitration << k_4 for
nitrosation.

Regardless of tie interoretation of this difference in magnitude
of the coefficient k_1, it is clear that the relative true reactivities
of the nitrosonium and nitronium ions cennot be deduced simply from the
relative rautes of nitrosation and nitration reaction umder equivalent
comditions of rsactant concentrations, Hence the conclusion, generally

held, +that the niftrosonium ion is a very sclective and unreachive

electrophile indeed, is not necessarily valid,
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CH~PTER VII,

THE EEPIRDTTAL DETATLS.

(4), ~HZ XOITIC 1ETTODS,

The rcaction ratces were nommally followed eilther by estimeting
the amount of product forned by spectrophotometric neans or by

determining the amount of unreacted nitrous acid by the method of

87

Shinn™', Details of thess methods arc given below.

(i) Continuous Snectrovhoitonesric Honitoring.

(a) For the kinstic studies of 2-methylindole,
1,2=dimethylindole and 2-phenylindole, the rcaction was folloved
by monitoring the ulira-viole®: sycctrun of the nitrosation product
(X) at ore of the suitzble predciermined wavelenzths given in
maBLE (7.1),

\B\N/ (:1(%§

).

"he measursaents ol absorbed litht were faken in eitievr 1.0 cam. or

10.0 cm. silica cells masintained «b constan’s tenperziure by
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circulation of water from a tempesrature-controlled btath, The cell
faces were continuously swept with nitrogen zas 5o prevent condensztlon
o atmospheric moisture on the c2ll wirdows in.the case of the low
temperature reactions,

The reaction solution was prepered in a volumetric flask, The
required amount of an agueous stock solution of the indole was run
into the clean flask containing the calculated quantity of agueous
nineral acld. ™nis solutlon was shaken and cooled for thirty minutes
by immersion in the +heraostatting bath., Reaction was initiated by
adding, via a pipette, a quantity of thermally adjusted agqueous
stock solution of sodiun nitrite, ™ne volunetric flask was shaken to

ensure nixinz;, quickly made up 4o 3hes gradustion nark with a small

oo b

amount of distilled -vaicr, and shaken azain.

A sanple of ths reaction solution was then “ransferred with a
dropning vipatte to the swechirophotomncicr cell, which had been
previously se%, clean, dry and clready al censtant tenverature, in
the light tean of a Uanican SP700 reccerdinzg szectrophotometer. The
reaction was followed until no further chanze in the absorbance of
the reaction solubion was anparcent, In all casss, this {inal value
of the absorbance was checlied with tie calculated value based on

1007 reaction, and these azracd fo within 27 Careful eccount was

alwavs haken of abzorbenca due %o e¢ll swnecies in solution, 7he

&% various intervals on o blank kinstic run., Finzlly, she acidity of

cach Ikinetie run was Getermined by Sitration of she reaction solution

b shondardised sodium hiydroxide, usiny uethryl rod indicuhor,

/

[N
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(») Sovectropiosonesric Astimation of the Nitrosziion Productk.

™ic ulbra-violes absorvtion spectra of the conjuzate
acid (X) of the various 3-nitrosoindole product s  have not been
renorsed previously. Details of the ebsorsiion mexima are given in

TABLE (7.1).
TABLE (7.1).

Absoration Spectra of various nit rosoindoles,

Solvent : Jigueous —werchloric acid.,

Anax.  loz. € xma}:. log.& Naax. log.& (H+)
o 0 0

X=8) 2490 .21 2630 447 3470 3,76 2.6
v = meg 21,90 1 21 2670 417 3,70 3.76 1072
X=H) 2720 o 10 1072

)

g -1
5 = Ph 2720 Lo L9 10
X = me) 2500 519 2670 L.18 3450 3.77 1072 .
vV = ne 3150 377 1.0

3450 3.77 6.5

In every case, +.2 avsorpSion of these sjecies obeys the 3ecr-

Lambers lev of eaquation (7.1).
1
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loz.{I/I) = &.c.l. --= (7.1).

:- Io/I revresanss the rasio of inciden’ to
transnitied lisht,
¢ represents the concentration of the absorbing
. . -1
svecies in gm.mols.l -,
1. refers to the thickness of the cell, in
centineires, and & is the molar extinction

cozfficient of the absorbing species.

(c). ABSORPTLCM DUE 70 UITROUS ACID AVD UIRES..CTED INDOIE,

indole

product. ™his is illusirated oy e estinchion coefficients list

The absorption'dre 40 he relevant nitrous species and uvnreacted

were suall in comparison o the absorstion due to the nitrose

ed

in 7.3LE (7.2).

oI5 (7.2).

Bacizpround absorntion of lisht in kinevic runs,

(2 € (x0%) € (%7T02) & (indole) € (product

2-nesh

1,2-81

2-ohenylindole

siindole 3170 100 L3 10 5700
netlylindole 3470 160 L3 10 5850

g
~.4
—
<
)
U
.\|
Wl
)
O
-
=
w
(]

————— e nm o e — - —— - -



I'evertheless, Tull and correc’ account was always taken of these

tachkzround absorbances in the kinetic analryses.

(d) Side Reactions.

(1) Decomyosiftion of Titrous Acid.

Under *he conditions emnloyed, sisnificant nitrous

)

cid decomposision was dztected only in the Jew runs nverformed at

solvent acidities greaster than 6.OH.HClOL, when only zbout 907 of

the nitrous acid initially added was observed to fora sroducts, The
19

nitrous acid loss is sreatest during initial shakinz ~, and doss not

sherefore seriously interfere with the kinetic analysis of product

(ii} Stability of +khe Peachion Producis,.

The stability of caclh of the nitroso coapounds urder

discussion was established both in thz presence of an excess of

o . .

unreacted indole, and also in an ercess of mineral acid. The 3 nitroso

convound from 2-methylindole, hovever, iras observed %o react fursther
with excess nitrous acid, C(ounscauently, 21l exvneriments with this
ceroound were underielenl with en inikial excess of indole, and at

acldifics less than A.GT.HClOL. The correspondinzg niiroso products

o' Z-nhenyliindole cnd 1,2-dinethrlindole are toth stabls to an excess
07 nitrous acid.

(=) "oieal Kinetic Ruas,

[P S ehvhigsd

™70 tyvical kinehic experimsn’s using the techuique descrivel
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above arc shorm in TABLE (7.3) and TABLE (7.4).

msBLE (7.3).

l—l

i
r4
Q

setion of 1,2-dinsshrlindole followed by vroduction of oroduct,

Run 275,

(EC10,) = 2.4 . 10 Tnitial Stoich. (indole) = 2.08 x.107M.

Inisial Stoich. (EE\TOZ) = 1,08 x.10—5

M.

o
1007 reaction corresponds 4o an opiical density a’ 3450 4 of

0.632 in a 10,0 cm. cell,

t (min)  0.D. ) (1-3‘302) x.10%1,  (indole) x.10611. ' resction 1;2 l.mols“1mix
1.75 0. 164 7.37 17.97 25.9 6190
2.50 0.201 7.33 17;33 31.8 6360
3.25 G, 231 6,81 16,81 36.5 6160
1,0 0.258 6,35 16.35 140.8 6100
5.5 0.307 _ 5.51 15.51 18,6
7.0 0.351 LTl o Tl 55.6
8.5 0.383 fre 21 14, 21 €0.2 ‘

10.0 0..07 3.78 13,78 €l 2

13.0 0,457 2.9 12.91 72.3

16.0 0,193 2.30 _ 12,30 77.8

12.0 0.223 1,78 171.78 82.7

25.0 0,530 a3 11.31 87.0

. 635 o " 10.00 100.0



- 153 -

mARLE (7.4.).

Yitrosation of 1,2-dimesiysiindole folloved by nroduct formation.

Run 16k,
(3010#) = 8.221, Initial Stoich.(indole) = 1.2 x.1o"3n.
Initial Stoich, (IF0_) = 8.0 x.10—5I.I.
Z
temo, = 3.0°C, 10075 reaction corresnonds to an optical density at

0
3450 & of 0.463 in a 1.0 cm., cell.

+ (min) 0.D. (HNOé) x.105M. 3 reaction E1 x.102
. =1
nn .

|

8,0 0.125 5.19 27.0 7.0
6.0 0.187 Lo13 40.3 7.56
2.0 0.235 3431 50.8 7.25
12.0 0,271 2.70 53.6 7.12
15.0 0.29% 2.22 Gle 6 7.€CO
18,0 0.327 1Tk 70.6 7.19
21.0 0.3L5 1,43 7L.6 7.C9
27.0 0.373 1.07 80.56 7.03
33.0 0.392 .71 . 7 7.00

ol 00129 0.0 °2.9

R ER T PO
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(iii) The Kinetic ‘sthod emplovinzg anelrsis Tor
Unreacted Tisreous ~cid.
The direct’ gctrovhosonziric neasuraient’ of unroduct

formation is only swtisfactory in $he case of comvounds forming stable
products. This condition was fulfilled for the three indoles discussed
above, presumably becuuse the reactive nitroso gzroup is stabilized by
formation of an oxine shtructure., Witroso compounds, however, which do
not readily form oximes in ccidic media are generally unstable, being
prone to furthep oxidation and coupling reactions. Consequently, a
different kinetic method was used for the s%udy of rezctions producing
these relatively unstable coapounds, in which aliquots of the reacsion
nixture were apélysed for nitrous zcid by a modifioation88 of the
nethod firsht used by Shim

(a) Zessrmination of trous acid by Shimn's lietinod.

"is nethod involves “he conversion of nikrous zcid o o siable

avoatic diasonium ion, which is %hen couoled idth & suitable nanhihol
b i =

;0 produce an auzo dye soluviion, %he osihlical density of ~hich is

e

~

Cirectly oroportional %o the oriinal conczntration of nikbrous acid.
"he {ollowing reazent solutions were used in this anglisis :-
(i) Suviprenilaaide (1.25 4@ ) in 250 ml. of 5.0, HOI1,
(34} Medmnaphtlolothrlenedisnine di-hydrochloride

(0.25 zna) in 230 ml, - wher,

In o tyoical doterminetlion, 3 ml, of 5he nitrous acid solubion
wersz i inho ca th nl. of Lillad waber in a 25 1l,

en 2 nls, of 4he suvlntandlaside soln
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added end *the s*oppered ilasic shaken thorcughly. Lfter threce ninutes or
tvo nl., of the mephinylethylenedianmine solution were added, the
solution was made up o volune ard +when shaxen., The azo dye reuuires
about 15 minubes to develoyn fully, after vhiich 4ine the opiical censity
the solubion was measured &t }\5460 g in a cell of suitable vath
length, using a reference cell containing oaly o similar dilution of
+the stock solutions in waber. The licht absorption by the dye was found
+0 te dircetly provortional “o the concentration of the nitrous ccid
sanpled, as is denonstrated in FICURE (7.1). The graph of optical

densisy ah 5460 K azainst nitrous acld concentration is linear and

3
o

sses tiwouzh “he orizin, FIFURE (7.1) refers to & cell path lenstl
of 1,0 cn, and similar behaviour was found using a eell pakh lensth of

i

10.0 c¢n,
Thous -

r)'(I /I) = Ea.';o. “.‘.7‘0 6-:}73 Ql. ikt (702)'

oL &, (H0,). 1, - (7.3).

o)

where the cinabols lizve Lheir usual si “'1.1.-10'1.&, 2,
£ s
1

At 18%.,, éazo = 5.k 1ol 1.mol"'lom. .

K LA = - N - 3 T4 SvoA A~ = e . Lo
Mesk, and She solusion ves Shnon lmerced in o feRmperiiure confrotled

bath., » saell qu.nsisy, zeneselly 5 nl., of a~ agueous stock
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solution of 5he arcmatic subsirate was inbroduced to the ©lask via

a pivette and the solution snalen %o mix., The veachtion was brought

about b& the addision of a known quantity, gererally 3 nl,, of an
agueous stock soluficn of sodium nitrite. The volune of solukion
was adjusted with dis+tilled water, shaken thoroushly and then
reimmersed in the thernosta¥ting bath, Aliguots were taken wikh a
Dipette at tined intervels ad analysed for nitrous scid Ly the
Shimn's method descrihed above.

The zross acidity of +he reaction solution was detsrmined by

titration azainst standardised sodium hydrozide using methyl red as

indicator.

(c) Sources of Trror.

(i) Side Reactions.

Sice reactions which 1y introduce considerable err
are %tne deccmnosition of nitrous acld, and subsequent reactions of

. . . - . . 28
proiuch wisth nitrous acid, For exanple, it has been showm™  thet

or

+he

aromatic C~-uitroso counounds can react with an excess of nitrous acid

-~ = —r
D

t0 nroduce a dinzonium ion, wiich may *then couple

arona’ic subshrete Lo profuce &n azo derivative., lowever, Lhese

vy enploying vary loy initial

.
o]
o]
e
[
]
t:l-
Ey
2
o}
O
fo

~
concentrations of nitrous wcid {ca 5.10 %o 10 fn02.17)

individusl runs) with o Senfoll or sroeber exczss of aromstic subs

The wroncriional rate of ni

ith an cctivesed

decrease with decreasing concordration of nitrous acid, and the rate



of any subsecuent uptake of nitrous azcid by the prodvcts of reachion
w1ll be minimised by the Llow concensration of both the nitroso
compound and nitrous acid.

(ii) Srror in the Shinn's analysis.

Apart from normal volunetric errors, the following
are possible sowees of error in this analytical prccedure,
(1) Absorpiion by siiler the aromatic substrate or products of

o}
5L60 A.

ok

o

reacuion &
(2) Reachtion of the aromatic suvbstrate or the producis of reaction
with either sulphanilamide or the naphthol 4o produce a new
3 . o
species absorbing ai 5460 A,

(3) Reaction of the diazonium ion, (formed from sulvhenilanide),
with either the aromatic substrate or the reaction products

before +the inhrodvesion of kthe couplinz asent.

Of +the three possibilities, serious interfercnce was

detected only [{rom +the last, and that only in *the case of the nitrosation

of 1,2-dimethylindole., This coapound wvas evidently rsachive enouzh
to couple vd%h the diazoniun lon, producinz a new azo dye, A 4300 n,
& 28,200, ),
(L) Incoaplete queanching of reachion, In the kinetic procedure, a
3 ml. szmple of Lhz reaction solution was vsually added to 15 ml,
illed water orior %o the analysis for nitrous acid. "he
resulting reduction in the acidify of the reactlon nmixiture
generslly quenches thz reaction., Uhsn, hoiever, the nitrozatil

srocess wus actelerated by a reductlon in the solvent acidity,

.
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as in the cass of 1,2-dimethylindole and Z-methrlindole in

moderately concenirated acid, the alternw.tive kinetic method

involving direct spvectrovhotometric observation of the reaction

I.J.

bed previously, was used insiead.

o]

roducts, descr

(5) stability of the .zo dre. “he intensity of the dre, once fully
developed, showved rezlizible cﬁange over o veriod of two hours ak
room temperasure, regardless of the acidity of the soluition being
measured. All opiical ueasurenents were therefore taken within
20 minutes of the orizinal coupling. The molar extinchion

coefficient of the zzo dye showed & slight denendence on the

acidity of the medium in which it vas measured, being e few percent

sreater in sironger acid, This is uninportant under the pseudo
first order conditions of %he kinctic runs, since the observed
ophical density need only be directly vroportionel to *he

concentration of nifrous acid sempled.

1-
]

Semples from kinetic runs &t hizh acldities (H”1047> Ei.)

required a lonser %Lime, (up ko forsy win uuS) for ths full colour

developman’ of the azo dre. These observations are in accordance with

(d) Trolcal Finetic Runs,

'm0 exauvles of tywical kinetic experimenis studied by

znalsis for unrceched nitrous acid are shovn in 7307 (7.5) ard

! T I M o . - -’; - 4 3 o - 2 . Ll
TABLIZ 7.0). ™igga runs wrc resresanbetive of she varicus conditions

under waich the reachions were shudied, In wrilculer, sthe reacilon

half-livas —were al wrs shors, (usuelly of %he order of 30 ainutes, )

-
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in comparison with “he rates of decomposition of nitrous acid unler
the same conditlons, which nave been lis*ted in TABLS (7.7).

mBLE (7.5).

Nitrosasion of phenol, folloved by Sainn's nethod,

Run 79.
: -2
(30104) = 3,024, Initiel S%oich (phenol) = 5,13 10 ",
Initizl Stoich (HHOZ) = 8.5 10‘5n.

100 reaction corresponds %o an optical density ak

o )
560 4 of 0,00 in 1.0 em. cell,

tine 0.D. 5L60 4 (170,) c; reaction K, % 10°
(minutes) ) x.1O5H. (min.—1)

2.0 0.506 7.97 6.3

8,0 0.132 6.20 20.0 2,79
15.0 0,360 5.67 33.3 2.71
22.0 0.303 L.81 L34 2.59
29.5 0,240 3.78 55.6 2.7k
37.5 0,195 3.07 63.9 2.72
51.0 0.130 2,05 75.9 2.79
81,0 0.056 0.88 89.7 2.65
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~3LE (7.6).

hinm's nethod.

2

o

'.
H
]
(9]
[
ok
=
o)
o2
=
[e]
Bt
L
5
I,J-
w
o
t—
]
=y
=)
1=
’__l
Q
]
(o)
O

1

]

{1

Run 157.

(HClOL) = 9,41, Initial Stoich (anisole) = L.71 107%:,
Ini%ial Stoich (HHOZ) = 1.10 10"5u.
'temp- = O- 7OC.

10073 reaction corresponds %o an optical density a%

o
5460 A of 0.CO in 10,0 Cmcell,

%ine 0.D. (570, ¢ resction £1 £, 10°
(minutcs) ‘“ x.1O6M. (min.~1)
3.5 0. 642 10,10 8.2
10.5 0. 507 3,00 2743 3.05
18.5 0.369 5.71 48,1 355
21.0 0,242 3.84 65k 3.42
E7.5 0.142 2.23 79.7 3.35
68,0 0. 077 1.21 89,0 3.25

0.060 0,0 100, 0




A%

"BLE (7.7).

Rates 0f deconmposition of nitrous acid in _.zueous perchloric

ccid 2% 0,7°C.

R HE10 =150
un ( Lu) ( 2) ’G%

oy

(15.) x. 107U, (hours)

290 T 1,0 118
176 6.0 1.0 50
160 7.8 1.0 25
83 ! 10~1 10,0 200
82 3.0 10,0 L0
81, 5.0 10.0 15
153 5.l 10.0 20
173 5.0 10.0 12
77 101 100. 0 240
76 1.0 10,0 30
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(iii) Kinetic lethod eaployina Scaled Amvoules,

(a) ™hes usefulness of the two Tore e3oing nethods is

linited %o kinetic runs off half lives shorier +han 150 uinuies at
0°C., meinly by virius of *he decomposition rate of nitrous acid,
showm in "iBLE (7.7). ™hus, %o study the nitrosation of less reactive
substrates, a method was employed by which nitrous acid decomposition
was reduced Lo about three percent per hour for an initial concentration
of 1O—AK. nitrous acid at 52,9°C. This was achieved by studyinz the
xinetics of solutions of perchloric acid &% such an acidity that the
nitrous acid is alinos® +Hotally in the form of the nibtrosonium ion.
Since the decomposition of nitrous acid probably procesds by attack

£ the nifrosonium ion on unionized nitrous acid, solutions of nitrous
acid in very concentrated (10, OM.HClOA) acid should be more siable.

® ]

To furtnher diminish decouposition of the nitrous acid, and also to

Yo

nrevent loss of volatile reactants a* the high temperature emvloyed,

48]

these exoeriments wers carried out in sealed ampoules, These
experimantal condisions srectly incresse the rmanze of accurathe rate
+ P 0 . .
neasursaerss, half-lives of up to 12 hours at 52,9 0. beinsz possible,
The amvoules werc uvrenared by constricting the nacl of clean
test-tubes of '"Prrex' ~lass., .ampovles mede in this vay have 2 volume

of aponroxisately 11 or 12 ml, In o *rpical run having & half-life

of sreater than three hours, & sreizhed wmount of aromatic substrate vas

contalned in a 100 nl, <raduates Tiask, alonz with 5 al. walter, and
the requiraed cuount (= 85 ml.) of 727 HCL0 . Tuae wurn solution was

4
rortic subshirate, The {lask wes

@

shaken to cawlete solution of the
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then cooled in an ice-bath for 15 minutes, tien 10 ml, of an aqueous
stock solution of sodiwn niirite of mown concenuratlion wes introduced
by pipette , the contents thoroughly mixed and ths volume adjusted with
é¢istilled water., s sauvle of the solution was wuicikly analysed for
the stoicheiometric concentration of the substrate by measuremsnt of
ulira violet absorption. aliquois (10 ml.) of the reaction nmixture
were introduced inso each ampoule, wnich was then ssaled with
"Waralfilm' and quickly cooled in liquid nitrozen. The remaining
solution was znalysed spectrophotomeirically onces more, %o cstablish
that a constent concentration of reactants had been introduced into
each tube,

The ampoulés wiere then sealed with & blowg-torch and brousht to

0 . . . v
0°C by susnension in an ice-~bath for 10 minutes. TFollowin; this, the

tubes were simultancously im:ersed +totally, by iacans of cojper wire
1nala . L 5 ey 3 z0 o° L
holders, in & ftenverciure-controlled bath maintained at 52,2 C., sfter
a Purther veriod of 10 minukes, each tube was shaken lor 10 seconds

and exanined carefully %o ensure connlete solution of the arometic
comound.,
iretic points werc %aken a% nosed times b7 removal of an ampoule
on the bath, immediazic washing of the glass ;ith cold xrunning
tap=veher, and followed b7 “horoush diying writh « paper towel., The
sapoule wms then placed in & clean dry 500 ml. boli-necked reazent
bottle, and brolan by snziking the sto cd botkle., & samnle (3 nl.)

of the liquil .as renoved by pipetie and anzlrysced Tor nibrous-acid



by Shinn's method, The ultra violet snpectrum of the remaining liquid
was exanined to sshinsse the naturs and conconbration of the rezction

zroducts,

The gross acidity of the run was checked by sitration of a sanple
of the solution from 4o different ampoules agzainst standardised sodiun
hydroxide, usinz methyl red indicator.

From cn initial nine *ubes, an averase of two tubes cracked on

immersion in liquid nitrogen, and these were, of course, discarded.

(b) Side Reachions.

(i) Decormosition of Mitrous acid.

The rate of the deconnosition reachion in sealed “ubes was found to
aoproximate to a irsh ordsr vrocess over the first 757 of decomposiiion,

accorGin; o eguation (7.@).
— B = ', (im0, ) e (704),

his relatilonshin is 1ok exwch, ihen She concenbratsion of Hhe arcnetic

subsirate is in conshunt excess over the ini%izl concsntrakion of

o

nitrous acid, %he robe of loss of nitrous acid to form sroducts will .
follow the rase lew of equatien (7.5).

- a{o,)

M-.(;,-—..‘H = }’1 . (71.—-02) ——— (7. 5 ).

Thus the Sosal observed rahe of loss of nitrous acid can be exmressed

. ’ a . A -
a5 in enwtion (7.4), oo the sum of ejustion (7,L) end (7,5)-
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- a({ro )

Ers .(observed)

"
—~
by
+
w
-
g
[ ]
—~
-
(5]
1
o
SN

) - (7.6).

Thus +the pscudo first order rate coefficient (k1) for reaction between
the substrate and nitrous acid can then be calculated directly from

the observed rate of disappeasrance of nibrous acid.

By

.

(11) Purther reaction of the reaction products.,

Under the experimensal conditions of relatively high teaperature and
acidity, the nitroso conpounds Tormed initially appsar %o underzo further

P Xy .

reactions. ne rate cozfficients for nitrosation, hovever, calculated
from the rate of Aisameasrance of one of Lhe reactants, nitrous acid,

1

will be meaninsful if no Tursher nitrous acid is counswied in these

73 net, s is discussed

v
o
E..
Lo
L0
e
(@]
b
=
[&]
3
Gl
.
13
[#2]
(@]
e
o3
e
i
o
(=]
3
ol
€
(%]
©
[
o

"
509352

below in connzchion wish the jeneral evnalysis of “he reachlon produciks.

1), EEITISICT OF T MBASITID s CCOFTICTIT ™S,

The szcond order ruie co=fficisnts daiined by eguetion (7 7) for

-

Xinctic ruis nerforasd on puacucel, wniscole and the various indoles were

Ea R - Bl
L " L

™ thon 3., Rate coe
heansne sl tolueue are subiect to auch nislier error becazuse of

uncerscinties in the rofte of desconposision of aifrous zcid, The ervor

. aa R, % K S ] o - - - Ay
in these =wte coziflicisnts is of e ordsr of 4+ 20 .

N

A shoichoiomehric sccond orrer raote conshant (k&

the erperinental nsasurcments,

been caleulasasd by srapiiczl nsens Irouw
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using the intezrated form of eguation (7.7).

-~ a(io,) -

g = I, (substrate). ({10, == (7.7).
Le s

The intezration was carried out from the %ime of niring of reactants.

The expressions used in the present worlk are given below, in

which =~

a. and b, rofer %o the initisl concentrations of
-1

reazents, neasured in mols.l. -,

X. refers 4o the inskanianeous concentration of e

v

stable reaction product, neasured in nols

L
-

and £, refers +o0 *3e time in minukes since initizsion

of reackion,

(i) Pseudo First Ovdcr Rzachion,

ko= 20900 log. () - (7.8).
o (‘{;—uo o a=-X
4 graovh of lo7. (2=x) wieinss 4ine is linear,
(ii) Szoond Ordsr Rewchion,
(a) Uncaual concentiretions of re.chents -
’.l- EOJW: D (-‘-"’ ( [a]
i = e ST T nl . (~ — . \7u,)v
2 (%= =5 ). {emn) o (b-x

- Y - Iy . -
aograph of 1 ,éz_j.a»*m,,tmw is lineor,
\D-"\')
T hny T e doom ~day EalN [ S
(b) Tigual concontriiion of rewetents -
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ke = ] X ‘ - (7-10)-

w
1

A zravh of (”1~ azainst %ine is linear.

R

The valuss ol shie rate coefficients k2 vere obksined in each case from

the zradients of %the linecar srapns.

(C). A WALYSTS OF "5 PRODUCTS OF RBACTION UIDER ZiPERIENTAL

L

CO:DITIONS,

(1). #itrosusion of Phenol.

The product of the nifrosation of phenol in aqucous acid has
L. 190 1, o) - LI . 3. 3 4 -
been reported”’ -0 be > 957 mara nitrosophenol, the remeining few
percent beinz ortho nikrosophenol, The product of runs performed with
1 29, a L S, LN -
vhenol and 4-(H" )vhenol alwars corresponded %o > 955 mara nitrososhenol,
2N
based on %l uliraviole: absorviion spectrun” . o oiler products were

deteched spechrophosonetrically,

. - ,
nsotion of anisole.

Ind:r tne condisions ol the kinetic expezrimenis, the mroiucth

of +hiz veachtion also s always > 95 nore niftrosophenol, no other

L

b o
1

eing obsarved spzcirophohomeirically, Two wossible reaction

o
L
o
[
fod
Q
<
=

sould yield svch a proavet -

Ote H Ci’

193
9]
2
v’
=3
o
4]
[@3

> — |

N

QM OMe 7 NCH

Schoue

9



1
-
9}

(s}

I

Yhe observaitilons recorded telow sugszest that Scheme 2 is operaztive,

(a) 4 solubion of .inisole in 1O.H.HC102, left overnizhi at

OOC., then made alkeline with sodium nrdroxide to pi 12, showed no
trace of phenoxide ion in %hs ultravioleh absorviion spechrum,

(b) An authenzic seaple of vors nitrosoanisole in agueous

solusion reacted very readily under acidic or basic conditions %o yield

vare nifrosophenol and no other dstectadle producst, This observation

D
°

N

is in azrcenent with those of other workers” .
4s is shorm in ™ABLE (7.8), %he rate of the acid caalysed hydirolysis

of zara nitrosoznisole was deternined ak one acidiky and was also

observed t0 be virtually instantancous over the rangs of acidity

enployed in the kinetic stuvdies of the nitrosation of anisole,
43805 (7.8),

Yrdrolrsis of p-nifrosoanisols ak 0.7°C.

Veristion of rose with acldisy.

(1010, ) L4
L 3
(1) (nyarolyssis)
1071 32 minukes
2,0 10 seconds

A\




~ty

[y

{¢c) The acidity profile of the raie of nitrosation of
phenol and anisole are rerkedl;r different, as showa earlier in

Hy

FICRE (Al). In particular, the observed rate of nifrosation o
anisole in acidi%ies zreater than 10M,HCI0 is faster than the
L
corresponding rate for the reaction of phencl with nitrous acid,
These ‘erzunernt s exclude any reaction path in which anisole is
converied Lo phenol prior %o reachtion with nitrous acid. The
evidence is consistent, hovever, with the formation o

nitrosoanisole, which then hydrolvses exiremely rapidly %o para

nitrosophencl,

(111) Ilisrosuhion of Dinhenvleiher,

e followinz observutiions were made in connection with

the reachtion between diphenylether and nibrous acic in 10. LJ.HFIOL,

(a) A solution of diphenrlether in 10, ho.PClO left
. - cn 60 ,
overnizant at 52,9 C. shaied no detectable hydrolysis to pneno1 on

exoeninesion of fhe colulion ul4ravieleh stecirum,

(b) “hen the inisial concentration of divhenylether was

b

niticl stoichelonetric rnitrous scid, the sole

l..l.

in excess of Hhe

sroduct forned was tare nitrososhenol, identified b its ultrevioletd
spzctrw, wnd observed Lo corrzspond So sresier then 952 reachlion
based on the ininidl nitrous acid,

(¢) Tmen the initi.l nitrous acid vas in exczss over the

diphenylather khe ultinghte or canet 28 inst iaenthiflied I“" e aviolet
24 b4 Py 3 4
spectral analysis, weirs es ljbw'llj snch o b= 2 l—~dinitroc ol .,.-O] "he
b il Jr ’ ! b
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reaction seguence must be -

L

l H

O
() — O —
| ‘ 7 :
© NO N NO&

...O

R

since para nifrosophenol and zera nitrophenol were also dotected
spectrally as transient intermedistes. The finzl concentration of
dinitronhenol correspondad to two mols, producéd rer nol. of initial
diphenylesher,

Also, *treatment ol a solution of an authentic sample of para

3

itrosonhenol under the sase condizions of acidi’y, nitrous acid

concentration, and temceraturs, yielded 2,l-dinitrophenol, one mol.

]
~

being produced ver mol, of initizl pera nitrosophenol.
(d) The nikrozaiion was carried oub under the following

conditions :- Run 26

Mamperehure = 52,9 C. (tic10 ) = 10,4

—~
fo)
1

el
=
]
[

-
-
[
'l.
[
(o}
Lo}
.
1l
-
-
@]
L]
-
O
o

—
[
4
o
Mo
~
I
-
e
—
o
e

all-1ifc of reaction,
a sanple (5 mls.) of “he roaction solution izs run into cooled

101 3a0H (45 wls. ). Tas busic solubion wes cihracthed with diethyl
ether (10 mls.) o rnove wirsacied diphenylzther. The ulfraviolet

- ;
I a mev

o]

shectrum of the clvaling aguscus luyer showsd “he prasencs
2 T

[¢]
&

hamd ol 2330 .0 (0.D. = 0,022). in «ddition Lo %“he’t uvyde +ed for thz
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product nara nitrosophenol. Other samples saken after apyroxdmately
3 and 10 half-lives zave a similar absorption (0.D. = 0.092) for
s W nzzn © e vt s
the band at 2350 A. Assuﬂ1n~ this absorntion corrssponds o thet

+od P b \ FQ L3
expected [or PLGPO 350 4, lozé& = A.OL), the concentration
of phenol produced during nitrosation under these conditions would

be 3.k 10‘5:.

1 1)

Ons possible recction scheme consistent with these observations

is shown below,. also above, in Chanker V,

e &

. NOH
0

b

i
ClFLJ

NOH

Because of the hizh substrets concentrations of Run 266, khe
consuantion of nitrous acid Tollows o firsh order vate law, equation

(7.11).

of course, Lo the sum of 4the reacticn of both
dinhenyl etrer and oshencol vith nibrous acid, expressed by zguation

(7.12).



- a(iwio
a(In 2)

= 59(diphe:vl esher). (uAO )+ (Dbcpol) (HIOZ)

L
s

Under the condi’ions of Run 266, the value of k_, determined

J
indevendently, is -reaser Lthan k(obs)/(dthe wwlether) by a factor of
nore then ten, as shom in "2BL3 (7.9). Yence k3 nuss obviously be

greater than I, by at least this factor,

Hitrosation of Phenol and dinnenylether ak 52,2 C.

3 dinnhen Lthe
Run (HCth) 55 kobs/(zxp.v wlether)
(i) 1.moles™ ! qin™] l.moles™ | min ™.

~N
WO
jXe]

10, L 655.0 -

no
N
O

10, 4 '57.6

"his imgplies thut the coacsmbraiion of vhenol under these
condibions ill be mointained of o lov, wobroxinehely constant value,

throu:znouh rauction, awilryins she sheady shuse annroxination 4o %his

k .(diphenflehher) + k3.(phenol) = i(obs) ——— (7.1)).



ot

.y

. 3 R )
+  d{phenol _ a(phenol)
t - as

34 . FIS S kS
.(alpdenjletner).(uhO

k, = k. (phenol), (:—3:02) — {7.14).

(phenol) = EE/E . (d¢iphenylsther) - (7.15).

k = Ez.(diphenylether). - (7.16).

b . -1 -1
"hus for Run 256, k¥ was celculated 4o te 28.8 l,uols min ',
Substituting the approvricte values of k , k3 and (diprenylether)
into egquation (7.15), we nay derive for the shated coniitions of

Run 266 ;-

0
J

(phenol) 25.8 . (10— )

= L, 5 10-5 :f:ol. 1“1 . - (7. 17 ) .

"his is close =o tihe zroeriazstellsr obs zrved value, uentioned above,

.
a
i

-
= i - - . . . PR .
(3.4 10 “nol.l ) end illussrases *he consistency of She obs :rved

results vitn tne rewchion scheme provosed, and offers Justification

ror the kinetic asnroxinebion emplored in the analysis of she experimentel

- il "

L£m .

(iv) itrosation of Moluens.

Moluone rencks o & mezsurctle rate witn nitrous acid in

concansreted verchloric acla &f G, Lo »roduce 2 desp sreen
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coloured solution., The de*cils of 3he ultraviolet absorption specirunm

of this product are recorded in Ta3LI (7.40), *he sxtinchion

O

coefficients values beinz only approxinete, since %they are based on

the amount of nitrcus acid consumed in reactlon.

m43BLE (7.10).

Absorution srectrum of produvct of Mitrosation of Moluene in aqg. HCLO

(s610, ) A los. G A\ loz. €.
(o]
A

1) (2) (s

.

Tdentificution of +hs nroifuct by thz usual wethods was nos
success ul, sincs insudficlen? gquantitics were isolatec. Howsver,
incidental evidence, suwanarised below, suzgests bhot the produch
results froa condensa’isn of zara nitrosoboluenc with toluene itsclf,

Teisher raaciion bziw:im authenbic oriho nitrosotoluene and
eitrer Lolusne nitrous acid or ure nifrosotoluete, nor reachion

- S bl 1. -
Trorused (on the tasis

betesn ara nitrozoholuzis

P - \ . - . R -
of %he ulirovioles srectry.) iz sroduc’ obssrvad dn Sle “olucne
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nitrosation. Thae reguired ultraviolet spectrun could te produced,

-
aovever, by introducing a very dailluts solution of pura nitrososoluene

I

L4
‘. . . . . . o
in%to & stirred solutiom of toluene in perchloric acid af 52.9 C.

b B}

No nitrous acid is requirsd for “he conversion %o %hie unknown product,

vith the rete of addition of para nitrosoioluenc as low as 2,10

. s . - - PR 4 .
mols.min ', "in%o a stirred volune of 20 mls, of 10 “1i, foluene in

10,81 HCL0 , the extinction cozfficient of %he product at all
4
wavelengths (hased on the amount of nwera nitrosotolucne introduced
g ) P Sy

tallies with the values quoted in TABRLE (7.10), which were calculate

on the consunvhion of nitrous acid in 4he ni%rosation reaction,

Thus it is likaly +ha* nitrosation of #oluene results in the

formition of the iers isoner exclusively, bub *ils reachs with

further toluene under the kinesic conditions %o produce & new -
unidentified produvet with no rurther ustalze of nitrous zcid., This

course o reachion canmcet be dunlicated with ¢ more concanthrated

2.

solution of vara aitrosotoluene, acrever, since hisher concentrations

Y,
. - \ ok N
of mitrosotolusne sncoura ;e another peinl’ , which is presumably sccond

order in =nitrosotolvocine, since i iavolves n condensation of %wo
molecules to Tora substitubed hrdroxylamines.
The naiure of thls unimom wrocuc’ ds moh pertinent So the pvresent

o

a. N -y T @t el Lla b Lo e mia $ v Syt Iy o et
studyry, once 1% has bect estohlishied bthet tazre is Jast subseguent

-3
[
£
G
b
L
O
s
-
o
W
o
5
-
o
".—I
4
Py
o
Va
9
ot
ta
G
@
o
el
H
.

: . o e e e ea
Mie voachionr ¢ Zardone itk aifhvous anid dn concetatad
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LClOL at 52.9 C resulis in the formgtion of nisrvobenzene, This has

~

been essablished by courzarison of uliraviolst svectra of the vroduct

T
m

of reaction and of authentic nitrobenzene in both agueocus and crzanic
ES

solvents. also, a compuersiive Shin laver chromefozrenhy demnonstrated

+hat nitrobenzene was the sole detectabls vprocduch, A solukhion of
authentic nitrosobenzene in €10 , under the kinctic condisions of

temperature and acidity, was obssrved to yisld nitrobenzene aficr

twelve houwrs, in the abscnce of either ni“rous acid or benzene,

(v1). 1itrosciion of 1,2=dimsthylindole.

“he ulsraviolet specirum of an authentic sanple of (XI)

~

agueous soluktion is recovded in "L3L: (7.41). "he pIl devendent
e was otserved to e fully reversible, indicating a

vrotonztion squilibriun ond idensilyin: the vroduct followed in

>

individual Finsdic runs as the copound (%¥11).

(x1). (x11),
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maBLE (7.11).

T
(“0104)

(11.)

oy
‘nax log&

(2)

2-¢ineth/l-3-nitrosoindole,

)\ 1og£5

max

(2)

Authentic E 10~ 2500 L.12 2850 L, 06 3630 L, 21
Sample é 1075 2500 4.18 2670 1.18 5L50 3.77

( 1.0 2500 4,18 ° 2670 L. 18 31,50 3.77
Kinetic g 6.0 25C0 L. 18 2670 4,18 3150 3.77
Product ( 107> 2500 L. 18 2670 1,18 3450 3.77

(VII). Titrosation of

2-2henylindols.

Tne uvliravioles
agqueous solution is rec
spectral chonge was observ
sinilar acid/base
identifying

conditicns of the

¥inetic

e@ 50 be fully reversible, indicatinz a

S nitrosaiion of Z2-ovie

ried in "-3L% (7.12).

[ag M

vhudy, &5 She compound (XIV).

NO

"he pil denerd

soecsrun of an authsatic sample of (XIII) in

ent

Snet for 1,2-Cdinethylindole and

nylindole, under the

CLO

<FC)P%
%

o

%

T

(xrIT). (7).
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sosorntion Snectra ¢f Z-ohenyl-3-nitrosoindole,

(tic10 )
L

(i)

Aoae
(£)

los. &

Aushentic g 10

Sample

I
i)

2720

2720

.58
1—?-0 z¥-9

Lo 49

Zf-o l¥-9
Lo49

(VIII). Titrozation of

The ulsravioleh

is recordzd

iully reversible, and the produch of
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suecthrun of the compound (XV) in azueous solution
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Absorniion saschira of 2-nethvl-j-nitrosoindole.
(HCIOLL )}m loz. & A, loz& Xd 1og.&
(0] - a Q
(1) (1) (1) (1)
Luthentic 1078 2480 4.23 2770 3.77 3580  3.80

5
Sampnle (
(
(

linetic

Product

10

10~

b L

2.6

2190

2490

21,90

2,20

L, 21

L. 21

2630
2630
2630 L.17

2630 L7

5470

3470

3.76
3.76

3-76
3.76

ckion of the Chhner Indoles SHudied,

“he correstondinz j-nitroso derivatives of 2-methyl-5-nitroindole,

T-nethyl-5-nitroiicle, S-crancindole, and H-nitroindole

isolater
+the n

horever,

£

in a pure

Ty £ " - 2
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and wAth siudies of other electrovhilic subsiitution of the indole
nucleus, it was assumed “ha’ nitrosaiion results in cach cases in a
oroduct substitubed a4 the 3-posiiion, These nitroso products would be
less basic than those dsrived from the indolss already described, and
probably exish in the kinetic solutions in *their free base forms, which
can undergo further couwnling and polymerization reaction on attensted
isola*ion.

The observution of a primary isotope effect as discussed in
Chepher III, in the nitrosation of 5-cycnoindole labslled specifically
at position 3, also suzgests that nifrosation vroceeds at the 3-position
even for the deachivated indoles, irrespective of the s*tability of +the

ensuing nisroso compound.

(x). Titrosation of 1,3,5-.rinethoxrbenzenc.

The nroducs of nitrosation of 1,3,5-trinethoxrbenzene is assumed
N 2 "

Lo be 3,5-dinethoxy=-L-nitrosophenol, by analogy writh similar stulies

5

on othsr aronatic ethers
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(D). PREP.AMION 4D FURIFICATION OF I.TERIALS,

(1)  sums™aamuES

tinaler' zrede shenol was fractionally cistilled wder

reduced prassure, and was dried over P O5 in a vacuum desiccator,

96

F.P. .0.5%. (1is.”° 20.5°— 21.5%.,)

Rezgenh srede anisole was shakeh with L., O, aqueous scdiun
hvdroxide %o remove “sraces of phenolic impuritics, washed wwith

water, sevarated and dried over anhydrous celciun sulvhate, prior
. < s . : 20 .
to froctionzl distillation under reduced pressure. 1 = 1.5172

97 o
(1%, ngo 1,5179).

o

' benzeoc wnd “cluene vere fractionally distilled, large

initial and finel fractions being discurded,

z
moluens nD = 1.4955 (1it.” n 1.0.964).

+21lized Prom glacial

-
3
<

vacuur desiccator, and

1€0
190°%. (11t 1899%)

. . - .y . . . . .
"he white, crrrshelline conpound was ept under oy jen~Iree niurogen,
R R T o e
in %he derk,
e e ma o g me s ot ha o 1
Z-lefhylindole, 4,2-dinellydindele, Z-ndtroincors,

nitroindols : supnlicd by 4bhs aldrich Cheslezsl

Connany, cnd —i=-e svblined wodsr recueoed oressure nd dried 1a a

- ] et new e o da ~ X I P 5 - FIR RN I T .
Ve Cull agdlecasor vuridr o 5’,011:._38 A0S nitro eioan e Lodence oL

\



light. 4ll indoles were resublined immediately before use, and

aqueous s%ock solutions of “he indoles wsre Zepi under nitrozen.

Solutious of lonzer shan fthree days shanding were

Indole 1,2-dimethyl; 2-methyl; 2-methyl-5-nitro; 5-nitro; 5S-cyano
o
e, (¢) 55 : 61 175 142 106

Y

vit. (%) 55101 61102 175-6103 141104 107105

- RIS

Reazent zrade disnenylebther was shaken with aqueous sodium

aydroxide (3.01), *hen washed well with water, Recrystallizasion

~0

106
frow ehthanol yielded white leaflets, !,P. 27.50C. (liz, = 27.5°C).

FPhenol-h-( H) was preparsd by an adapition of “he procedure of

JN
. 107 e \ a e ) . .
Cilnan . "his involved the cddition of deuteriun oxide to an

gthereal solution the lithiuwn corplex »rzpared from wore bronovhonol

and n-putyllithivn, TP, 39.500 (liﬁ. 96 AO.SO ~ 41.500 for phenol).
~he nroduct wes 85 purs with respect S0 the isotopic label

in the marae pesition, as defernincd by rass specihrometry, infrared

specroscony, and i, R, analitsis,

thod of Gold axd

- I > . . —pe .
2, L, =45 rifeutarioohenol vas vrepa

H
g
(9]
oy
it
S
93
o
5
(0]

P
. [ « =
4QLsole—h~( 1) vas lzindly prepared

RSy

7 iire Re Igbal from nara

bromoanisols by a sri-rard rizcilon. The product wes 955 with

~\4

1 L ) P P 2u ey 3 em . - ~ o ade yam
respect o the isotonic lubzl, as dasherninsd by mess spechroneivy.

20 57
(nD = 1.5180 1%, wvaluz = 1.5179).

P=rethwlefonitroindole is 2 wnew comnound., Tidls was pranerasd by




& siniler nesnod 4o that used for the pradaration of other
S-nitroindoles, and was purified by siean distilletion, followed by
recrystallization frox lisroin. ILP, 1697°C, ™ne assignnent of the

nitrozroun o the {ive vosition is subsfuniicted by inspection of the
Dlerental analysis is recorded ucTOH.

H i

(?

-
N
.-~
U
-~
w

Found 61.3 L.52 15.79

C9H8N202 reguires 61k L. 5k 15,91

(ii) ™M@ PREP.2.7ICT O 3077 TP0DUCTS OF PRACTIONS.

3=Ti%roco-T-mathylindole, and 3-nifroso-2-rhenylindole

were vrevarsd by reaction of sodium nisrife on the aynrovricte indole

- . . . G - 2 -
slacisl ce2tic acgid ot 0°C, 2-ethryl-3-nitroseoindolz was

)

in solvent

purificd by successive vacuwa sublination. lML.P, 1980 (1it. 198-90 110)

Zenitrosc-Z-ahauylintole ~ns nurified by was e crude solid with

e
'

hot ethaenol, %o leave w. yellow amorshous solid [P, 2827C.

0 (-]. 191

l.l.

d,2-ninsthvl-3-0ifsroscindole “ s preversd in the follorinz wey:
. . _ B ) - \ - P
,e~dinzsthylindols (0,20 ey 1008 unole) was Aissolved in 50 mls,
-t - . . . Q >
o 0.0 1930, , and L2 solubion ceoled S0 070.  sn afuecus solubion
[AN .

kel

ive ninukes. The sodubion o stirred &b 0°C Tor o furkicr sen



minutes, then poured into 200 wls, of water, Tahe acidic solution

was nsuirelized o =i, 8,0 by the addition of solid sodium bicarbonate,
and extracted with ether, which was then dried, and the ether renoved,

The dark brown solid ras sublimed under vecuun (1CO°V, 0.1 wum, Hg.)

el

to yield a smell amount of green cryssallins 1,2-dinethyl-3-

-

nitrosocindele, Mhian laver chromctosraphy feiled 5o debect the

+

n o ‘s . On - _
presence of impurities, (i,2, 156-158°C, dec.). Vield 0,015 ey

%

.

0

Tlementel anelysis is recorded below,

W

c H
3 G-

Found ' 65,95 5.82 15.76

G H II?O ')u’lreg!“_.:. /O 5' 75 16. 06

nitrosctolusne, and ortho

1

hods.

wigtin- mat
EXlsylnsg ney

.
(iii) O™MER DL ulS
‘inzlow! sodium nitrite, wnd sodivn chloride were dried
in 2 vgouwt desicensor ongd vsed wilwouh further purifica’iion.
Beth perchlorie and susphvrie acids were BLDVHE, Limalar! rensents,
ens re vs=d witnout Driher mrifieation, Solwhions wer: wrepared
by ailvtion with distilled wuter and *he concentruiion of acid in

eacn Zinzsic run was checled b

solukions, .



; dis+illing freshly

Deuteriosulphuric acid (D_SO

srevared, nurificd sulphur “srioxide in serium oxlde efter
11k

rnethed described by Challis

Deuseriun oxide (99.7% deus teriated) was Koch-Lizht 'puriss!

Do
187

cofuchivity of 5he distillate checked.

refully redistililed from a cryssels of potassium

grade,

rernainzanshs, and sh2

£ the bast available rrede.

ALY other reaments used were O
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(3)

(4)
(5)
(6)

(7)

(8)
(9)

(10)
(11)

(12) |

(13)

'(14)
(15)
(16)

(17)
(18)

(19),,
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