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ABSTRACT

Diazotisation and azo=coupling reactions have been studied and the

results are reported,

A kinetic study of the acid catalysed diazotisation of various aniline
derivatives has been made., The substrates considexed vere 2,4=dinitro-
aniline, 4=nitroaniline, sulphanilamide (aniline=4-sulphonamide) and
sulphanilic acid (aniline-4-sulphonic acid). A new pK_ value of 1.4 is
zeported for sulphanilamide, A study of the diazotisation of sulphanilic
acid and sulphanilamide in the presence of C1 , Br , SCN , and SC(NH2)2
shows that the general catalytic trend C1~ < Br < SCN < sc(M,), 1s
folloved, whereas for the corresponding nitrosating agents the general
reactivity trend NOC1l > NOBr > NOSCN > mngc(mﬂz)2 is followed, No
catalysis vas observed in the case of 2,4=dinitroaniline and this has
been interpreted in terms of a rapid reversible nitrosation in wvhich the
rate of the denitrosation step 18 greater than the rate of decomposition
of the intermediate nitrosammonium ion. The bimolecular rate constants
obtained for sulphanilic acid and sulphanilamide approach the diffusion
controlled limit for this process in the case of NOCL and NOBr.

Also reported is a study of the diazotisation of two heteroaromatic
amines: 2-amino=5-=nitrothiazole and 3-amino-1,2,4=triazole., Catalysis by
acid and the mucleophiles C1~ and SCN has been observed. The catalytic
and reactivity trends described above have been noted for reaction of
these heterocaromatics. The pKa value for 2-=amino-5=nitrothiazole has

been determined and agrees well with the literature values,

In addition to the above studies of diazotisation mechanisms, results
are reported of a study of the leaving abilities of various electrofugal
leaving groups X during ipso—coupling of 4-nitroaniline with 4<X-N,N-
dimethylanilines. The sequence of leaving abilities has been determined
by product yield studies. Rate constants for attack of ArNg have also
been determined. It is suggested that a substrate molecule (X=Ar=NMe2)
acts as a base in removing the group X from the Wheland intermediate.
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CHAPTER 1

GENERAL INTRODUCTION to

MECHANISMS of DIAZOTISATION




Y.l General Introduction.

In 18958 Peter Greissl discovered theg diazotisation reaction ard
choxtly thereafter symthesised the fixrst azo=8ye. By theo end of %he
ninateenth eentury the dyestuffs indusiry had emerged as one of the
most lucrative of all gnﬂ interest in the reactions leading to the
formation of azo-dyes - nov the largest and most versatile class of
dyes = vas aroused., Since then reseaxch has shown the diazotisation
reaction to be one of the most interesting and yet one of the most
complex problems of organic chemisiry and many reviews and monographs
on the subject have been publishedzcso

Rosearches into the mechanism of diazotisation axe b#sed on the
gupposition by Bambergeré that the reaction involves an initial
N-nitrosation of the amine. This is supported by the fact that the
rate of nitrosation of N-methylaniline in acid solutions of concene
trations up %o 6.5M parallels exactly the rate of diazotisation of

aniline7

o The similarity between the tvo reactions provides the
strongest evidence that the rate determining Step in diazotisation
is also an Ncnitrosationso

The diazotisation reaction as 2 vhole involves several steps as

shovn in scheme 1l.1.

¢ [~}
ariE. — | ArNETNO —B5 ArNENO —»  ArN=NoH —2B o arnt
2 slov 2 2
SCHEME 1.1

Genexrally the free base form of the amine is the reactive species

bere. In the case of a secondaxry amine the reaction stops after loss




of a proton because a prototropic chahge to the diazohydroxide is
not possible, amd ﬁith primary aliphatic amines tho reaction continues
vith the formatlion of a vaxiety of deamination productsgo

The nitrosating agent, NOY, is a species derived from nitrous
acid a@d can be regarded simp}y as a eaxxier of the nitresonium ion,
¥, Several nitrosating agents can be formed, their exact nature
depending upon the acidity of the medium and the presence of such
micleophiles as halide ion, thiocyanate, and thiourea, these nucleo-
philes act as catalysts by reacting with the nitrous acidium ion,
HZNOZ formed by protonation of nitrous acid, and forming covalent
nitrosyl species (NOY) vhich react vith the amine as shovwn in scheme
1.1, Nitrous acid {tself is thousght.to be too unreactive to nitrosate
amines directly9o

The nitrosating agents under consideration in the present work
are shovn in table 1.l. This list_is not comprehensive but ;hese are
considered the most effective nitrosating agents. The different

mechanisms of diazotisation are described in the folloving sections.

LN ¢ ¥ == WY + H0

2772
Y NOY
NDZ- NZOB Nitrous anhydride
- HZNOZ Nitrous acidivm fon
= : No<> Nitrosonium ion
Hal~ NOHal Nitrosyl halide
scy” NOSCN Nitrosyl thiccyanate

<
sc(MH,),  RosSC(MH,), S-Nitrosothiouroniva fon

TABLE 1.1



1.2 T?peiNitrous Anhydride Mechanism.

Bazly investigaiion@lo into the mechanism of diazotisation of

aniline and amines of gimilar basicity at low acidity (ea. 1072 BC1)
shovwed the xrcaction to be sccond oxder overall and sipce only tvWo
reactants vereg involved the oxder vwith respect to each vas assumed to

be wnity. Bquation 1.1 vas proposed by Eantzsch and Schﬁmann;os

RATE = xs[AzNH‘g] (m0,) (1.1)

Although no direct evidence vas obtained to shov that the protonated
amine vag the reactive species, 1% vas reasoned that since all ef the
amines used in the study reacted at the same rate, the conjugate:
acid of cach amine must be involved as the amines would be almost
completely protonated. This vas suppozrted by other workers for diazo=
tisationll and deaminationlzo

13

In 1928 Taylor ~ showed that the deamination of methylamine was

thizxd oxder overall as expressed by equation l.2.

RATE = k(RNE, )(HN0,) - (.2)

Taylor obtained the same result for reaction of ammonia vith nitrous
acid and the following year published the results of a study vhich
suggested for the f{irst time that the kineiic form of egquation 1.2
could be associated with a rate determining nitrosationm° Schmid15
later obtained an equivalent kinetic form for diazotisation of

aniline in sulphuric acid (ca. 0.2M).



For some time there vas considerable disagreement over vhich
of these tvo cquations should be accepted, but the sitvatien vas
£imlly resolved by Eammet%lé vho suggested that nitresation by
ritrous anhydride (scheme 1.2) would result in third oxder kinetics

as in cguazion 1.2,

2HND P N’ZO3 < HQO

< o
NéOS < AENHZ —_— AijZND % Nog
&

AEN?

SCHEME 1.2

Although this suggestion was not immediately'accepted it hag
been shovwn to bae correct and leads to the reconciliation of equations
1.1 apd 1.2, At low acidities (ca. 107y 56104) and with reactant
concentrations -of the order lOcBM the concentration of free amine
is sufficient to react vith the nitrous anhydride before a significant
ﬁroportion has undergone hydrolysis to nitrous acidno This means
that the nitrous anhydride reacts as quickly as it is formed and the
rate determining stage is thus formation of N’ZO5 rather than its
attack on the amine., Therefore, under these -conditions, the overall
reaction rate depends upon 2 Slov inorganic reaction and rate
equation 1.3 vas obtained., Since the acidit& used to establish 1.3

. 10

vas the same a3 that used by Hantzsch and Sch there is little



doubt that they werc essentially observing diazotisation according
' 2
RATE o k(@l@z] (1.3)

%0 1.3 but vere unable to distinguish betveen 1.1l and 1.3 because
they vere using equal reactant conecentrations., The fact that the
reaction rates vere the same for several amines can also be explained
by reference to equation 1.3 which is, of course, indeperndent of
amine mature and concentration.

18

Bunten, Llewellyn, apd Stedman  studied the imcorporation of

lacclabelle@. vater inmto nitrous acid (the m%equilibéiumstep in
gchemo 1,2) and found that the rate of this exchange is second oxder
in [ENOQJ and is much the same as diazotisation in veakly acidic
media. This provides fuxthez éupporﬁ for the validity of equation 1.3,
Thus the diazotisation of vexy basic amines follovws equation 1.3 at
lov acidities and equation 1.2 under moderately acidic conditions

(ca. 0.1M) after passing through a region of 'intermediate ordest 2,
This change'occurs because an increase in the acidity of the medium
results in a decrease in the concentration of reactive {ree amine
vhich is acéompanied by a change in the rate determining step

from formation of N205 to its attack on the amine., Weakly basic
amines react slovly with Néo3 arnd so diazotisation follovws equation
1.2 even at very lovw acidities'’, Por aniline (p&aa 4.6) transition
to third order kinetics is complete at about 0.1M B lTao

In oxrdexr to determine the bimolecular rate constant for reaction

of 2 substrate vith a nitrosating agent (i.¢. for the rate determining



gtep in scheme 1.2) the equilibrium constant for formation of the
pitrosating agent must be known, The equilibrivm constant for form—
ation of nitrous anhydride vasg originally d@terminedzo independently

by tvo groups as
N0, /(@0,)% s 0.2 dn’me1 ™t
273 2

and this value vas generally accepted until xecently vhen it was

21 as 3.03 x 1072 ‘am’mol™, This new value, if accepted,

redetermined
means that the previously determined rate constants for the nltros—
ation step in scheme 1.2 are necessarily about 192 times greater than
vas previocusly thoﬁghto For example, the rate constant for reaction

of aniline with N,05, using the old X value, vas about 107 mo1™tam’s™t
at 25°Co This converts to a value of about 109 molcldmsscl using the
new K value and this is nov quite close to the diffusion controlled
1imit for 2 bimolecular encounter22, indicating that N205 is not

such a veak electrophile 28 had previeusly been thouéht and may

irdeed be as reactive as the nitrosyl halides>’ (see later).

The uncertainty of the equilibrium constant value for formation
of nitrous anhydride highlights the problem of calculating rate
constants for processes involving pre—equilibria. If the rate con-
stants are to be meaningful then the equilibrium constants for form-
ation of reactive species’ must be reliable and by the same token
amine pKa valugs must be accurately determined. Also the early con-
troversy surrounding the acceptability of equations 1.1 amd 1.2

shous that a rule of chemical kinetics showld always be adhered to:



the oxder with respect to each reactant must be determined,

Although this mechanism vas not studied in the present vork it
ig impoxtamt to bear in mind the conditions under vhich 1% becomes
oignificant so that 1% can be aveided in the study of the mechanisms

described in the following sections.

1.3 Acid Catalysed Diazotisation.

Since increasing the acidity of the meﬁium resulis in an increase
in the concentration of the protonated amine, it seems zeasonzble %o
assume that the reaction rate should decrease with increasing acidity
as the eoncentration of reactive f{ree amine diminishes and this is
txrue initially for the more basic amines, such as aniline, vhich
urdergo diazotisation by N20319° Hovever, Hughes, Ingeld, and Ridd24
found that thg diazotisation of d=chloroaniline in dilute perchloric
acid followed equation 1.4, and ﬁhe same behaviour vas observed by

Larkuorthyl9 for diazotisation of the nitroanilines.
RATE = k(aryg, ) (540, ) (%) (1.4)

For the mors basic amines the acid = rate profile passes through a
minisum as [H¢] increases, after vhich equation 1.4 applies. This
indicates that the nature of the nitrosating agept differs from that at
lov acidities since only one mole of nitrous acid appears in the

rate equ;tion and the reaction rate is nov proportional to the
acidity. This equation is congistent vith 2 mechanism involving

rate determining attack by the nitrous acidium ion259 EZNDZ°



present in very lov equilibrium concentrations, or its dehydrated

form, the nitrosonium ion, M0* (scheme 1.3),

¢ S
SCERME 1.3

There is no hard evidence for either of these species at lovw to
moderate acidities - in fact there is no spectral evidence at all

for the existence of HQNOZo although it may be involved and is

23

generally accepted to be so 7. The Nitrosonium ion has been observed

in strongly acidic solutions and the equilibrium constant fcé its
formation has beén dete:mined26 spectrophotometrically as 3.03 x 10c7
dmsmolal° Thus at high acidities there is no reason to doubt that the
nitrosonium ion is the effective electropnile. The problem arises at
lover acidities from vwhich most of the kinetic evidence for equation
1.4 has been obtained,

27

Benton and Moore ' studied the nitrosation of hydrogen peroxide

at lov acidities under first—order corditions ([3202}»[HN02]) and
found that the observed first—order rate constant (measured as a
function of [3202]) reached a limiting value at about 1M H,0,. They
argued that since the reaction had become zero-order in hydrogen
peroxide, the rate determining step had changed to formation of the

nitrosating agemt and as formation of HZNOZ involves a very fast



pEoton transfer they vere essentially obsexrving rate determining

formatien of M0¥, Hovever, it has been suggestedzz that this change

%0 zero-oxder kinetics axiscs from 2 medium offect andzg@c@nﬁlyze
cupporting covidence foxr this guggestion has been published. Yot more
@videaﬁelagainst the involvemént of NO® at low aciditieg arises from
the rate of lgb éxchange betveen nitrous acid and watergg and from

theoretical calculations on the strueture and reactivity of nitros-

300 Pexrchloriec acid vas used as a source of H¢ in thess

ating agents
and subsequent studies, The possibility of nitrosation by nitrosyl
pexchlorate (ONC;OA)D though, can be xuled out as perchlorate does
not form covalent nitrosyl compounﬁszé”sla

Thus, nitrosation under moderately acidic conditions occurs as

in scheme 1.4,

<+ fast <

ERDZ + EH p—— HZan

<+ slovy +
HZNDZ < ArNEZ — ArNHZRD < EZO

| om

<
ArNé

SCHEME 1.4

Lakaorthyl9 has measured rate constants (equation 1.4) for reaction
of veakly basic amines in acid solutions up to 0.5M and found that

the values did not vary appreciably with amine pKaa This irdicates

&

that HaNﬁa

does pot discximinate in its reactions vhereas the less



zeactive N,0, shoved considerable variation (by a facter of ca. 50)
and in fact failed to react with wealk bases such as 4-nitroaniline.
Since thisd-oxder rato eonstants (oguation 1.4) appreach a limiting
valve for many gsubstrates, it bhas been suggestedga that this repres-<
ents the diffuvsion controlled limit for acid catalysed xzeactions.
‘Bimolecular rate constants for encounter between aniline derivatives
and nitrosyl halides (section 1.5) have been shown32 to approach
a.diffusion controlled limit and since HZNDS is considered a stronger
electrophnile than these gpecies it is expectsd that encounter between
aniline derivatives and HZKDZ vill also be diffusion controlled,
Bovever, bimolecular zate comstamts for reaction of substrates with
EZROZ cannot be determined 28 the squilibrium constant for protonation
of nitrous acid is not knovm,

Increasing the acidity further (up to about 3M HCloé) has tvo
effects on the rate profile, Firstly, wnder these conditions, the
33

reaction is subject to acceleration due to a salt effect””, which
can be countered by the addition of 2 large excess of a neutral
perchlorate salt. Secondly, for the less basic amines, the increase
in aéidity is offset by a decrease in the concentration of f{ree
base resulting in an almost zero—order dependence on the acidity.
Due to the relatively high acid concentration here it is more
appropriate to use an acidity funciion in place of [H¢] in the rate

equationBAS

RATE = k(azNE, ) (@0, )b (1.5)



The mechanism here is the same as before = 1,8, rate detexmining

attack of E NO¢ on the free base form of the aming.

2772

For axomatic amines moxe bagic than the nitroanilines the

incursien of a second texm into equation 1.5 has been observed under

these conditionss

RATE = k(arii,) (0,0« k° (AxNE) (D0, )

This has been explain

5335036

(1.6)

in terms of an attack of the nitrosating

agent on the aromatic ring of the protonzted amine initially, follovwed

by a rats determining rearxangement to the amino nitrogen which is

concurxent with proton loss, usually to the solvent (scheme 1.5),

S

NO
\ + — +
2o end = T >

SCHEME 1.5

I}JO
NG
“

+4

+ BH

This mechanism is particularly important for strongly basic amines

vhich are almost completely protonated under these conditions. An

analogous reaction vas studied by Thompson and Hilliamsa7, vho fourd



=12 o

that anilinium ion vas diazotised by N-nitrosodiphenylamine vith a

similax rate lav, vhereas aliphatic amines did not react,

1.4 Diazotisation At High Acidities,
A fuorther increase in the acidity (>6M HClOQ) regulis in &
decrease in the reaction rate accoxrding to equation 1.7

RATE = ks (e} ) (100, B (1.7)

This behaviour has been observed for aniline, 4-nitroaniline, and
4=tolu1din@§4° Raman studiessa have shovn that under these corditions
of lov vater activity the nitrosating agent is ¥0° and the mechanism

shoevn in scheme 1.6 has been proposed %o explain the large isotope

effect ? (/e = 10).

< fast

% ASNH‘; —_ ATNHLMO <+ H©

Mo 2

AZNEJYO + Base Slov. . oemo + zd’

l fast

%
AEN2

SCHEME 1.6

The reduction in the rate is thought to be due to a change in the
rate determining gtep from the initial nitrosation to deproitonation

of the nitrosoanilinium ion. The reduction in rate is brought about



by tvo factors, Firstly, N-nitrosation can become reversible at high
acidities ag displacement of xo* by & proton is fawourable and xapid,

and secordly proten itransfer te a highly acidie medium 18 unfaveurable.

1.5 Halide Iom Catalysis,

In 1937 Schmid39 published the resulis of 2 study involving
diazotisation iB the presepce of halide ions, although catalysis
of the reaction by halide ions in the form of bydrohaliec acids had
been reported eaxlieréoo Schmid proposed equation 1.8 to account for

this behaviour,
RATE = k(anine)(EM0,](B7])(x7) '(1,,3)

" This refers to the micleophile catalysed reaction, where X = Cl ,
Br , or I, but the overall rate equation for the reaction will
also include 2 term in the non-rucleophile catalysed reaction, dep—
ending upon the acidity, as described in the previous sections,
Diazotisation in perchloric or sulphuric acid solutions containing
2dded balide also follows 1.8,

Hammettls suggested that the above equation is consistent with
rate determining reaction via a nitrosating agent NOX formed by
attack of halide on the nitrous acidium ion, as shovn in scheme 1.7.
It vas reasoned25 that since catalysis by X~ vas observed in cond-
itions under vhich formation of NZOS vas measurably slow, the nit-
rosating agent vas not formed by interaction of the halide ion with

NéOBO The fact that the formation of NOX requires protonation of



nitreus acid suggests that other nitrosating agents axe formed in
the same mannex. Thus, for example, nitrous anhydride is formed from

HQNDZ and KQE rathee than tve molcewles ef ndizevy a@i&B

o

E,ng o ¥ L2 ox o B,0
E o )

APNH, © MOX —2%Y. arweTNo
2 Kz 2

l fasy
o
ANy

SCHEME 1.7

Support for Hammett’s susgestion vas provided by Hughes and
Ridézs vho carzied out their reactions using a suitable excess of
amine so that the nitrosating agent reacted as soon as it was formed.,
This resulted in rate determining formationm of NOX according to 1.9

a situation analogous to that in the nitrous anhydride mechanism

described earliex,

RATE = k(mm0,)(°)(x") (1.9)

This corresponds to attack of X on EZNOZ, as the reaction is first-

order in nitrous acz‘.cllTg

« Although Hughes and Ridd vere able to
achieve this condition in reactions catalysed by bromide ard iodide,

it vas not possible to achieve rate determining formationm of nitrosyl



= 15 o

;hlerid@o The elsctronegativity differences betveen the h#lides
guggest that NOCl should be polaxised to a greater extent than both
¥OBzr and XOI thug making 4% & muech more xeaetive oleetrophile, and
vate determining formation of NOCl uwndexr the above conditions might
reasonably be expected., However, it s the offect of the electiro-
negativity of the chlorine atom on the eqﬁilibrium concentration of
NOCl that is the important facter, The concemtration of NJ)Cl is
never large enough for it %o react faster than it is formed. This
reasoning can be extended to explain the fact that catalysis by
fluoride is not @bservedzso Although it vas not possible to make
forﬁétion of RDCl rate controlling for anilips dexivatives, Stedman

yas able to achieve this cordition for the nitrosation of azide ion

in an azide / hydrazoic acid duffer selutionglo

Equilibrium constants (KNDX) for formation of NOCl and NOBr

6 2 6 =2

at 25°C have been daetermined as 1202 de’mol™ amd 51:10“’2 dm " mol

42,43

respectively o Yodine formation prevents the determination of

44 45
KNOI . The method used to determine KNOCl

and in view of the uncertainty over the equilibrium constant value

has been criticised

for formation of N’go39 redetermination of these KNDX values may be
timely, although they have been widely used and lead to sensible
bimolecular rate constants for reaction of NOX with; for example,
aniline derivativesszo -

Uoing these equilibrium constant values, Schmid calculated the
bimolecular rate constants kzl(scheme 1.7) defined by 1,10 for

43,46

nitrosation via NDCl42’46’47 ard NOB . Rate constant values

for reaction of NOCLl vith a mumber of aniline derivatives were all



= 16 =

in the range chXlQS dm mol st at 25% and Schmid origimally

RATE o kA, ) ¥OX) (1.10)

atbempted to corxelate these vith amine basicities, Obviously the
doperdence is very slight since‘the-basicities differed by a factor
of as much as 250, Schmid calculated these rate constants on the basis

of 2 small smumber of observations and later conflicting results veve

48

obtained by Williams , vho used an indirect method to determine the

reactivities of NOX species towards aniline derivatives, The results

shoved that, for NOCl, a coxtain dgree of discrimination occureed.

32

Crampton, ot al” , studied the diazotisation of several aniline deriv-

atives, common to both the studies of Schmid and Williams, and found
that for amines vith low pk values, e.g. 4-nitroaniline (pKa = 1.0),
NOCl vas considerably more reactive than MBr, as expected, vhereas
the reactivity difference vas only slight for amines of PKé,>’4°

Plots of logk, (equation 1.10) versus pk cusved off to a limiting
value of ca. 7x109 dmsmolclsclo It is nov generally accepted that rate
constant values of this oxder represent the diffusion controlled limit
for a bimocleculax encounter22° Here a direct comparison can be made

betveen the k, values for reaction of the nitrosyl halides and the

2
9 , 3 =11
corrected values of ca. 107 dm @ol ) for NZOBO

In certain cases the reversibility of the initial nitrosation
may become important49 (scheme 1.8), This has been noted paxticularly

for the more nucleophilic X~ species at high (X7) amd for those subs—

32

trates vhich carzy electron vithdraving groups’ . In fact, for some
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such substrates the position of equilibrivm lies se far over to the
side of the reactants that no halide catalysis is observed ai all,

k
A=NH, < NOX ;:é%:i ArNHSNO + X

k
=2
J,ks

+
AENZ

SCHEME 1.8

This is the case vith sulphamic acidso9 metbylureaslg and amides in
generalszo In the present work diazotisation of 2,4-dinitroaniline
exhibited no catalysis by mucleophilic species and this will be

discussed in detail in chapter 3.

1.6 Catalysis By Thiocyanate And Thiourea,

The sirong catalytic effect exerved by the halides has led to
the seaxch for other, possibly more efficient, micleophilic species
capable of accelerating the rate of diazotisation. This interest
arigses particularly from the fact that secondary amines present in
the body can undergo nitrosation to form highly carcinogenic N-nitros-

53

amines”‘; ard ihere is an obvious need to idemtify potential catalysts
for these processes, Por example, hydrochloric acid is present in the
stomach and sodium nitrite is used as a preservative in cured meats,

and together these form the necessary ingredients to effect nitrosation,

Thiocyanate, present in saliva, has been shovwn to be an efficient

catalyst and, in fact, is much more effective than either chloride
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ax bromidegBO In smokers the concentration of thiocyanate in the
saliva is much greater than In asncsmokezss4 and this could be one
of the cauges of smoking-indueed eancerg5o

Nitrosyl thiocyanate is stable enly in solutien and is obsexrvable
ag & blood-red gpecies (€max a_lO@)ﬁéo The structurs of the meleccule
is mot known with certainty, although from Hard-and=Soft Acid-=Base
(ESAB) theory57 and the results of recemt aboinitio molecular orb-
feal ealculation§589 it would ssem that the NO group is attached to
the sulphﬁr atom rather than nitrogen. This is an example of S—nitros-

ations

azwo’g ¢ SCNT == OMSCN + K,

The equilibrium constant for this reaction has been determineds6
as By oo @ 30 dnmol™

the same manner as halide catalysis (X~ = SCN™ in scheme 1.7) and the

at 25000 Thiocyanate catalysis occurs in

kinetics are identical, Bimeleculaxr rate constants have been obtained
for reaction of NOSCN vith inorganic substratessgg as vell as vith

18,28 and these vere

aliphatic amineséo and derivatives of aniline
generally about 100 timeé less than for nitrosyl bromide. Nitrosyl
iodide may be about as reactive as NOSCN, but quantitative infore
mation is lacking since KNOI is not knovwn,

Catalysis by thiourea has also been observed and in this case

reaction with HZNDZ leads to formation of an unstable yellow species

vhich has been observed spectrophotometrically in solutions
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& _ <
E,N0, < sc(mg)2 e OEC(NHZ)Z ¢ Hy

Again, tho kineties of nitrosation by this species are the same asg for
the nitrosyl halides and the eatalytic effect of thiourea hag been

28,60

gtudied . Bquilibrium constanis (at 25°C) for the formatien of the

S-nitrosothiouronium lon and the ether nitrosating species mentioned

in this section are summarised in table 1.2,

b KNDX/dmémglca ref,
c1” 1.1x10° 42
B 501.;3,10"2 43
SCN~ 30 56
sc(»mz) 2 5000 61

TABLE 1.2

Brénsted plots (logk2 vs pxa) for reaction of NOX species vith
PS
several aniline derivatives vere linear for NOSCN and NOSC(NHz)z28
vhereas for the less discriminating NOCl and NOZxr the plots levelled
32

off, as mentioned earliex”

FPor 2 genexal substrate S the reactivities of these NOX species

in the reaction

k <+ =
MX ¢ 8§ — SN0 =<+ X
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alvays follev the qualitative sequencegBS

NOCL > NOBe > IMOSCN > Nc?sc(. 2)2

whereas the equilibriuvm constants for formation of thesc gpecies
follov the opposite trend, a3 shovn in table 1.2, An explanaiion

for both of these trenés is affoxded by HSAB theory§7° NO¥ is a
borderline acid and aniline derivatives (for example) axe borderline
bases, Therefore, reaction between the two should result in a relaie
ively stable acid-base complex. The bases (X ) become inereasingly

goft along the sequense
c1” < B < SN < sC(MHy),

ard so less inclined to give up the borderline NO¥ %o the amino |
group (hence the greater reactivity of NOCl) or the solvent (hence
the greater KNDX value for the Saaitrosothiouronium ion). The extent
6f eatalysis depends on both the rate constanm:, k (abovg)D and the
equilibrium constant for formatiom of NDX, but it is the latter that

23

has a greatex effect on the overall reaction rate “, Thus, thiourea,

vith KNDX 2 5000 dnbae1=2 , has been found to be one of the best

catalysts foxr nitrosation processes.

1.7 Alternative Reagents And Reactions.

Other nitrosating agents have been identified, for example

% S -
Ngo49 Néogv and N2039 formed in the presence of Nosg NO, amd Nog
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zeséectivelyézo Catalysis by carboxyl§te ion has been observed but
is thought to be an indirect effect as acetate has been shown to
catalyse the formation of Ngﬁsl?bgéﬁo Hore wecently, hovever, direct
nitrosation of N-methylaniline and piperazine by nitrosyl acetate
hag been reporﬁedééo

Nitrosation reactions are not restricted to mitrogen sites,
Many examples of O-= and S- ﬂitrésation can be fournd in the liter-
ature, as vell as C-nitrosations and the formation of m@tgl nitrosyl

complexes, However, these reactions, the details of vhich may be

fourd in refs, 25 and 65, are outside the scope of the present vork.

1.8 Structure And Reactivity Of Diazonium Ions.

After his discovery of 185&1D Pgter Greiss gave the name 'Diazo’
to his nevw elass of compounds as he believed two hydrogen atoms of the
benzene mucleus had been replaced by nitrogen. In later years theories
on the structure of these compounds abounded and every combination
of benzene with two nitrogen atoms was proposed as the ‘corxzect’
structure, It vas not until the demonstrationéé in 1878 that penta-
substituted anilines undervent diazotisation without loss of a2 subs-
tituent that the idea of the presence of just one C=N bond in the
molecule was accepted., These and later theories om the structure of.
diazo compounds have been reviewed by Saundersso

The modern view, supporied by experimental evidence, is of an

aromatic compound containing 2 single C=N bond and a2 triple N-N bond67

&
Ax<-N=N



Aljphatie diazon%um ions axre;, in the vast majority ef cases,
oxtremely unstable and may have enly a fleeting existence, losing
nitrogon to foxrm deamination produ@@sgo In contragt, arvomatic diazo-
nivm fong, vhilst not indefinitely stable in solution, have much
longer lifetimes and can be igolated as saltséao Most diazonium salts,
though, are very sensitive and many (e.g. nitrates) detonate easily.,

For this reason diazonium compourds for wse im synthetic chemistry

are generated in solution and reacted without 1solation69o

The greater stability of the aromatic diazonium ions can be

explained in terms of the xresonance stxuvetures X = IXX,

+_ + * =
N=N N=N N=N
' +

I 18 BI1S

This charge delocalisation, which is of course not possible in
aliphatic diazonium ions, increases the stability-of the C=N bond
and so reduces the leaving ability of nitrogen,

X=Ray studies on several ArNZ compounds have shown the N=N
bond distance to lie in the zange 0.109 = 0,111l mm, which is virtually
the same as that observed in molecular n;trogen7og indicating that
in the electronic ground state resonance foxm I predominates over

68,71

IT and IIX o Further evidence for this is provided by infra-red

studies in vhich the N-N bond is shoun to have a frequency of about
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2290 gwcl (vef. 72) vhich is between the Raman frequency for molecular
aitrogen (2330 cmcl)73 aqd the stretching frequency for the cyano
group (2255 e fox PBCN)740 NN bomd multipliciiises have been
dotexmined and lie in the range 2,65 - 2.85 670

The reactions of aromatic diazonium foms axo of ¢we types: theose
in vhich nitrogen is lost, and those in vhich it is retained. Examples
of the former - knovn as dediazoniation = are the Sandmeyer, Scheimann,
Meexvein, ard Gomberg react10ﬂ575° By far the most important and
videly used example of the second type is the azo=coupling reaction
vhich takes place betveen a diazonium ion‘andg usually, an aromatic
amine or phenol, and results in the formation of an azo=dys. This is
describéd in detail in chapter 5, Diazonium ions also couple with
compounds containing active methylene groups (e.g. the Japp— Klingmann
reaction) and with alcohols to form diazo ethers76D Many other

examples can be found in reference 68, parts 1. and 2,

The folloving chapters report the resulis obtaimed in studies
of the diazotisation mechanisms described. Chapter 5 reports a study

of azo=coupling,
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CHAPTER 2

ACID CATALYSED DIAZOTISATION

of ANILINE DERIVATIVES
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2.1 Introduction,

In this chapter are presented the resulis ebtaincd im stuvdies of
tho acid eatalysed diazotisation of four aniline derivatives, This
voxrk wag caxzied out im oxder %o establish the kinetle methed %o be
applied latexr to the het@rearomatic amines (ehapter 4) and alse %o
exteond some earlier work in this areal 20 The amines under consideration
vere s Sulphanilic Acid (aniline—4-sulphonic acid), Sulphanilamide
(aniline=4=sulphonamide), 4=Nitroaniline, and 2,4-Dinitroaniline.

Normally, reactions would be carried out urder first-order
conditions with amine concentration in at 1@as£ 20=fold excess of
nitrous acid, Hovever, in the case ef the nitroanilines, lov amine
solubility prevented this and so first-oxder conditions vere achieved
with [ENDZJ > [Amine] o A1l Feactions vere carried out at 25°C and
perchloric acid was used as a source of E® since aitrosyl perchlorate

5 and so can bz ruled out

(0NC104) is completely dissociated in solution
23 a nitrosating agent. Cood first—order dependence on [ﬁNbgj vas
demonstrated by the linearity of the 'log(a-=x)' vs 'time’ plots, and
complications due to the pitrous anhydride mechanism vere not observed,
For éulphanilic acid and sulphanilamide first-order deperdence on amine
concentration vas demonstfated° 4=Nitroaniline and 2,4-dinitroaniline
have been studied previouslyl (at OOC) and the order vith respect to
each substrate was shovn to be unity.

Reactions vere carried out in either a conventional QV/VISIBLE
Specirophotometer or a2 stopped flov instrument and monitored at constant

vavelength by follovwing either the increase in absorbance due to product

formation (ArNa) or decrease due to diminishing reactant concentration.



Rato constants quoted in the following sections are averages of 3 to

5 individual kinetic runs, usually reproducible to 55, Full details

?

of the methods uvscd and theo trcatment of cxrrors ean

e found in chapter

gix,

2.2 The Kinetic Eguation

Hughes, Ingold, and Ridd4 studied the acid catalysed diazotisation

of 4=chloroaniline at 0°¢ in moderately acidic solutions and obtained

equation 1.4, vhich is reproduced hexre as 2.1 for convenience.

RATE = z’a[zxz-m-zg] (m0,)(8") (2.1)

As it stands, this equation provides no infoxrmation about the bimol-
ecular reaction betveen the nitrosating agent and the amine and is
inconvenient as it is written in terms of molecular ('free') conc-

entrations. Consider the rate-=determining step:
<
RATE = kg[ArNHZ] (B M0 2] (2.2)
Ye can replace the molecular amine concentration with its stoicheiometric
("total’) concentration as follows:
Firstly, ve have

(arwn,), = (ardm,), < EArNH‘;J

vhere subscripts refer to total and free concentrations.
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Secondly 3

(o) [87)

=

2}

Combining these twe expressions gives

(=), o K, (ArNH,) o

L
[E ] % Ka
and substitvtion inte 2.2 gives

s
koK, (axiE, ] (B, 0,

RATE o
(5] + &,

Now, the egquilibrium constant for the formation of HZNCZ is given by

: &
(@0,

X O cm——
¥ (m0,)(e)
therefore, ve can vrite

_ERE (axiE, ), (EM0,)( £7) (2.3)

RATE
(87) < K

a

It is evident from this that if 2.1 is expressed in terms of the



gstolcheiometriec amine concentration we have g

By 2 Byl

vhieh 18 an illustiration of hov the evaluation ef bimolecular rate
constants require the accurate knovledge of the equilibrium constant
for the formation of the nitrosating agent

Under first—order conditions ((amine)>> [HNO,)) ve can take this

a2 step further by vriting
RATE o k (HNO,)

vhere k, = kBKa[.umnij[fJ (2.4)

(8]« ¥,

By varying [H¢] a range of values of ko can be obtained and this is

the key to evaluating the rate constant k,. Clearly there are tvo

3
possible limiting forms, depending on the acidity and the nature of
the amine, For strongly basic amines (e.g. aniline, K, = 4,6) the
inequality [H¢}:»’Ka applies even at lov acidities whereas for weak
bases such as 2,4=dinitroaniline the inequality [H¢]<§ Ka applies

even at vwery high acid cdnmcenirations., Thus, the two limitirg forms

are 2.5 and 2.6 :

B, o kK [ArN‘HZ]T (2.5)

k, = kg [Az’l\ﬁglr[ 5Y) (2.6)
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X% can be seen that acid catzalysis should only result vhen £H¢J<< Ka
amd plots ef k@ ¥s [H¢] are expected to be lineaxr. In betveen these
o Gxtxémes’one vould oxpect & plot of k@ v EH¢3 to ewxrve and reach
a limiting value as the transition from 2.6 to 2.5 takes place, and this
behaviour has been ebserved‘expérim@ntally foxr many substratesgo

The folloving sections describe the resulis obtained for the

subsirates mentioned.

2,3 2,4<Dinitroaniline

Due to the lov water solubility of this amine it was necessary to
earry out the reactions with nitrous acid im excess to achieve first-
order conditions, i.e. [HNOZ]j>>[ArNH2]° Referring back to equation

2,3 ve nov vrite :

RATE = k (ArNH,)
and 50 e ieoX, (0, ) (87 (2.7)
(&) + k

a

vhich has the same form as 2°4°,Under the acidic comditions used in
these experiments the ionisation of nitrous acid to nitrite can be
neglected, and all of the reactions vere so rapid that the spontaneous
decomposition of nitrous acid vwas not a problem.

AS mentioned earlier, 2,4<dinitroaniline is a very veak base
(pKa 3 495)6 and consequently the limiting condition (¥° )< K,

applies. 2,7, then, becomes g
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ky = lg(E0,)(H) (2.8)

Forx this amine acidcatalysis is feund sver the vhols mange and the

form of the eatalysis suggests that even at very high acidities
diazotisation should proceed rapidly, since no significant protonation
is likely %o occur unmtil very high acid concentrations are used, Values
of k@ obtained are presented in table 2,1 and shovn graphically in

figure 2.1

Table 2,1 ACID CATALYSED DIAZOTISATION OF 2,4=DINITROANILINE

(Amine) = 1.48 x 10™M  (E0,) = 5.44 = 107U A = 410nm

(8*Vm 102k0/3°l
0,260 4.38 £ 0,419
0.360 5.86 ¢ 0,228
0.500 8.87 ¢ 0.316
0.735 18.0 ¢ 0.199
0.998 33,0 £ 0,311

At 2cidities greater than about 0.5M E® it is more appropriate to
use an acidity function rather than acid concentration as 2 measure
7

of acidity’' ., This requirement accounts for the upvard curvature of

of the plot in figure 2.1, but unfortunately no acidity function for
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FIG. 2.1 — Acid Catalyscd Diazotisation of 2,4-Dinitroaniline



protonation of nitrous has been evaluated,

Assaming a linear [H¢] dependence at lov acidity, it 4s possible

b0 Gvalvate the third-oxder rato constant ks at 25@60 From the graphs

SLoPE = k(M) = 0.155 Ko
vhich gives 2 value for kB of 2,5 dmémolcascl at 25°C, Using this
value and the value of 0.37 determined at 0°C by Larkworthyﬂ9 the

activation energy for this reaction is calculated to be Sszmolalo

2.4 4<Nitroaniline.

As vith 2,4=dinitroaniline, solubility problems necessitated
the use of an excess of nitrous acid over the amine to achieve first-
order conditions and so the equations of the previous section apply
here also, |
The Ka value6 for 4=nitroaniline is 0.1l and so neither of the
limiting forms apply since Ka is comparable with (and at one point
equal to) the acid conceniration over the range studied (up to 0.5M).
Therefdre9 foxr this amine of intermediate basicity, equation 2.7
predicts that the plot of ko vs [H¢J vill cuxve t0 a limiting value
but just fall short of it. This behaviour was found experimemtally
as illustrated in figure 2.2, The non-=linearity of this plot prevents
the direct determination of k3o If, however, the reciprocal of equation

2.7 is used then an equation of the form ¥y =mx ¢ ¢ 1is obtained:

o Refo l. Am error hag resulied im the value being reported as 3.7
dmbmol=2s=1 in the original paper. The correct value is
0,37 ambmo1-2571,
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3 1 1
- = > * (2°9)
ke 133[.31\@02] (%) ksxa[m\tog]

PThus, a plot of kgl ¥s CH¢]°1 vill zesult in a Straight lino amd k

3

ean be determined from the slope, When applying this treatment 1t is
important to bear in mind tho fact that small errors in the original
kinetic data may lead to considerable errors in the slope and inter-
cept of the reciprocal plot. For this reason a methed of statistical
veighting should be applied to the data., The method used here and in

the folloving chapters was veighted least-squares linear regression

| analysisa ag described in detail in chapter 6,

Table 2,2 ACID CATALYSED DIAZQOTISATION OF 4-NTTROANILINE

(Amine) = 5,52 x 107K (HNO,) = 5.18 = 10°H X = 245m
(&%) Eo/scl
0.0964 6.68 % 0.168
0.241 8.63 % 0.115
0.482 0.6 £ 0.193
0,732 11.6 2 0,310
0.964 12.3 & 0.345

Evidently, the rate constant k,; can also be evaluated using the

3
intercept of the reciprocal plot, but this requires 2 knovwledge of
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FIG. 2.2 — Acid Catalyscd Diazotisation of 4-Nitroaniline
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the Ka value for the amine under consideration. Altermatively, the
 intercept provides a means of determining previously uvnknovm ox
wRtrugtverthy Ka valueg for amines vhiech cxhibit this non=linear acid
deperdence, The Ka value for 4-nitroaniline has been determincd by
R2ANY workersé and the value of 0.1 is nov vell established., This value,
then, provides a means of checking the usefulness of equation 2.9 for |
detexrmining Ka values, The calculated slope of the reciprocal plot

(figure 2.3) yields a third-order rate constant value of 2.71 x lO5

a1 %5 at 25°%¢ amd from the intercept K, = 0.092 mol dmcs9

vhieh is in excellent agreement wvith the literature valueéo

Table 2,5 4-NITROANILINE E¢ RECTPROCAL DATA

(&)t k;l/s
10.4 0,150
4.15 0.116
2,07 0,0942
1.38 0,0862
1,04 0.0814

SLOPE = 7.12 x 107> ol du "8
2

INTERCEP? = 7.7l x 10 ° s

(SLOPE.and INTERCEPT calculated using weighted least-squares linear

regression analysis).
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e

) [H<> }cl /Hcl

Pig. 2.3

4-Nitroaniline = Acid Reciprocal Daia
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The activation energy calculated using the above rate constant and

that obtained at 0°¢ by Larkworthyl vas 76 kJ molol

o]

2.5 Sulphanilamide

The dependence of the reaction rate en the concentration of
sulphanilamide is shown in table 2.4 and graphically in figure 2.4,

indicating that the order with respect to sulphanilamide is unity.

Table 2.4 SULPEANILAMIDE SUBSTRATE DEPENDENCE

10° x (Amine)/H 10% = k /s
0,631 220 ¢ 0.035
1.26 2.36 * 0.052
3.16 6.05 = 0.15
6.31 12.3  0.27

The reasonably high water solubility of this amine allowed the
use of lovw nitrous acid concentrations to achieve first—order conditions
{o@. [HN02]<§.[AENHZJQ Mo data on the diazotisation of this amine seem
to be available in the litexrature other than a comparison between
diazotisation by nitrous acid and by an alkyl nitrite9o

As for 4-nitroaniline, the plot of ko vs [H*] curved off and in
this case a limiting value of ko vas reached at about 0.3M H', The

double reciprocal plot obtzined from the data was used to determine the



IOB[Amine]/M

2 4 6

FIG. 2.4 — Sulphanilamide Substrate Dependence
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pxa value for sulphanilamide in the same manner as for 4-nitroaniline,
Literatuxe valuesé lie in the range 2.0-2.3, whereas the present method
yielded 2 value of 1.4, In view of the fact that this methed has yielded
pKa values for other substrates vhich are in oxcellent agreement with
vell eztablished literature values = e¢.g5. Sulphanie acidlo9 ureallg

and Acnitfoaniline above = the present value can be accepted vwitn some
confidence, despite the poor agreement with previous ones. Inspeciion
of the ko vs [H¢] plot and consideration of equation 2.4 shows that if
the p{_ value vere, say, 2.0 (Ka = 0,01) then the plot should level off
at a much lower acid concentratisn. The third—order rate constant k3
can be gvaluated using equation 2,10, vhiech is the equivalent of 2.9
wider the present conditions, and the calculated alope of the recip-
rocal plot. The value obtained in this wvay wvas 9,00 x 102 dm6 mol‘”gsc’l
at Zsoco The imtercept yields a value of 3.77 x 1062 mol c‘ilm‘:3 for

E o Using the limiting value of kc (taken as 0.236 sQl) and equation

2 3

2.5 a value of 3,62 x 10 © mol dm ° i3 obtained for Kao

1 1

— (2.10)
S AR:AS I S N L

1 =
k
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Table 2.5 ACID CATALYSED DIAZQTISATION OF SULPHANILAMIDE

(arim,) = 6.39 = 107 - (E0,) = 5.18 = 108 A = 51lom

10 = (8%)/m 10 x k@/s°1
00237 0.950 * 0,018
0.474 1,29 £ 0,033
00946 1.67 % 0.046
1.42 1.98 : 0.14
1.90 2,05 £ 0,027
3030 2,31 * 0,19
4,18 2,33 £ 0,20
5021 2,36 = 0,033

9.64 2.45

[Ed

0.087
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FIG. 2,5 — Acid Catalysed Diazotisation of Sulphanilamide
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Table 2,6 SULPEANILAMIDE RECYPROCAL DATA

.Egﬂ:l /Mcl ggl /s
42,2 10.5
21.1 7.73
10.6 597
7.03 5.05
5.28 4,88
3,03 4,33
2,39 4,21
1,98 4.25
1.04 4,08

SLOPE = 0.154 mol dm s

INTERCEPT = 4,09 s
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[H'o’ ]c:l /Hcl

PIC, 2.6 — Sulphanilamide Acid Reciprocal Data
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2,6 Sulphanilic acid

Again, the variation of reaction rate vwith substrate concen-
¢ration indicates that the exder with respeet to sulphanilie acid

is vpity. The results are presented below,

Table 2,7 SULPHANILIC ACTD SUBSTRATE DEPEMNOENCE

10% x (amine) /M 10° % lzg/sc’1
1,22 0.530 £ 0.012
2,45 .05 % o0.072
6,12 2,63 f 0.077
12,3 4oTL I 0,096

This amine has been much used as a nifrous acid trap = 2 cons-
equence of the irreversibility of diazotisation = amd also synthet-
ically in the production of azo—dyes. Methyl Orange, for example, is
diazotised sulphanilic acid coupled with N9N=dime‘thylaniline12° No
data on the kinetics of diazotisation of this amine vere found in the
litexature,

The relatively large pK_ valueé for sulphanilic acid (3.2) means
that the inequality [H4] >X_ applies at all but the very lovest
acidities (*lOQZM) and so mo acid catalysis should be observed over

the acidity range studied, and a horizomtal plot of ko vs [H¢] should
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10° k_fo~

. . 10 x [Amine]/M
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FIG. 2,7 — Sulphanilic Acid Substirate Dependence
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be obtained, This was obsexrved expérimentally up to about 0.1M 08
but above this acid concentration the plot eurved upwazds as oeccurred
in the ecase of 2,4-dindtroaniline, This is shown iB figure 2.8, As
mentioned earlier, it is more appropriate to use an acidity function
rather than [Hﬁ as a measure of acidity. It is possible here to use

the Hammett acidity func%ien7 hg gince this vas originally evaluated

13

using aniline derivatives ”, and sulphanilic acid is a typical 'Hammett
Base', The plot of ko vs ho is shovn in figure 2.9.

This extended catalysis has been interpreted for aniline dérivc
atives in terms of another mechanistic pathway involving nitrosation of
the protonated amine in vhich ND<> is bound initially to the aromatie

- ingM

o This mechanism was explained in section 1.3 ard i3 shown in
scheme 1.5, page 11,

For the additional catalysis vwe have :

3
4]
[

]
ke, (e ) (0, ) b

and since EAr\IHer = [Arm{;] < [ArNHz]F
ArNE. h
and Ka = —E——%g—
=3
v b>2
te (ArNE) ol (10,
vwe have RATE =
h <+ K
o a

and since ‘ho > Ka for all ho in the range, this becomes:
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I
ko kBE ArNHZ]ThO

¢
and the lineaxr h@ dependence 19 predicted. The value ef k,, determincd

using the glope of this line, vas 2,5 e

at 25960 Taking the
intercept of tho plot o ropresent tho Limiting value of &gp the thixd
oxder rate constant k3 for reaction of the non-protonated amine was

3 dm6m01°28°1 at 25°C. This

evaluated using equation 2.5 as 7.3 x 10
illustrates the large difference in the reactivity betveen the proton-

ated and non-protonated forms of the amine,

Table2,8 ACID CATALYSED DTIAZOTISATION OF SULPHANILIC ACID

Amine| = 1.23 x 1o°2m HNO,] = 5,30 = lOQSH A= 300rm
(amine) 2

10° x (&%) 10° % kb/sfl
0.964 5.44 % 0,14
9,64 ' 5,68 2 0,045
48,2 6.94 = 0.20
96.4 10,1 % 0.1
145 15.8 I 2.6
193 22,7 £ 1.4




0.20

FIG. 2.8 — Acid Catalysed Diazotisation of Sulphanilic Acid
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Table 2.9 SULPHANILIC ACID hb DEPENDENCE

10° = b_ 10° x k@/s=1
0,964 5.44
9.64 5.68
60,0 6.96
163 10,1
338 15,8
568 22,7

SLOPE = 0.0307

JINTERCEPT = 0,0529

2.7 Conclusion

The third-order rate constants obtained at ZSOC for the diazo-=
tisation of the substrates umder consideration in this chapter are

presented in table 2.10 together witn the respective pK values,

Amine kB/dmémolozsol K
2,4dinitroaniline 2,5 4.5
4-nitroaniline 2.7 = 103 1.0
sulphanilamide 9.0 % 102 1.4
sulphanilie acid 7.3 = 10° 3,2

Table 2,10
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FIG. 2,9 — Sulphanilic Acid, I@o dopendence
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For all of these substirates the expected behaviour was observed i.e.
from inspection of equation 2.4 (or the similar form 2.7) and comsid-
exation of the Ka value for each subsirate the approximate shape of
each plot could be predicted, vith the exception perhaps of the
extended catalysis for sulphanilic acid. The lov reactivity of 2,4-
dinitroaniline can be attributed to the deactivating effect of the
nitro groupd vhich reduce the amine's stirength as a micleophile, For
the more basic amines the rate constants are of similar magnitude and
it is thought that rate constants of this order are cleose to the diff-

15

usion controlled limit for this process ”, The value of k, for sulph-

3
anilic acid 18 one of the largest reported atg ZSOC and contrasts with
the much lower value obtained for reaction of the protonated form of

the amine,
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éj;igiqiroduction

The data presented in this chapter describe the mueleophile
eatalysed diazotisation of the aniline derivatives comnsidered in
chaptor 2 and are an extension of that work, Catalysis by chloride,
bromide, ledide, thiocyanate, and thiourea were studied for both
gulphanilie acid and sulphanilamide. Per 2,4<dinitroaniline, enly
eatalysis by bromide and thiocyanate vas studied, as described later.
The mucleophile catalysed diazotisation of 4-nitroaniline has been
gtudied previouslyl and the rate constants obtained in that work will
be presented for comparison purposes,

The reaction cormditions were as described in 2.1 and chapter 6
and a full account of the analytical methods and treatment of results

can be found in chapter 6.

3.2 Derivation of the General Rate Eguation,

Catalysis by the general mucleophile X~ occurs via the formation
of a covalent nitrosyl compound, NOX, which attacks the lone pair of
electrons on the nitrogen atomgo The reactiaon scheme is shovn below,

K
MOX + Armz——g—a ArNHZNO ¢ X

Jj Bax F H‘f

s

% EN
ENO, ¢ B' + X A= NH;

Products

SCEEME 3.1
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The rate=determining step in this scheme is attack of NOX generallyz9
uniless the reaction conditions are such that foxmation of NOX ox
proton loss is rate eontrolling, as described in chapter L. For rate-

determining nitrosatiom, then, we have 3

RATE = k,(AryE,](roX) (3.1)
vwhere the concentrations are molecular ecopcentrations. Yo ean derive
an expression fox CArNHZ] as in chapter 2, and using the expression

fox KNOX ve can replace ENOX] in the above eguation :

(vox)

% (o) (7))

also (mw0,), = (EM0,)p = (wox)

vhere, as before, the subscripts T amd P refer to total (stioch-
eiometric) amd free (molecular) concentrations respectively. Combining

these tvo expressions gives :

(200,)
(m0,)p = (1 ¢ K (E°)(x7))

and, after substitution of KNDXCHNDZ]fH¢][XQW for [NOX] in equation

J

3,1, ve have



= 58 o

k,g(ArNHZJT[m«oz]T[a"’][x‘”]KaKNox
(@) or )02+ m, (87)(x7))

RATE (3.2)

Under first—order conditions ( [’Azm’sg‘) >>[m\zoz] ), the observed first-

oxder rate constant is defined. by 3
%mg] a Lgo[ HNO,, )

Hence 3

. ke, (aenE, ) (87 ) 57JE R (3.3)
C ) e ) (1 e Rgy(R)(xT) )

Since these reactions were carried out under acidic conditions,
reaction via NOX is accompanied by a reaction via HZNCZ and Zo 3.3
¥ill also include 2 term in this uncatalysed reaction. This term was

derived in chapter 2 and leads %o 3

te, (azive, |[B7) (X)X Ky o - ks (A=, | (%)%,

( (8] + & )1« k), [5°)(x7) ) ((8%) +x, )

Q

Since this second term is constant for 2 given reaction urder the
corditions used in the following studies; it will be omitted from
the folloving rate expressions for convenience, It will be referred
to vhen necessary in the manipulation of the above equation and when

considering plots of k_ vs (X7),
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The folloving sections describe the evaluation of the bimolecular
rate constants &29 for reaction of various NOX species, using equation

3050

3,3 Halide Ton Catalysis

As a consequence of the low values of the equilibrium constants
for formation of NMOC1 and NOBr (1.1 x 107 and 5,1 x 1072 mo1~2am™®

respectively’4 at 25%C), the inequality
Sy
1> K (87)(x7)

is applicable across the range of [Xé] used in this work. Hence,

equation 3.3 becomes :

. i (it ) (87 ) X7 )E Kooy
° (() + £,)

(3.4)

and one would expect a linear dependence of k_ upon (x7]. The
results obtained for diazotisation of sulphanilic acid and sulph-
anilamide catalysed by chloride, bromide, ard iodide are presented

in the following tables and shown graphically in figures 3.1-=3.4,
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Table 3.1 SULPHANILIC ACTD CHLORIDE CATALYSTS

(e, & 1,22 5 1070 [m0,) © 5.02 = 107 (%) = 3.58 = 1072
10% % (c1”)m ké/scl
2,50 0,382 % 0.012
5,00 ‘ 0.708 % 0.025
7.49 0.963 % 0,052
9.99 1.26 ¢ 0,048
SLOPE = 11,5 dm’mol te
INTRRCEPE = 0,107 s

Table 3.2 SULPTANTLIC ACID BROMIDE CATALVSIS

(AZNE ), = 1.22 x 2070 (@N0,) = 5.02 = 107 (%) = 3.58 x 107°n

10° % (") /™ ke /o™
2.50 7.19 ¢ 0.041
5.00 11.5 * 0.20
7.50 14.6 £ 0.055

10.0 17.0

t

0.11
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Table 3,3 SULPHANILIC ACID IODIDE CATALYSIS

EAz’I\{EZJT = 1,22 = 107y [mg] = 5,40 x 107y (57) = 3.58 x 1071
10% % (") }:@/s"l
1.01 0.687 £ 0,019
2,02 1.36 * 0,032
3,03 1.94 2 0,027
4,04 2,57 £ 0.046
SLOPE = 618 dm’mol g™t
INTERCEFT = 7.87 x 1072 o™+

Table 3.4 SULPHANILAMIDE CELORIDE CATALYSIS

=3 =5 + . =2
(arM,); = 6.39 2 207K (EN0,) = 5.02 x 1074 (H") = 4.16 x 107"
10° 5 (C17) M k /st
o
2,50 1.14 * 0,06
5.00 1.97 % 0.08
7.50 2,76 2 0.11
10.0 . 3.50 % 0.17
SLOPE = 31.3 dmomol”ls”!
INPERCEPT = 0,382 s ©



Table 3.5 SULPHANILAMIDE BROMIDE CATALYSIS

(ari,) = 6.39 = 1079 (mwo,) = 5.02 = 1071 (%) = 4.16 x 107%
10° = (3=") M k@/s‘:l
2,50 6,79 % 0,19
5,00 10.7 £ 0,096
7.50 13.4 £ 0.35
10.0 15.3 % 0.19

Table 3.6 SULPHANILAMIDE IODIDE CATALYSIS

(aswg,) = 6.39 = 107y (m0,) = 5.40 = 1074 (8%) = 4.16 = 10”°H
10° = (x7)/m k@/s‘”l
1.01 0.605 £ 0.011
2,02 1.09 £ 0.024
3,03 1.59 £ 0,031
4,04 2,17 £ 0,096
SLOPE = 513 dm’mol”>s”t
INPERCEPT = 6.60 x 1072 g™+
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For both substrates plots of ko vs [Clc] are linear, as expected.
The linearity of the plots of k@ vs [IQ] suggests that the inequality
L >> EﬁDIEH¢][IG] applios in each ease, although the value of the
eguilibrium constant KNDI is net known.

The slope of each k_ vs (c17) plot is given bys

SLOPE i, (azwe, ) (B0 2oy
&) -« E,

1

and the values of k., obtained from these wvere 1.44 x 109 demolclsc

2
amd 1,96 x 108 demolcls?l for sulphanilic acid and sulphanilamide
respectively at 25600 The qualitative difference betvween these iwo
values is to be expected since sulphanilic acid is a stronger base

and hence more susceptible to electrnphilic attack by NOX,

For both substrates the plots of k  ¥s [Brc] vere distinctly
curved. The lov concentrations of bromide ion used rule out the
possibility of dominance of KﬁOBE[H¢][BrO] in equation 3.3, vhich
vould lead to a levelling off of the plot. The curvature is consistent

vith a mechanism in which the initial rate=determining nitrosation.

step becomes reversible at higher bromide ion concemtrations’.

k

2 -
NOBr % ATNE, ;ﬁ;::i ArNEZNO + Br
=g
- k
\“\&l@k i J[ %a l 4
< = <
HNO, + H' ¢ Br ArNHB Products

SCHBRME 3.2



= 68 =

By applying a steady-state approximation to the reactive intermediate

AENHZNO, tha folloving eqﬁation can be derived:

o o 2o ), ] 3.5)
° ([B%) e 5 (e ,mT) e k) ’

¥t is evident from this that the shape of the plot of k, vs [Bzfj

depends upon the relative magnitudes of kcngrc] and k4

conditions are possible: vhen ﬁngBrc] &K k, a linear deperdence of

k_ on (Br~) is expected, whereas vhen kcg[Brcq >> k, the reaction

o Two limiting

ghould be zexo—order in (Br ). This behaviour is exhibited by both
substrates - the plots of k_ vs (Bx”) being linear imitially, but
terding to level off at higher concentrations of bromide ion. This
intermediate situation can be analyscd by taking the reciprecal form
of cquation 3.5 and plotting (lso)c'l v8 [Brc]mlo Here it must be
remembered that 3.5 should include a2 second term due to the uncat-
-alysed reaction and this must be subtracted {rom each ko value before
Teciprocals are taken. This term, which is mumerically equal to the
intercept of the k@ v3 [Bra] plot, can be calculated as the various
constants involved are known. Therefore, denoting the ad justed ko

1]
values as k09 ve haves

((8%) « & )k, ( (87 - &)

)t ¢ ———
kit K Ko g (N, ) o (B oK Kniome (A=8,) (B (B27)

)

00000(306)
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Hence a plot of (lrc;)z'1 vs [Bro]él should yield a straight line, the

slope of vhieh will yield the value of k.. The plots are shown in

@
£igg, 3.9 ard 3.6 and the values of ka at ZSQC obtained {rom these

vere 9.99 x 10% dndmo1 s ™t and 4.77 = 10! dmomol™>

st for sulphanilic
2acid and sulphanilamide respectively, The intercepts of the (k;)cl

vs [Br°]°1 plots yield values of the ratie kcg/k@ for each substrate
and this provides a2 measure of the relative reactivity of bromide ion
towvaxrds the nitrosammonium ion, ArNHSNOlo The deduced ratio was 13

in each case and this vill be discussed in more detail later,

Table 3.7 SULPHANILIC ACID ZEROMIDE RECIPROCAL DATA

(&= 10%(x])"Y/s
40,0 14.0
20,0 8.74
13.3 6.87
10,0 5,92

¢ = =
(i, =k =5.30 x 107 g7

3

SIOPE o 2.67 = 10~ mel an™> s

INTERCEPT = 3.34 % 1072 g
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Table 3.8 SULPHANILAMIDE BROMIDE RECIPROCAL DATA

(")t 102(k@°)°1/s
wo
20.0 9.48
13.3 7.55
10,0 6,60

(k, = k_ = 0.147)
SLOPE = 2.83 x 10°° mol dm ™ g

INTERCEPT o 3.75 x 1072 o

As mentioned earlier the plots of k_ vs (17) vere linear indicat-
ing that 1 :$>KN01f3¢]{I=] throughout the range. Unfortunately the
bimolecular rate constant for reaction of NOI with a substrate cannot
be determined since knovledge of KNOI is lacking. Eovever, i? is of
interest to evaluate kZXﬁOI for each amine using equation 3.4, From
the slopes of the ko v8 [Ia] plots these values vere determined as
kXyr = 851 = 107 dp%e01"95=! for sulphanilic acid, amd

3.55 x 10° andm01™%s ™" for sulphanilamide, both at 25°C.
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FIG. 3.5 — Sulphanilic Acid Bromide Reciprocal Data
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FIG. 3.6 — Sulphanilamide Bromide Rcciprocal Data
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3.4 Catalysis by Thiocyanate

Inspection of the data for the thioeyanate catalysed diazotis-
ation of both substrates ghows thai the limiting conditien

b > Eyosen
6

fact that KNDX is large relative to the halides (KNOSCN = 30 dm mol”

5 -3
at 25°G) - Hence the curvatuxre of the k@ v (x ] plots ean again be

[SCNP][E¢] applies throughout the range desgpite the
2

attributed to the reversibility of the initial N-nitrosation step.
The bimolecular rate constants kg for reaction of each amine can
be obtained using equation 3.6 and the double reciprocal plots

Sno1™ st and 1.22 x 10°

(£igs. 3.7 & 3.8). These vere 3.52 x 106 dm’mol "
dn’mol s for sulphanilic acid and sulphanilamide respectively at
25°c, and the corresponding kcg/k4 ratios vere 24 and 1ll, These latter

values are compared with those for bromide below.

k o/,
— — !
Catalyst Sulphanilic acid Sulpnanilamide
Bx 13 13
SCN~ 24 11

In general kﬁe/k4 ratios increase as the electron vithdrawing ability
of ring substituents increases%, suggesting that the major substiiuent
effect here is in the denitrosation step (k=2)° Similar effects vere
found in the halide catalysed denitrosation of nitrosaminesé. The
fact that the step kczfx°] can compete vwith k@’ vhich involves proton

tranfers and loss of 2 vater molecule, may seem unlikely, but the evid-

ence is quite clear from a variety of different experimental conditionsé'
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and there seems to be no other plausible explanztion,

Since K@ is expectecd to be independent of the nucleophile thesec
ratios give a direct comparison of the efficiences ef the two anions
in driving the nitrosation step in the xeverse direction. The differ-
ences between the ratios for sulphanilamide are not signifieantly
great but for sulphanilie acid the values show thiocyanate to be the

stronger nucleophile.

Table 3.9 SULPPANILIC ACID THIOCYANATE CATALYSIS

() =1.22 % 1021 (@N0,) =5.40 = 2078 (8] = 3.58 = 1072y
10° = (seN”)/M xgo/sc’l
1.74 1.29 ¢ 0.066
3.49 2,55 * 0.045
6.97 4.65 % 0,10
10.5 6.58 ¢ 0.11

(FIG. 3.1)
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Table 3,10 SULPHANILIC ACID

THIOCYANATE RECTPROCAL DATA

(o)t ) e
574 0,809
287 0.400
143 0.218
95.6 0.153

(k) = & =5.30 = 107°)

SLOPE = 1.29 % 10

INFERCEPT = 3,03 x 10°

Table 3,11 SULPEANTLAMIDE THIOCYANATE CATALYSTS

=2

2ol dm°§s

2
8

(ax¥e,) = 6.39 = 10771 (HNO,) = 5.40 x 107N (E%) = 4.16 x 10

10° z (scv™)/m xg@/sc’1
1.74 1.05 * 0.09
3,49 2,09 £ 0.05
6.97 3.70 % 0.08
10.5 5.07 £ 0,10

(PIG.

3.3)

2

M
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PIG. 3.7 — Sulphanilic Acid Thiocyamate Reciprocal Data
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PIG. 3.8 — Sulphanilamide Thiocyanate Reciprocal Data
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Table 3.12 SULPHANTLAMIDE THEIOCYANATE RECTPROCAL DATA

[SCN;I%[Efl (K;)Gl/s
574 1.09
287 0.509
143 0,281
9506 0.202

1]
(ky = kg < 0.147)
SLOPE = 1.88 = 10~ mol dm s
2

INTERCEPT = 2,04 ¢ 10 ° s

(seo figo 3.8)

3.5 Absence of Catalysis for 2,4-Dinitroaniline.

An attempt was made to study the diazotisation of 2;,4<dinitro-
aniline catalysed by bromide and thiocyanate ion., However, in hYoth
cases a zero-order dependence on (X ) was observed, the values of ke
remaining constamt (within experimental error) as the mucleopnile
concentration was varied, This behaviour can be explained with ref-
erence to scheme 3.2, wnich involves a reversible N-nitrosation step.
The rate equation derived from this, by applying a steady-state

approximation %o ArNHZNO, vasgs
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fe gl K Ko (90,51 (37 J(87)
E (X7} < ko

©

A9 in the proviows chaptar, selubility problens mesossitated the uwse
of & lov omine comsentration snd an exceos of mitrous acid te achicve
first-order conditions, bence tho use of (ENO, ], instead of (AxitE, )

in the above equatioms In scctiom 3.3 4% vas poimted out that if

kce[xé] becomes comparablo in magnitede to I, (as can occur at high
(X7)) the plet of k_ ve [X”) will level off. The complete lack of
catalysis for 2,44initroaniline can thereforo be understocd if the xate
of the denitrosation step is much greater than the rate of deconpos—
ition of the intermediate nitrosammoniun ionm %o form the product, 1.G.

if Ecg[xé] > k, then the above equation reduces tos

gty Ko (0 )y ()

Q
k2

( © is5(EH0,) (B7) )

amd no catalysis by X 4s observed. This behaviour has been noted
for many substrates comtaining electron withdrawing groups, such as
sulphamic acid79 ureago and amides in gen@ra19° Fhe stirong electrom
vithdraving properties of the tvo nitro substituents in the benzeno
ring rcduce the elcctron density on the amins nitrogen vhich reduceg
the amine’s reactivity tovaxrds NOX, and increases the reactivity of
ArNHZND tovards X ., Under the present comditions, therefore, the
above equation is mmmerically equal to the averago k@ value obtaincd
fox each micleophile, Hovever, no useful information cam be obtained

from this,
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3.6 Catalysis by Thiocurea

Catalygis by-thioureé vas obgerved for both sulphanilie aeid
and sulphanilamide and the treatmont of the resulis ie mueh tho samo
as for the other mucleophiles alrecady considered in this ehapter,

Because of the large valuc of the eguilibrium constant fox

ES
formation of the nitrosethiouronium ion (ONSC(NEZ)zg Kyox = 5000

2

- 0
dmém@l at 25@6) the total thiourea concemtrations must be corrected

ES
because a fairly large proportion will be tied up as ONSC(MH,),. This

2)2
is done by calculating (NOX) as followss

firstly (20,), = (mw0,)p » (x]

and secondly [x“]T S [XQ]F + (wox]
(wox)

also

=2
X " () (1 (")
and by combining these expressions we obtain the folloving:

(wox)

((@og), - (X)) (), - (ox))

KNDX ° [H¢]

Rearrangement of this results in 2 quadratic equation which can be
golved for [NOX]O Subtracting the values of (NCX] obtained in this way
from the coxresponding values of [XG]T gives [xQ]F for each run. This
was carried out for both substrates and the results are presented in

the folloving tables,
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Table 3.1) SULPHANILIC ACID THIOUREA CATALYSIS

(amim;) © 1,22 = 107 (mv0,) ©5.60 = 1070 (57) 3.56 = 107%

10° x (scm,), 1/ k fe
0,971 0.2%0 * o.om8 -
1.95 0,521 t 0,023
2.92 0.735 % 0.029
3.90 0,944 & 0.037

(ses fig. 3.2, pago 64)

Table 3.14 SULPHANILAMIDE THIQUREA CATALYSIS

(arvm,) = 6.39 x 1071 [D0,) = 5.40 x 107 (4°] = 4.16 x 1072
10° = [sc(mg)g]/m ko/s°l
0.570 0.263 & 0,019
1.94 0.444 % 0,031
2,92 0,552 £ 0.033
3.89 0.691 £ 0.035

(see fig. 3.4, page 66)



Close inspection of the plots shows that both exhibit very slight
cuxvaturo, Xe 19 unlikely that this ig due te tho reversibility of
the imdtial nitrosation gtep as vag tho ease for bromide and thie—
eyanato. Rather, thig ecuxvature ig attributed to tho offect of KNCX
on tho denominator of ecquatiom j.5, which varies in magnitude from
1.2 %o 1.7 over this range of (SC(NEZ)Z]O The curvature here 13 so
9light, though, that it 19 possible to make an approximation and

ignore the effect of KNOX[HQ](XE] on 3.3. Thus ve haves:

ks kK Ko AriE ) (8] (7]

° (") + =&

3

as before. From the slopes of the two plots (213 molals for sulph-
anilic acid amd 127 mol~ts for sulphanilamide) the bimolecular
rate constants for reaction of these substrates vith the S-nitroso-

3 de =1_=1 3

thiowroniuwm ion were 6,03 = 10 mel 8  amd 1.96 x 102 dm’mol” s

for sulphanilic acid and sulphanilamide respectively at 25000

3.7 Summary

The results presented in this chapter show that for both sulp-
aniliec acid amd sulphanilamide marked catalysis by nalide, thioc-=
cyamate, and thiourea occurs, vhereas for 2,4-dinitroaniline no
catalysis vas observed due to the electron withdrawing effects of
the two nitro groups. The bimolecular rate constants obtained from
the data are presented in the table belovw.together with some data

for 4-nitroaniline taken from reference 1.

1 =1
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Bimolecular Rate Constants for ArNHZ + N ——> ArNHZNO s X

ke fan w01 s
I = !
Sulphanilic acid Sulphanilamide 4-Nitroaniline
MOGL 1.44 x 16° - 1.96 = 10° 2,10 x 10°
8 7 7
NOBx 9.99 x 10 4,77 = 10 4,30 = 10
6 5
NOSCN 3.52 = 10 1.22 x 10 =
$ 3 2
ONSC(NHZ)2 6,03 % 10 1,96 x 10 =
1" (8.51 = 107) (3.53 = 10%) -
n values reported for NDI axe kZKRDI values 1 0 taken from xef., 1

Two notable trends are evident in this table, Firstly, there is th@
marked decrease in the values of the rate constants down each column,
due to the @ifferences in the reactivities of the various NOX species
towardsg the substrate, The folloving reactivity <remd is nov well

established, having been obsérved for mamny substratesé°
<
NOCl > NOBxr > NOSCN > ONSC(NHZ)2

However, the overall rate of the reaction is governed more by the
magnitude of %he constant KEDZ than the rate of reaction of NOX
with the substrate6; NOI is omitted from the discussion since values

of kg for reaction of NOI cannot be determined, 23 mentiored earliexr,



although {% has been suggesied that NOI is about as reactive as
nitrosyl thiocyanat@éo

Seeendly, the kg values for sulphanilamide aroc consistiently
less than the corresponding values for sulphanilic acid. This is s
consequence.of the greater basic stirength of sulphaniliec acid, making
it more mucleophilic and hence more susceptible to attack by NOX
than sulphanilamide, I3 is also interesting to note the difference
in behaviour between 4-nitroaniline and 2,4dinitroaniline, vwhere éhe
introduction of 2 secord nitro group is sufficient to remove catalysis
completely.

The k., values reported in the table above fit reasonably well

2

onto the log k, vs pKa plot, illustrating that the susceptibilities

2

of aniline derivatives to electrophilic nitrosation by a variety of

reagents follovs the same tremd as their basicities,
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CHAPTER

DIAZOTISATION of HETEROAROMATIC AMINES




4,1 Introduction

Degpito the larxge velumo of kimotic date availeble dm the
litezntrro en tho feornation of diagenivn loms fmen cnddimo dexivatives,
eelativoly fov studies bave beon nado on the diamotication ef hetere-
arenatic snines vhich oxo of inscressing comnerelal importamnse im tho
marmfaciure of azo dyos. In the imporiant monograph by Zolling@rl
published im 1961 thoy exe omly briocfly mentiencd, amd it vas pointed
out that duo to the poor stability of hoterocyelic diazoniuvm salts
the degixed azo dyes oxv preparcd by oxidative eouvpling of the eor-
responding hydrazones. The situation has changed dwosgtically sinco
then and novadays dyes with hoterocyclic diazo components axe prop—
exed on & largo scalo and are very important becausc of theis exeol-
lent brightness and higher intensity absorption banﬁggp a8 borne out

by the amount of patent literature on the subject§

o Hoterocyelic
diazonium salts axre also intercsting as gynthetic intermedintes for
the preparation of compounds of potential pharmaccutieal valudao of
the studics that havo been made, perheps the rost ioportant is that
of Kalatzie5 vho studied ¢he kineticg of diazotisation of amino-
pyridines in dilute acid solutions.

In general, the diazotisation of heteroaromatic amincs is con-
sidered %0 involve the same steps 23 for aniline derivativeéé

(scheme 1,1) ezceptpvin gome cases, for am additional step after

formation of tne diazoniuvm 3on:

H¢

HAr-ly —=—= BrN} <— arel,

(1)
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(hore the symbol Ar represents 2 heteroaromatic ring minus tvo
hydrogen atcns). The preducts (I) arc diazo compounds vhich axe
genorally more stable than the other specios, Such diszo compoundg
arige vhen a base is added to the diazonium selution or vhen the
axomatic rTing possesses a hydrogen atom scidic enough to be donated
to the medimmjl An example of this is found in the diazotisation of

subgtituted aminopyrtolesss

R NH R N3 € ,
L8 — % — L
i h

In some cases reaction vith sodium nitrite in acid solution
leads to the formation of 2 stable primary nitrosamine rather than
a diazonium ion4° This vas noted by Gehlem9 vho isolated a primary

nitrosamine after reaction of a 4-N-substituted aminotriazole in 18%

hydrochloric acid solution:
I3
R/i\N NHNO

N—N
Rflzxwyxl\ﬁﬂ4z |

Ar Ar

m?mz

The acid concentration here is critical since at lover acidities
the corresponding triazene (RAr-N=N-NH-AvR) is formed, and at higher
acidities chlorcdediazoniation occurs. This phenomenon is a feature

of the diazotisation of many amines of the higher azoles and provides




direct ovidence for the intermediacy of primary nitrosamines in
the diazgetisation proc@@géo The otability of those primery nitros-
amines is attributed to niitrosamine=diazohydroxide tauntcmerism end

otabilisation through hydrogen bonding:

(antd) (syn)

N—N N— NN H~
QD S | §\ = AN
R NHNO RN NN RN N=N
Il Il OH |
R R R

A labile proton in the molcocule will be involved in tautomeric
equilibria itself vwhich will disrupt this stabilisation, thereby
alloving diazonium ion formation to occur. Diazonium salts derivcd
from heteroaromatic amines undergo the usual dediazoniation and azo-
coupling reactions of benzenoid aromatics as described in ssction 1.8,
Thus, in the case of heteroaromatic amines scoveral products are
formed, depending upon the structure of the heterocycle. If an acidic
proton is present diazotisation leads to a diazonium salt and a diazo
compound, whereas in the absonce of such a proton a primary nitros—
amine may be formed vhich takes part in a tautomeric equilibrium with
a diazohydroxido stabilised by hydrogen bonding. A certain amount of
diazonium salt is also prosent, its concentration increasing with
the acidity of the medium, Dimzotisation of 6-membered heterocycles
results in the formation of diazonium salts oxr their dediazoniation
product54° Primary nitrosamines have not beon isolaied or directly
detected for these systems and the seme variety of products as found

4
vith the five-membered ring compounds is not encountored .
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4.2 Scope of the Present Hoxk

It is of imterest to establish vhether the same catalytie
influwonces (of halidc ion, thiocyamate lon, sbc.) a8 occur in the
benzenoid oxomatic Bystems aro operational fox the hotaeroaromatic
amines and to corxelate theso reactivities vwith the struectures of
the amines., The xesulis presemied in this chapter describe the effcects
of acid, bromide ion, and thiocyanate ion on the rate of diazetisation

of 2-amino=5-nitrothiazole and Jj-amine-1,2,4-~triazole,.

4,3 2=Amino-H-=pnitrothiazole

Sulphur azoles such as aminothlazoles and aminoisothiazoles
axe readily diazotised in strong oxyacids to form the corresponding
diazonium salts which may be isolated}g 2-Amino=5-nitrothiazole (I,
below) forms a highly reactive diazonium salt and many examples of

its use in the mamufacture of azo dyes can be found in the literaturnglgo

N

/ _

Angyal and Angyailasuggested that the diazotisation of primaxry
N-heteroaromatic amines involves the non-protonatcd species' vhich,
because of deactivation of the amino group by the ring nitrogen,
react only in concentrated acid solution with the strongly electxo-
philic nitrosonium ion, They also suggested that the stabilising

resonance of the type found in the benzenoid aromatic systems



(chapter 1, p.22) doos not oxist betveen the N-hetcroaromatic ring
and the diazonium grovp. Tho suggested absence of axematic eharacier
from these diazeonivm ions vas considered responsible for .wholr imstab—
ility vhieh vas compared vith that of tho aliphatic diazoniuvm ions .
Kalatzisléhas pointcd out, howsver, that dlazotisation docs eccux
in dilute acid solutions in which the concemtration of M is very
lov, In fact, Kalatzis studied the diazotisation of 4-aminopyridines
and shoved that the reaction involved the endocyclic-N-protenated
amine. Also, the argument sgainst stabilising resonance is not just-
ifisd since heteroaromatic diazonium salts can be isolated and coupled
with alkaline A =naphthol 50

In aminothiazoles there are tvo possible protonation sites -=
the exocyclic (amino) nitrogen atom and the endocyclic (imine) nitro-
gen. It has been shown that substituent effects in 5-substituted=2-=

valuees of

aminothiazoles are satisfactorily expressed by the Speta

the substituentsl5° However, the use of 6%&:& does not give accept-
able correlations vith oxperimentally determine@ pxa values for 2-
aminothiazoles and 2=N,N-dimethylaminothiazoles substituted in pasition
5, and this strongly supports the conclusion that the endocyclic
nitrogen atom is the more basic of the twolé The K, values of 2-
aminothiazole itself have been measuredl7as 5.28 for the endocyclic
nitrogen otom anmd =3.,22 for the amino group.

The amine under consideration here, namely 2-amino=S5-nitrothia-
zole, is only slightly soluble in wvater and so, as for the nitro=
anilines, reactions vere carried out with mitrous acid im excess.

It vas necessary %o follow the decrease in intensity of the long-
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vavelongth side of the cbsorption band centercd at 382mm because

tho absorptions due to nitrous acid interfercd at shortor vavelengths,
The prosenco of the dinzonium jon in the ronction selution vasg deme
onstrated by coupling with NyN-dimethylaniline, os dogeribed in ch.b,
page 169, The oxder with respect to nitrous acid vas uvnity, as shown

by the data in the following table.

Table 4,1 Nitrous Acid Dependente

(Amine] = 5,10 x 1072y N\ = 405m
10° (w0,,) /i 10° (8*) 1031:@/@‘”1
1,17 4.83 1.72 ¢ 0.075
2,33 4.87 3,40 % 0.15
4.67 4.83 6,71 2 0.27

4.3,1 Acid Caialysis

As mentioned caxrlicy, N-heteroaromatic amines can, in principle,
urdergo diazotisation via cither the protonated or non-protonated

forms. Therefore, the reaction scheme for this amine is as fellows:

:—N mmi/a**
/ Products
N S k

3

¥
Z
I
N
v

NH o, /8
(/ )\ 2 > Products
O,N" s Ky
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The superscript "+" on the rate constant kg i used here to dist—

inguish rate constants for reaction of positive speeies’ in tho

felleving rate oguations. The rate cguation 1o thuae
RATE o kB[A ][mgua"] < ng[m**}[m\aog]‘[a"']

vhere A and EAY are the neutral and protonated emines respectively.

Application of the protonztion equilibriuvm fox EAY givess

RATE = kgﬁ[M‘f(mzl[Hﬂ. R kng]T[ENOgL[Eﬂz
[H*] ¢ K [ﬂﬂ T 2

&

) GKBK&[HNOZ]Y[H¢] . x‘;(_mg]_f[ﬁ‘*]z

and 8o o " py
(B} « K, (8") < x

(4.1)

and, as for the aniline derivatives, tvwo limiting forms are possible:

vhen Ka >> [H+] ve have

k-@
k, = kB[uNOZ]T[a‘“] + —Ké[xmog]lﬁ*’]z (4.2)
8

and vhen K, << [H"’?] ve have

kg = B (END,) o k*g(zmog] B') (4.3)

Lot

The date obtained in the study of the acid catalysed diazotisation

of this amine axe presented in the table below,
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Table 4.2 2-Amino=H-nitrothiazeole - Acid C&talysis

(amine) = 2.56 = 10~ (E0,) = 2,14 = 107% X o 4051
(8% ) 1o3g@/@°1
0.0941 5.8 £ 0,15
0.119 4,61 % 0,04
0.141 5.95 & 0,13
0.189 7.25 £ 0,16
0,210 8.47 & 0,15

SLOPE = 0.0390 mol ™ dm s>
INF. = 1.61 = 102 g7t

(FIG. 4.1)

From the above equations 1% can be seen that when K, = [Eé] ons
could expect & plot of )so vs [H”’] %o be curved, convex to tne ko
axis and becoming linear as [Hq') >> Ka is approached. Using the rep-
oxrted Ka value'sof 0.25M (endocyclic protonation) for this amine the
plot should exhibit pronounced curvature up to about M B* (aseuming
compensation for medium effects and the application of & suitable
acidity fupetiion). No curvature vas observed over the acid range
0.05=0,.5M and this vould seem to indicate that the reaction involves
only the neutral thiazole molecule, since this would require the

condition Ka >>[H¢) to be satisfied. A linear dependence vould also
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0 .{H /M

‘)

0.00 0.08 0.16 0.24

FIG, 4,1 — Acid Catalysed Diazotisation of 2-Amino=5-nitrothiazole
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result 4f K << (£*) but in this case a non-zero imtercept would be
observed (00e eqa. 4.3). Inspection of fig. 4.1 chovs that the intere
eept 18 zero (vithim experimental exrzor). So, there are tve possible
explancntions for the chape of fig. 4.1. Fixetly, it may be that the
roported Ka value of 0.25M is in error. Assuming that the K@ value

is actually much larger than this one could expect the obsexrved lineax
dependence as K@>>’[H¢] applies. The possibility that K << (8%) 18
ruled out by the mero imtercept of the plet. Secondly, if ths K& value
is coxrect then the data mey not be reliable since Ka:z [H+J predicts
cuxvature, Neither of these two explanations is satisfactory, partic-

ulaxly the formexr, In anothexr reportla

the K& value for this amine is
given as 0.1 and because of the reasonable agreement betveen this amd
the value of 0,29M it is not considered vise to refute both in order to
explain the trend shovwn by the fev scattered data presented here. For
this reason a full discussion of acid catalysis will be left until the

end of thie sectlion vhere 2 second study of the kinetics is reported,

4,3.,2 Catalysis by Bromide

As is the case for many amines, the diazotisation of 2-amino-5-
nitrothiazole vas found %o be catalysed by addeﬂ bromide ion, pres—
umably via the intermediacy of NQOBr. The ko values obtains& in the
study are laid out in the table belov. The plot of k vs (Br” ] is
linsaxr vith a non-zero intexaept, as shown in fig. 4.2.

Since the Ka value of this amine is relatively small (reportedlegls
28 0,121 and 0,25M) it is expected that the electrom—vithdraving

effects of the protonated endocyclic nitrogen atom would reduce the
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Table 4,3 ZoAmino=Swnitrothiazglero Bromide Catalysis

(Amine) = 5.07 = 1079 (B%) o 4.41 = 107% (mo,) = 5022 = 1072

(B=") 10%_fo™t

0.0251 5.52 % 0,08
0.0501 6.37 2 0.11
0.100 7.60 ¢ 0,06
0,150 8.72 % 0.35
0.200 9.71 & 0,19
0.300 11,8 ¢ 0,50
0.402 13,7 & 0,26
0,502 17,7 & 007

SLOPE = 0.0237 mol “dm st

INP. = 5,02 x 10™° 5™+

(FIG, 4.2)

‘availability’ of the lone pair of electrons on the exoecyclic nitro-
gen even further, thus reducing the molecule’s affinity for NOX. Also,
28 vas mentioned earlier, the pKa value of the exocyclic nmitrogen atom
in the parent molecule (2-aminothiazole) is =3.22 (ref,17 ) and the
introduction of a 5-nitro substituent vill reduce this even further.

In any case the acid concentration-used in this study (0,04M) i8 not
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sufficiently laxge for appreciable protonation to occur at sither
gite and =0 the rate constant kz for reaction of the amine vith RKOX
can be ovaluated by assuming that reaction cccurs via the neutral

thiazole molecule enly. Thuws ve haves

k
NOX < AxNE,) 2 AXNEZXO ¢+ X

- |

HNO, + B o X7 AFNH Products

Since this is the same as scheme 3.1 (page 56) the same rate equation

(3.3, p-58) applies, substituting [HNOZ) for CAENHZ] since in the

T T
present study nitrous acid is in excess, From the plot, then, ve have:

o1, 3 -1
ke (HNO, ) (B¥)E o p . = 0.0237 mol dm’s

[}

Slope

1]

amd s0 k 202 mol™tam’s™  ar 25%

2

The interxcept of the kg vs [Brc] plot is given by:

Int. = ky(ENO,) (") = 5.02x 1070 a7

2

2, 6 =1

vhich gives a value of 2,18 mol “dm' s =~ for ky at 25°¢.
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4.3,3 Catalysis by Thiocyanate

As for bromideo, thioccyanate ecatalysis vas obgorved im the diaz-—

otisation of this emine. The data axe presented in the teble belev,

Table 4.4 2-Amino-5-nitrothiazele = Thiocyanate Catalysis

(Anine) = 5,07 = 10771 (B") = 4,42 = 107 (HX0,) © 5,20 x 2072

10 [SON" ) 1o3xo/g°1
0.0502 7.24 £ 0.04
0,100 8.88 £ 0,11
0,151 10.2 i 0.14
0,201 11,5 & 0.14
0.249 ' 14.1 £ 0.50
0.497 23.1 2 o0.84

SLOPE = 00358 mol tdm’s™>

INT, = 5.05 x 1070672

(PIG. 4.2)

And, as before, a linear plot vas obtained., Therefore,

1 1

Slope = kb, (80, ) (E*)K ooy = 00358 mol~ldm’s"



and so

1

de@cl

kK, = 5,19 mol” at 25°C

2

As for bromide, the intercept of the k = vs (scN” ) plot yields a

c2d36@=1 foxr k_, in excellent agrsement vith the

value of 2,20 mol 3

value obtained previously.

Thus, as for the aniline derivatives, the trend in the react-
ivities of theso NOX species is the same, i.@, NOBr > NOSCN , as
shown by the bimolecular rate constants of 202 molcldmsscl and
5.19 molcldm3s=1 for each species respectively., Also, the general
catalytic trend SCN~ > Br is observed in the reaction of the thiazele,
as vas the case for the aniline derivatives studied in chapter 3, and

19

for many ether subsirates

4.3.4 Acid Catalysis in the Presence of Nucleophiles

Since it vas expected that this amine would undergo diazotisation
via both the protonated and pon—protonated i‘oms:,7 2 gtuedy of the acid
catalysed reaction was undertaken in vhich there was a constant conce
entration of added mucleophile, This vould enable the evaluation of
the rate constants kz.foz reaction with KOBr and NOSCN from a rather
complex rate eguation derived from a scheme involving both neutral
and protonated forms of the substirate (see section 4.4.2). Hovever,
later consideration of the K& value for this amine suggested that in
this case reaction would probably occur via the mnon-protonated amine

only. Thus it vas possible to evaluate kz for reaction of NOBr and

NOSCN without recourse to this acid dependence in the presence of X .
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Hovever, since there is wncertainty over the validity of the acid
data presented in section 4,3.1 the data presented hore comveniently
provide a means of checking on the pKa valuo of the amine.

Por acid catalysis in the presence of X (2s8uming no reaction

of the protomated amine) vo haves

ey (BN, ) () . 2o (E90, ) (B ) (X7)R Ko
° (&) » %, (7)) + =,
foec k= (ki o kz[x g_mx) gé*) ][ ) (4.4)

As before, if [Hé} ::Ka then the above eguation predicts curvature
of the plot of k& vs (B%). The data for acid dependence in the
presence of Br and SCN~ are presented below and shown graphically
in fig. 4.3,

In both cases plots of ko vs [H¢] vere cuxved, If ve nov take

the reciprocal form of equation 4.4 ve haves

1 1

(ks + kQ[Xa]K‘NOK)[HNOZ]T[H¢] (ISB < kg[xc]gmx)[mglxa

kcl =
o

00000(405)

and so plots of K;l vs (B%)") should result in straight lines, the

intercepis of which will yield the valus of the constant K&O'The recip=
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rocal data are presented in tables 4.7 and 4.8 and shovn graphically

in ﬁgo 8.4,

Table 4.5 Acid Dependence at (Br | = 0.997TH

(mine) = 1.76 = 0% (HD,) = 00208

10 = (B M - 10% /o™t
0,263 11.0 2 0.53
0.738 22,0 % 1.3
1,19 27,4 % 1.5
1.67 29.0 & 1.7
2,11 28.9 % 1.3
3.25 27.8 % 1.8

(FIG. 4.3)
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Table 4,6 Acid Dependence at [SCN™) = 0.0255H

(amgne) = 1,54 = 207 (mm,) = 0.020%

10 = (8°)/ 107k _fo
0.214 3.03 ¢ 0,18
0,446 5.38 % 0,24
0,912 8,79 2 0,37
1.35 11,9 ¢ 0,63
1.82 12,5 2 0.59
2,30 13.4 2 0,65

(FIG. 4.3)

Table 4.7 HY/Br" Reciprocal Data

(8] K:l/s
38,0 90,6
13,6 4504

8.42 3645
599 34,5

SLOPE = 1.79 mol dn s

INT, = 22,2
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v Thiocyanate PIC. 4.3 — Acid Dependence in the
{ constant
A a Presence o
Bromide (Mucleophile) for
2-Amino~S5-nitrothiazele.
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7  Thiocyanate FIG. 4.4 — H'/X" Reciprocal Plot
for 2=Amino-S5-nitrothiazole

Ja Bromide
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Table 4.8 H'/SCN” Reciprocal Data

[H%]el kzl/s
46.8 330
22.4 186
11.0 111

1.39 84.2
5.49 79.8
4.35 74.9

From equation 4.5 we have:

SLOPE = 6.09 mol dm~s

INT, = 45.3 8

(FIG. 4.4)

. = (g + k(X JKyoy) (HNO Txa

Using the value of 2.19 mol™ dm6s

2

-1

for l:5 obtained in sections 4.3.2

and 4.3.3 ve have K_ = 0.174M (from H'/Br™) and K, =0.176M (from

H'/SCN™) which are in good agreement with the literature values of

18
0,124 and 0.25M

15
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4:,3,5 Summaxy

The study of the mucleophile ecatalysed diazotisation of the
thiszole hag yiclded bimelecvlar rate comstants for reaction of thio
amine with KOX (X = Br,SCN) vhich follov the manc tremnd as has been
obsexrved congistently in stuvdies of the mucleophile catalysed resctions

of the aniline dexivatives reporied in this vork and in mapy oth@rel9

1,00 Reactivity 3 KOBx > KNOSCN

Catalytic 8 Br < SCN
Efficiency

The data obtained for acid catalysis reported in section 4.3.)
vould seea to be umxeliable since they fit neithsr the scheme involving
both the protonated and non-protonated substrate, nor that involving
the non=protonated amine alone. This is supported by the fact that
variation of (HE') in the presence of X yielded curved plots of k, vs
(H*) in both cases (X~ = Br™, SCN~), as predicted by equation 4.1 vhen
Ka'==[H¢]9 vhereas by varying [H+) vith no nucleophile present & lineax
plot of k_ ve (E%) was obtained (albeit with fairly scattered data).
These K'/X~ data yielded K, values of 0.174M and 0.176M, agreeing
very vell with each othexr and the literature values of 0.12M and 0.25M.

%am®s™? vas obtained vusing the Br and

The value for ks of 2,19 mol~ an’s
SCN~ catalysis data, both seis of data yielding the same value adding
yet more veight to the argument against the validity of the origimal
acid data. It would seem, then, that reaction occurs via the non-
protonated amine only, vith perhaps & very small component due to the

protonated form for acid catalysis. The reaction schems is as follouss
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B,NO) XOX
preducts &——— A ~———> products
.
B X0
pEeducto é—f%-ga— AH¢

As mentioned eaxliexr in this chapter, diazotisation of hetero-
cyclic amines with no labile hydrogen atom can yield stable primary
nitr@samine54° Some circumstantial evidence in suppoxrt of this wvas
obtained = a bright yellow colour, typical of nitrosamines, vas obs-
erved initially vhen the xeaction mixture was mixed vith & buffered
(pH 8) coupling component., This test vas caxrried out in oxder to
detect the presence of the diazoniuvm ion in the solution by coupling
to form an azo dye, the spectrum of vhich was to be compaxed with
that of a sample of dye produced on a preparative scale (see chapter 6,
page 169)., This dye vas a daxk blue colour and go the yellovw colour
could not be attributed to this, 2=-Amino<S5=nitrothiazole itself is a
yellov povder but a2 neutral solution of similar concentration to that
of the reaction mixture vas a very pale yellow, not as intense as the
buffered reaction solution., Hovever, this evidence is obviously not
conclusive and further studies vould be required to establish the nature
of this yellov compound, This vas not folloved up in the present vork
since the solutions used to monitor the reaction became colourless
(from the very pale yellov of the thiazole) and could be coupled with-

out the yellov colouration appearing.
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4.4 3=Amino-=l,2,4-triazole

C=amino=l,2,4<triazoles behave as normal aromatic amines and are
diozotiacd in agqucous minoral aecids, forming diazonive malts vhich

couple with aromatic amines and ph@mglgzovgl

o Dyes derived from 1,2,4-
triazoles have proven useful foxr polycester and polyacrileomitrile fab-

22
ries o The rzing N-H bond in the diazonium ion ig r@por%edgg to be highly

24 as 0.3 at OOC° As mentioned

acidie and its pKa has been meagured
sarlier, aminoheteroaromatics containing such an acidic proton form
diazo compounds on reaction vith nitrous acid, and this has been obs—

exved in the case of 3=amino=19294=triazolgzés

N—N N—N N— N=N

( | )\NHZ (Kﬁ»ﬁ;—— &Q)ﬁz SN,
H H

(1)

Villarrassa249 et al, have studied acid-base equilibria in
diazo-azoles, including 3-amino-1,2,4-triazole, amd report that (I),
above, exthibits a UV absorption at 28lmm. This wés observed in the
spectra of the reaction solutions in the present vork and, im fact,
the appearance of this pealt was used to follov the reaction.

The oxder with respect to nitrous acid was shown to be unity and

the data are presented in the following table.

4.4,1 Acid Catalysed Diazotisation

Reactions vere carried out under firsi-order conditions ([ENOZ]

>> (Amine)) and the kinetic equation derived for 2-amino-5-nitro-
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Table 4,9 Nitrous Acid Deperndence

(amime] = 7.98 = 2077% No 2800m
10° (m0,, ) A 20°(8*) 10k fo™
1.17 483 2.49 & 0.034
2,33 4,77 6,32 & 0,130
4.67 | 4.83 ¥3.2 L 0,250

thiazole (page 92) applies here since for 3—amino=1,2,4-triazole &
non—zero intercept i8 observed, vhich indicates that both meutzal and

protonated forms undergo reactions

s, (A0Jg(H7) 5 (amm,) (&)

= 000(406)
° (8°) <+ &, (B) + K

2
The Ka value for 3—=emino-=1,2,4<triazole has been detexrmined > as
6.8 x 10a5M (imino-nitrogen) and so [Bﬁj >>Ka throughout the acid range

(table 4.10). Equation 4.6, then, becomes:

<>

° k3Ka[HN02]T M k3 T[H

and @ linear dependence of k_ upon [H¢] is predicted, This linear
dependence vas observed experimentally and {rom the slope amd inter-

cept of the plot (fig. 4.5) the rate constants ares
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ks o 1620 nolggdméac

1

and k; o 3,02 mol

2am

6

8

at 25°C

This gqualitative ddffarenso is expected since im the protonated

nolecwle the anino grovp 1o smech loss basic awd hence less reactive,

The amino-nitrogen in amino-heterocycles is generally veakly basie

due to the electron=vithdraving effects of the h@%@foatoms9 apd the

basicity is reduced further in this case by N-endocyclic protomation,

Table 4,10 3-Amino-1,2,4-triagole - Acid Catalysis

(Amine) = 5.63 x 107N (mNo, ) = 5.00 = 1073
10%(8%) /1 10% /6™
2,22 1.07 £ o0.01
4.63 1,29 % 0,01
7.04 1.58 % 0.03
9.45 1.98 % 'ooos
11.9 2,33 £ 0.05
14.3 2,74 2 0.05

SLOPE = 0,151 mol Ydg st

INT., = 5.53 x 1,0”3 g

(FIG. 4.5)

A = 280nm
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=1
1023@)/

FIG, 4.5 — Acid Catalysed Diazotisation of 3-Amino-=l,2,4=triazole.
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4.4,2 Catalysis by Bromide and Thilocyanate

As is the case for the aniling derivatives = and many other
subgtretes - diazotisation of J=amimo<l,2,4<txiazole has been Lound
to be subject to catelysis by bromide and thiecyanate, The reaction
takes place via the intermediate formation of the corresporiing ROX
species, as described in chapter 1, section 1.5, and involves either
the neutral amine or the N-sndocyclic protonated form, There axe thus

four possible pathways, as shovn belov,

H,NO, NOX
produet8 <«———— A ——> products
k id
3 2
X ||85"
a
H,NO . MoX
products <———$———- AH —_— products
kB kg

By taking into comsideration the protonation equilibrium involving
A and AH¢9 and also the equilibrium for formation of NOX, equation

4,7 can be derived:

L o = >, > = [H‘%}](m ]
}So = (kﬁxa < kB[H ] < kZK&KNOX(X ] N kZKEDX[E J[K ])ﬁ
00o0o(8o7)

The first tyo terms in this equation represent the acid catalysed
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routes dsscribed in the previous section, the seconi tvo represent

the mucleophile catalysed routes., Sinee [Eﬂ >» Ka under the present

conditions {{H’)>0,01) this sguation oimplifico te:

koo (p(B7) ¢ B (B0, (XK, o (K o k3(E%))(EM0,),

00000(408)

Plots of k vs (X ) vere linear for both bromide and thiocyansie.

Table 4,11 3=Amino=l,2,4-%riazole - Bromide Catalysis

(Amine) = 5,65 x 107°n (&%) = 0.1358 (ENG,] = 5.00 x 107

10 x (Bz")M 102k°/s°l
0,150 3.13 2 0.04
0.747 4.35 £ 0,05
1,50 6,04 £ 0,20
2,24 7.52 % 0,08

SLOPE = 0,212 mol~Ydn st
1

INP, = 0.0281 s

(FIG. 4.6)
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0 1 1 | ] ‘102[13:‘1’]/%
0.0 0.8 1.6 2.4

FIG, 4.6 — Bromide Catalysed Diazotisation of 3=Amino=l,2,4-triazole.
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Table 4,12 3-Amino-l,2,4-triazole = Thiocyanaie Catalysis

(amino) = 1.24 = 10~y (%) = 1.20 = 1073 LHNOZ] 5 9,96 % 1074
10%(sci™) /i 107, /=2
0,558 2,35 ¢ 0,05
1.19 2,64 ¢ 0,04
2.54 4,24 ¢ 0,06
3.96 5.47 2 0,06
5034 6.92 ¢ 0,05
SLOPE = 9.77 x 10 “mol~ldm s~
INT. = 1,67 x 107 ™%
(FIG. 4.7)

Unfortunately, since the slope of each plot is given by:

S

Slope = (kJ(H

2l

J e oK) (%0, ] yox

ve axre not in a position to evaluate the imdividual rate constants

ka and kzo These may be determined by varying the acid concentration
in the presence of a constant concentration of the mucleophile X , as
described in the following section. The above data do, hovever, allow

the calculation of the intercept of the k  vs (X ) plot foxr cach
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FIG. 4.7 — SCN~ Catalysed Diazotisation of 3-Amino-l,2,4-triazole.
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macleophile and this provides & test of the reliability of the k§ and

g; values determined in ecction 4.4.1, The intexcept 1o given bys

Wre = (K < t;[ﬁﬂ)[m@og]cr

For bromide catalysis the calculated intercept 4o 000259s°1 and for

thiocyanate a value of 1.46 x 10°35°l is obtained, These are in excel-

lent agreement with the experimental values of 0,028ls

gt respectively,

4.4,3 Aeid Dependence in the Pressnce of Nucleophiles

1

and 1.67 x 10~7

The acid catalysed xeaction of 3-amino-=l,2,4-=triazele im the

presence of a constant concentration of mucleophile vas studied amd the

regsults are presented in the following tables,

Table 4,13 Acid Dependence at (Br ) = 0.197M

(Amine) o 9.88 x 1072y

(Ex0,) © 2,05 x 107

10 = (8%) /M 10% /o7
0,227 2,52 & 0.0966
0,702 2.63 &£ 0.0928
1,17 2.75 & 0,173
1.63 2.84 £ 0.0791

(FIG. 4.8)
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1@2k©/g”1

,__;}———x}-_——__J?——————J?————‘““””'JV SN

10 x (B%)/m

0.0 0.4 0.8 1.2 1.6

Thiocyanate FIG, 4,8 — Acid Dependence in the
Presence of Constant

Bromide (Mucleophile) for
3=Amino<),2,4=triazole.
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Teble 4,14 Acid Dependence at (SCN™) = 8,97 x 10°3H_

=4 3

(Amine) = 1,21 x 10 M (mr0,) = 9.96 x 107’1

10x(8%) A1 10% o™

0,173 0,273 < 0.0072
0,363 0,311 < 0.0099
0,663 0.370 < o0,010°
0.966 0.429 £ 0,013
1.50 0,535 < 0,011

(PIG. 4.8)

Rearranging equation 4.8 ve haves

k, = (rg; o (XK ET) (0] ¢ (sz o By(XT)K ) (EN0,) K,

and from the plots of k = ve (B®) for these reactions carried out in

and k¥ in

the presence of X~ ve can determine the rate constants Kg o

the above squation for both mucleophiles.
For reaction in the presence of each nucleophile linsear plots of
k we (H')wvere obtained (fig..4.8). Refexring to the above equation

o

ve haves
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Slope = (kg @ Itk Jigyoy) (BND )y

Int, o (35 ¢ kg[XQ]KEQx)(HNO2]TKQ

In the presence of Br s

Slope © 0.0277 mol tam’s™"

Int. o 0.0247 o>

and so the rate constants axres

k., o 1.62 x 10% mo1Ydm’s™?
2
kz = <189 mol Yam s~ (negative)

For thiocyanates

Slope = 0.0197 mol ‘dms™>

Int. = 2.39 x 1072 &%

vhich givess

k. = 7.09 x 10° mol tdm’s ™t

=], =
S = -3.67 mol™dm’s™  (negativo)

at 25%

at 25°¢C
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Again the trend oxhibited by the aniline derivatives in reactions

uith NOX epecles is the same here for reaction of the neutral amineg
1.9, kNOBr > kKDSCM” The fact that negative rate comstants have boon
obtained for reaction of the protonated amine cam bo astributed to the
small values of the slopes of the plots. Any small exrror im these
vould resul§ in large erzors in the valuss of kgo Since the intercepte
are relatively large, particularly for Br , emall errers vill not bhave
an appreciable effect on the values of kg which should thexrsfore be
reliable, Despite the negative rate constants the results indicate
cleaxly that the non-protonated amine is the more reactive of the tvo
forms and in fact it may be that ka: 0. It is interesting to note that
N=endocyclic protonation reduces the reactivity tovaxds HZROE by a
factor of about 500 and it may vell be the case that this protonation
is sufficient to reduce to zero the reactivity tovards the veaker elec-
trophile NOX. This adds weight to the suggestion that the thiazole
undergoes reaction via the non=protonated form only, since the thiazole
is a veaker base than the triazole. The situation is analogous to that
of the aniline derivatives vhere reaction of HgﬁOZ/KD¢ vith the proton-

ated amine can occuxr but there is no evidence to suggest that reaction

<
2

that protonation occurs at a site remote from the reaction centre in

occurs betveen NOX and ArNﬂg (1.9, k, = 0). The difference, though, is
the triazole, a difference vhich is reflected by the fact that proton—
ation in sulphanilic acid (for example) - i.e. protonation at the reac-
tion centre - reduces the rate constant ky by a factor of 3000 (section
2.6, page 50). Assuming that k; = 0 for both NOBr and NOSCN the values

of the slopes of the respective ko vs [Xc) plots are calculated to be
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0.216 molcldmgscl and 0,130 molcldmssclo vhich axe in good agreement
vith the experimentally dotexmined values of 0,212 m@laldaﬁacl and

0.6977 moi tands ™,

4.5 General Conclusions from Chapter 4

Pexrhaps the most important point to note in summarising the
information presented in this chapter is that for these tWo substxates,
and possibly for heterocaromatic primexy amines in general, tho kinegics
of diazotisation axe identical to .those of the aniline derivatives. The
reaction is catalysed by both acid and mucleophiles and for acid cat-
alysis the protonajed substrate undergoes reaction, although im these
cases the protonstion site is not the reaction site (unlike the aniline
derivatives vhere the two can be the same). An investigation into the
possibility of the reaction of the protonated amine with NOX showed

that no reaction takes place for either the thiazole oxr the triazole.

It is of interest to compare the rate constants obtained in the
acid catalysis studies with those for the substrates studied in the
earlier chapters and also with those obtained by other workers. This
compearison is made in table 4.15. Note the similarity betveen the
values for the thiazole and 2,4=dinitroaniline, vhich is also deact-

ivated by slectron=vithdraving groups.
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Table éol§rrcompgzigon7@f k., values foxr Nitrosatign in Yatexr atb 25°C

——— 3

Subatzato kB/dmém@lozgol Rof.
CO(NHZ)2 0,89 26
2=-Amino=S5-=nitrothlazole 2,19 this vork
2,4=Dinitroaniline 2,50 this vork
HN3 160 26

an;mg 620 26
Sulphanilamide 200 this worxk
Glutathione 1080 27
Mercaptosuccinic acid 1334 28
3=Amino=1,2,4<triazole 1620 | this vork
Thioglycolic acid 2630 27
4=Nitroaniline 2700 this vork

Sulphanilic acid 7300 this vork
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CHAPTER 5

"IPSO° — SUBSTITUTION in AZO = COUPLING REACTIONS
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5.1 General Introduction ‘o Coupling Reactions

By far the most important use of axomatic and hotercaromatic
diazonivm lomo io in the mamufacture of azo=dyestulfs, vhich axe formed
by coupling of & diazonium lom (commonly ealled the °diszo component’)
at @ xing carbon atom in an aromatic amine or phenol (the "ecoupling
componen‘t")l”z° The reaction is shovn in scheme 5.1 weing an aromatic

amine as an example of a coupling componens :

X
Nx
\ NZ + HNR2 —_— @ \NQNRZ
+H*

SCHEME 5.1

Diazonium lonsare Lewis acid52 and, depending on which atom in the
coupling component donates the lone pair of electroms, coupling ot
nitregen, oxygen, phosphorus, OF sulphur can also occurzo The present
vork is concerned only vwith coupling at carbon, although the possibility

of N-coupling will be discussed,

5.2 Acid-=Base Pre-equilibria

It i8 a well established fact that the rates of all azo-tcoupling
reactions are dependent upon the acidity of the reaction medium5o The
first quantitative investigation of this dependence vas made by Conant

and Petersong vho demonstrated that the coupling rate of a series of
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naphtholsulphonic acids is proportional to (OF ) over the pH range
405=9.2, They concluded that the substitution proper was preceded by
an acid-bagse pre—equilibriuvm in ene of the reactants and they attributed
this to the diazo=component, suggesting that tho reaction occurred
betveen undissociated naphthol and diazohydroxide formed as follouss
TN o OH T=—— ArNaNOH

Hister and Bartletts later pointed out that the same pH dependence is
obtained if the coupling component takes part in an acid=base pre-

equilibriums
Aroa¢0H°:Aro°¢Hgo

Subsequent woxk, particularly that of Zollinger and coworkerséD shoved
clearly that the diszonium ion reacts with the naphtholate (or phenolate
etc.) ion and vith non-protonsted aromatic amines, It is nov common know-
ledge that electrophilic substitutions in general vhich take place via
the most acidic equilibrium form of the electrophile and the most basic
form of the mucleophilic substrate give rise to the highest rates of
substitutionzo

in oxder to understanmd the greater reactivity of the phenplate or
free amino coupling components it is necessary to consider the mesomeric
limiting structures of the species participating in the reaction, AS
mentioned in chapter 1 (page 22), the diazonium ion may be represented

by 2 resonsance hybrid:
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4+ w 0 o
Ar=N=N <—> Ax-=N=N
(1) (11)

The £ nitrogen atom in siructure II possesses only a sextet of electrons
and is therefore strongly electirophilic, The limiting structuxres in the
free phenol and phenolate ion show that the lattexr should provide the

nore reactive substrate for electrophilic substitutions:

OH o @) O
[::i::] [::j::] [::i::J [::ﬁ::J
ut

Similarly, for amino coupling components, resonance occurs in the free

base which is not possible in the protonated amine:

“+=
NH; NH, §H2 NH,
\ -
ST “—> —>
/ H

The greater reactivity of the phenolate ion compared with the free

phenol has been demonstrated for a series of electrophilic substitutions,
€ofo halogenation7D hy&roxymethylations9 and deutera,tion9o The moxre marked
difference in reactivity of the anilinium ion and free aniline has been

demonstrated for brominationlou
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Thus, under optimum conditions, coupling of amine oxr phenol coupling

components can be vritten ass

ArNg v LM, ——>  ArNeNAXR, < i

AENG ¢ A0S ———> AxN=NATO + H

The optimum conditions for a particulaxr reaction depend upon several
factors including amine or phenol PK& values and the presence of elec-
tron vithdraving or donating groups in the diazonium ion., In general

the reaction rate is reduced at lov pH due to protonation of the coupling
component to form the much less reactive phenol or anilinium ion (naph-
thol or naphthylasmmonium ion, etc.). On the other hand too high a pH
reduces the rate due to formation of the unreactive diazohydroxide,

even though such conditions strongly favouxr the reactive form of the
coupling component. The optimum pH for most reactions genexally lies in the
range 6 = 9, This is not usuvally the case, hovever, when the diazonium
ion is derived from a heteroaromatic amine., For scme such compounds
increasing the pH of the diazonium ion solutiom prior %o coupling resulis
in the formation of the diazohydroxide which is in equilibrium vith a
stable primaxy nitrosaminell (see chapter 4, p87). Alternatively, for
those heterocycles containing a labile hydrogen atom, removal of & proton
from the diazonium ion, resulting in the formatien of a diazo (RENZ)
compounﬂ%gis favoured by raising the pH (ch.4, p87). Thus, although the
optimum pH range for reaction of aniline diazonium ions is 6 - 9, for

hetercaromatic diazonium ions it is much levwer. In most cases, though,
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the reduction in the nuclgophilic nature of the coupling component
due to protonation is offset by the generally greater electrophilic
strength of the diazonium ioms relative to those derived from aniline

d@rivativasgo

5.3 The Ortho/Para Ratio in Azo-Coupling

In principle, coupling components in which the positions ortho- ami
paxra—- o the directing substituent axe free can be attacked at oither
(oxr both) by the diazo component and it is of technical importance to
exploit the factors which influence the o/p ratio. For example, if coup-
ling occurs ortho-= to a phenolic =OH group, intramolecular hydrogen
bonding can occur and this shifts the protolytic equilibrium into a
region of pH (>11) vhich in practise is not reached by textiles dyed with
these compoundslb° This is important from the standpoint of the dyestuffs
industry since acid-base equilibria in azo=dyes can lead to colour changes
(many indicators used in the laboratory are azo—dyes - methyl orange is
an example). In the corresponding para—coupled dye this hydrogen bonding
is not possible and so, due to the electron-vithdraving azo and (usually)
sulphonate groups (which make the dye vater-solubls), the pK, of the
phenolic =0H is lowersd %0 about 7 = 9 which resulis in noticable colour
changes vhen 2 dyed fabric is vashed with soasplb°

Phenol is one of the simplest examples of a coupling component
capable of substitution in the ortho- and para— positions and the o/p

ratio vas investigated by Ba@mbeza"gezr*l3

as long ago as 1900, He foumd that
in aqueous alkaline media the p-coupled dye was the major product, being

formed in about 98% yield and accompanied by about 1% each of the optho-
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coupled and disazo-dyes. It has also been noted that lenaphthol couples
vith benzenediazonium ion in acidic orx weakly alkaline solutions almost

exelusively (~9%4) in the p@raopo@itionlbg vhilst in strongly alkaline

media considerable quantities of the 2,4-disszo-dye are fo&a@dlbo Many
other studies wvere performed involving different types of diazoniuvm ions
and coupling components and the general conclusion arrived at as a result

of this vork was that the o/p ratio depends on several factorslbs

1) nature of the diazo component
2) npature of the solvent

3) pH of the medium

4) temperature

5) presence of catalysis (bases)

6) position of substituents

Recently, Zollinger amd coworkersl4 have shown that the of/p ratio can
also be affected by mixing and diffusion effects. Amino compounds involy-
ed in soupling reactions behave in an analogous manner to the phenol and
naphthol coupling components, but no clear=cﬁt rules can be laid dovwn %o

predict the product ratios for any of these eompounds,

The present work is concerned vith coupling to N N-dimethylamiline
derivatives and the desired product is the para—coupled dye, so it is
necessary to consider the possibility of ortho—coupling. This will be
discussed quantitatively in the next section and so it is sufficient here

to consider the qualitative aspects.
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As mentioned earliex, the important mesomeric limiting structures

for aniline derivatives are:

+ +

NR, NR,,
S —

I IT

and it would seem that ortho- and para=coupling are both highly likely.
Hovever, it has been known for some time that oertho-coupling in N N-
dimethylaniline derivatives occurs wvith great difficultyls and this is
explained by steric hindrance in the intermediate IV, belovw. Both methyl
groups must lie in the plane of the benzene ring and thus form an obst-=

ruction to the addition of the diazonium jon as it approaches the oxtho-

position.
+
» H
ArN, N=N\A
-— r
X
I JAvA

The fact that 1,3<-bisdimethylaminobenzene couples in the 4-position
(¥, belov) seems to contradict this interpretation but is easily under-
stood by assuming that coupling occurs para- to the dimethylamino group
vhich takes part in the resopance shoun above. The other dimethylamino

group cannot take part in this resonance and so the methyl groups do not
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have te lie in the plane of the ring,

NI(CH,),
AN
(X)
(HyC )N /
NN—Ar

5.4 IPSO°=Coupling

The prefexgnce for p=subastitution in the coupiing of benzene
derivatives is so strong that the entering diazonium ion will even
displace another substituent already present if it can be ejected as 2
cation of not too high energyléa There is nov a growving interest in
thesg clectrophilic aromatic substitution xeactions in which the leaving

group is other than hydrogenl7”le

o The electrophile, E¢9 in the present
case is the diazonium ion, vhich attacks the substituted coupling comp-
onent at the substituent ('ipso’) position:
A&xX ¢ B —> Nk&B ¢ X
Ipso=coupling is & fairly recent arrival on the dyestuffs scene.-
Many amo-dyes vhich are highly commercially acceptable are difficult %o
produce in good yields and puxrity by conventional meansl9o Noxmally &
coupling component can be substituted in the 2,3,5, or 6 positions but
not in the 4-position since this is the position at vhich electirophilic
attack generally occurs and, according to standard coupling procedure,

must remain free. It has been discoveredl99 hovever, that if certain
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gubstituents are introduced into the ecoupling position, coupling occurs
vith the elimination of the substituent, resulting in the formation of
the same dye as would have been obiained had the substituent not been
present, and in meny cases with greater yield and purity.

In & recent patent19o Shuttlevorth reports that the yield in azo-
coupling reactions of the diazonium jlon derived from 2-amino=5-nitro-<
thiazole with N N-dimethylaniline and related coupling components is
never more thap about 50%. The yield can be significantly increased if

. 4=N N=dimethylaminobenzoic acid is used instead of N,N-dimethylaniline
itself, The leaving group here is CO20 since the proton of the caxrb-

oxylic acid group is already dissociated in a pre—equilibrium,

N
OZN,Z/ S»NZ + “00C N(CHy),
N
- Y.
OZN S N_N N(CHa)z

+ CO,

In a2 conventional electrophilic aromatic substitution the 1eavgng
group hydrogen is released as a proton i.e. 28 a Levis acid, leaving
behind the pair of ¢ electrons on the aromatic substrate. In principle,
therefore, all substituents vhich readily form electrophilic (or stable
neutral) species are capable of being replaced by electrophilic reagents,
in this case a diazonium ion. An example of this is the coupling of
4=hydroxybenzoic acid in vhich the carboxylate (=C00°) leaves as 002 (see
above) and in fact the reaction occurs more readily than coupling in the

oxtho-position vith elimination of a protonzoo
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Fischer and Zollingerla have studied the rates of substitution of
the groups X in 1-X-2-naphthol-b6-sulphonic acid, where X = H, Cl, Br, and
I. thay fourd that the rates of substitution of the halogens relativa to
hydrogen vere 0.0070 s 0,0089 s 0,149 for X = C1l, Br, and X respectively,
Thiosulphate catalysis vas found in the reaction of l=bromo=2-naphithol-
6-sulphonic acid but, rather surprisingly, reactions of the coxresponding
chloxo- and iodo- compounds were not catalysed. It was pointed out that
this indicates that the relative rate observed represents an apparent
order of leaving ability.

Colonna, et a.lgl9 have studied the coupling reactions of various
substituted indoles apd N N-dimethylanilines with 4-nitrobenzenediazonium
ion, They provided experimental evidence that radical pairs can be det-
ected in ipso=coupling reactions. Some of their work is particulaxly
relevant to the study reported in this chapter amd & fuller discussion

of it is left until later,

5.4.1 Scope of the Present Work

The purpose of the present study vas to examine Xinetically the
coupling reactions of various 4-substituted N N-dimethylanilines and
attempt to establish the relative leaving abilities of the ipso-subsi-
ituents., The diazonium ion chosen vas that derived from 4-nitroaniline
since this has the highest electiron affinity of the monosubstituted

22

diazonium ions™ " amd eould be expected to produce good yields. The

various leaving groups are shovn belov. These groups were expected to
represent a good range of leaving abilities, the groups =COQH and cSOBH

=)

(actually €00~ amd .«:SO3 under the prevailing reaction conditions)
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=00

(|

HC
yd

HiC =COCH

CED

CH

=
/ N\
NN W

<CH

leaving readily 23 the neutral molecules CO2 angd SO39 and the group
-=CH3 leaving vith great difficulty, if at all, The other groups vere
expected o be intermediate between these two extremes. The common

product from all of these reactions vas expected to be the azo=dye

shown belov.
H.C” \ /

The reaction conditions and the methed used for this study axre presented
in chapter 6. The data obtained are tabulated belovw and shovn graphically

in fig 5010
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5.4.2 Tables of Data

As described in detall in chapter 6, reactions were carried out
undor {irst-order conditions with [couplex) >> (diazonium fon). The sol-

utions vere buffered to pH~7.9,

Table 5.1 X =H

(aN}) = 1.06 x 207 N = 605m pH = 7.89
logfcoupler)/m ko/sol
0.490 0.997 & 0.021
0.981 2,10 % 0,094
1.47 2,95 2 0.10
1.96 3.95 * 0.14
2.45 499 2 0,22
5,02 10,3 ¢ 0.43

SLOPE = 204 M ‘st

INT, = 2,04 x 10=3 gt
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Table 5.2 X = €00~

(i) © 1,06 = 10°% X =590 - 610m  pH = 7.67

10° {eoupler) M tcg/ g™
0,261 0.190 ¥ 0,006
0.419 0.262 % 0,011
0.521 0.316 * 0,012
1.04 0,477 ¢ 0.019
1.60 0.698 * 0,023
2,08 0.874 2 0.036

SLOPE = 36.8 M 's™>

INF. = 0.106 s+
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[Table 503 X o =805
(ArES) © 1.06 x 107 Ao 560mm  pH = 7.8
10° (coupler) /M k@/@cl
0.523 0.0939 * 0,0033
1,05 0.110 £ 0.036
1.57 0.122 2 0,045
2,09 0.126 ¥ 0.075
2,62 0.136 2 0.077
SLOPE = 1.99 M *g™

INT,

[

0.0867 &~
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0
Tablo 5.4 X o écgg

(435) 2 1,06 = 207 N o 5l0m  pH = 789
loz(couple:J/M 102uo/s°1

0.480 6,89 T 0,37

0.959 7.04 * 0,40

1.44 7.33 % 0.43

1.92 7.37 © 0,41

2.40 7.64 ¢ 0.44

SLOPE = 0,302 M~ Ya™>

IN?, = 0,0670 st



0
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Tablo 5.5 X o <C=H

[Azmg] 51,06 x 107 X\ = 550nm pH o 7.88

10 x [coupler) /i 10° k@/acl
0,356 3.39 ¥ 0.22
0,712 4,80 * 0.26
1,07 To64 2 0.29
1.42 8,15 % 0.38

SLOPE © 0,048 K 'e ™
INT, = 1,72 = 1070 &%
Table 5.6 X = c8=06H4-=1@{e2
(W) © 1,06 x 1078 X o 500m  pE = 7.90
10° [eouplef] /M ko/ g™t
1,00 0,133 £ 0,058
1.43 0.157 & 0,083
2,00 0,175 % 0,077
2.51 0,236 ¢ 0.098
SLOPE o 64.4 ¥ ts”t

INP. = 0.0633 s~
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Table 5.7 X = =CH

3
[Armg] 01,06 x 10N Ao 550m  pH = 7.90
logfcoupler]lm k@/@cl
0,500 0,778 % 0,061
1.01 1.55 £ 0.077
2,02 3.47 & 0,12
3,02 5,56 * 0,32
=1 =1

SLOPE = 185 M 8

INT. o =0.185 &

5.4.3 Kinetic Amalysis

The mechanism of ipso=coupling, as already stated, appears to be
the same as that for conventional couplingz but vith elimination of ithe

substituent X+ rathexr thapn Héo

ES
- K, /X
AxX <2 Ar°N2 b Ax
k_y NaMAX®
<+
/x k, S
AX ¢+ B ———s ArNsNAY' ¢ BX
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vhere B is a base, usually the solvent. The xate equation derived from

NoNAx 0

X <+
this scheme, by applying a stsady-state approximation to IAE< 1 iss

k,k, (A% ) (axN; )(B)

(k, <« ky(B))

=

RATE =

and under first-order conditions ([ArX],>:=[ArNZ]) ve haves

kk, (arx](B)

(kcl < kg(BJ )

k =
Q

Clearly there are tvo possible limiting forms here:

(2) k_y >;>k2[B) in vhich case we haves

ok
k= —=2[arx)(B)
o
X

(b) k_, < kz[B] vhich givess
k, = k& (arx]

In any case, vhichever of these three equations applies, we essentially

haves

Ko = {AI'X]
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vhere ® = klkg[B]/kcl s in (a), ox m = k, as in (b), or
S klkg[B]/(kcl ¢ szB]) a8 in the intermediate situation., Thus one
vould expect & first-order dependence om (Axi) for all threo. Linsar
plots of k@ ve [Aﬁx} vore obtained for all substrates amd for X = H
amd X = CH3 zero intercepis vere @bs@fveﬂo‘ﬂoweverp for the other sub-—
gtrates non-zero intercepts vere observed and this is difficult to explain
using the above sguations vhich predict linear plots passing thxough the
origin.

If in these cases ve assume that the base which interacts with thoe
steady-state intermediate is not a water molecule but a second molecule
of the substrate itself then we obtains

2
Iy ke, (AFK)

(k

_y I (Arx])

Here ve can soe that if k_, >> kzﬂArK] ve haves
k.k
172 2
k, o ——(ArX]
k1

and, if by increasing [ArXk) the condition kK, << kg[ArX] is satisfied

ve haves
k, = k(AX) (5.1)

From this it can be seon that a plot of ko \£:] (Arx] vould have a ateep
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slope initially at lov [ArX) but would curve and eventually become

lincar vith positivo slope as the conditdon k_, << ka[AzX] i5 satis—
£ic8 and 5.1 becomes applicable, Bxtrapolating back to tha k@ a1 ¥

vould then give a positive intercept, This assumption that the eoupling
component 8cts as & base is not unceasonable since catalysis by organic
bases (e.g. pyridine) has been demonstrated proviously in azo—coupling
re&ctionsggo Assuming that this explanation is correct, then, ve ecan obtain

the values of k., for these substrates from the slopes of the plots. Thus

1

ve haves

X klfﬁclscl
=H 204
=C00~ 56.8
cso‘; 1.99
=COCH, 0,302
CHO 0,0481
C Mie, 64 .4
~CH, 185

There are two points vorthy of note here. Firstly the rate constant for

attack of the diazonium ion on the compound with X = =CO=0684=NM92 is
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about 200 times greater than that for the similar (and less bulky)
group X o cCO=CE3° This may be explained by theo fact that, because of
itg lov Bolubility, enly very weak selutions of this compound

(X S cCOccég4NM@2) could be ebiained, The concentration range vasg 10030

2.5 5 107 and 1% 1o possible that in this vemge L_, — k,(Axx)

1
applies, or perhaps gven kc1:>> kZ(ArX}Q vhich would result in a steep
initial slope, as obsexrved, The second point to note is the large kl
value for attack on the methyl-substituted coupling component (X o CCHS)
despite the fact that alkyl groups generally tend to be poor leaving
groupsS., It 1s moxre likely that in this case substitution occurs not at
the ipso-position but at the position ortho- to the N, N-dimethylamino
group, even though this is hindered by the N-methyl groups themselves,
This would, of course, resul{ in elimination of E® and one might expect
a rate constant similar in magnitude to that for para=coupling vhere

K = H, It is also possible in this case that coupling occurs at the
amino-nitregen rather than at caxbon, 28 has been observed in other
c386524° Some evidence in support of this was obtained and will be dealt
with in the next section,

Colonna et algl

have gtudied the ipso-substitution reactions of
various NyN-dimethyleaniline derivatives and in the case of the compound

vith X = =CO=CH, they found that monodemethylation and N-coupling had

3
occuxrred. They postulated a mechanism involving the intermediate form=
ation of a radical cation, as shovn in the following schems. Their
argument in support of this was based on product analysis and the fact
that anodic and chemical oxidation studies have shovm that demethylation

of N,N-dimethylanilines is a reaction involving the intexrmediate foxrmation
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R b d
(CHB)Z °N(CH§)2 N(CH3)?_
A
= + (2) = N (b)
-+ ATNZ —_— <+ AI’N?_ —_— ‘ l
S .
COCH, COCH, 0 G
o / \(:)
H-C P
o nrN= NHCH, N(CH,), N(CH,),
{: l ArN{ {: ' l: l NZAr
é—-—-——.
(Ae = 06}14N02=p ) SCHEME 5,2

of a radical cation?s°26

o They also suggested that the formation of the
ipso—coupled product (with no accompanying demethylation or N—coupling)
also involves a radical cation (steps a,b, & ¢ above). However, Penton
and Zollinger27 vere able to observe monodemethylation during coupling
only in very dry acetonitrile &nﬂ»Zollinger points out2 that the product
analysis studies of Colonnza et al may be insufficient evidence to support
their argument,

Since the values of kl derived above refer to the attack of the
diazonium ion at the ipso= position, and mot to the leaving ability of
the grovp X, an idea of the relative leaving abilities of the ipso-
substituents can be gained from measurements of the yield of the desired
ipso=coupled product. Yield measurements vere caxrried out using HPLC

and the data obtained are presented belov,



5.4.4 Yield Measurements

Using HPLC it was possible to measure ipso=coupled-dye yields
vith good precision using the peak integration velues obtained from
ehrcmatographed xeaction solutions, The method used ig deseribed fully

in section 6.7.7. Tho yioclds obtained are shovn in the follovwing table,

X Yield /65
=H 67
€00~ 68

= 2
=80 3 1
=OOCH3 0.2
=CHO 1.1
=C0 NMea 0.7
=CH3 -~ 0

From this it vould seem that the best leaving groups are X = H anrd
X = C00” under these conditions, since the highest yield of dye vas
obtained in these cases, and the poorest is X = CH30 The results suggest

the following oxder of leaving abilitys

=

3 > CH

H >~ C00” > s0, > CBO > 0 Kie, > COCH

3 3
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In the caso of X = CH3 no peak due to the ipso=coupled dye vas ebsgerved
in the chromatograms of tho reaction nixtures, Twe other peaks approx-
imately egual in intensity vere obscrved and the solutions vere bright
red in colour, similexr 4o theo ipco-ceupled selutions but wuch desper, It
is possible that these tvo products were ortho=tcoupled dye (hence ithe
bright red colour) and the N-coupled (N-demethylated) compouni. The
evidence for this is not conclusive and a full product analysis would be
necessary in oxder to identify these compounds. However, the xed colorx-
ation together with the similaxity betveen the rate constante for attack
of the diazonium ion on the compounds with X = CH3 ard X = H sguggest
that ortho=coupling has occuxrred.

Colonnza et alZl

report that for X = COCH3 and X = CHO yields of 68
and 60% respectively vere obtained in reactions with 4-nitrobenzene—
diazonium ion. They give no indication of the coupling component conce
entrations in their reactions, vhich vere carried out in aqueous ethanol
rather than aqueous acetone as in the present study, and they give no
ipdication of the pH of their reaction media. Therefore it is difficult
to compare these data quantitatively. In the case of the compound with
X= COCH30 though, they found that the ipso-coupled dye was not the
major product (see scheme 5.2), and this vas also noted in the present
vork, & larger peak appearing at a shorter retention time in the HPLC
chromatogram. A peak vas observed with the same retention time for
XaCH amd X = =00=Céﬂéfﬂﬂe2 also, but here the ipso-coupled dye
vag the major product. For those compounds vwith lov yields the signal/

noise ratio in the chromatograms was lov and was particularly bad for

X = COCH50 meaning that the yields determined in these cases ars subject
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o some error, The folloving table shovs the dependence of the yield

on the concentration of coupling component.

-H <00~ cso; =COCH;  <CHO  <CO-ix

10°(Coupler) /i 4,91 1.97 1.9 10,1 75.8 2,66
Yield/3 62,3 64,6 15.9 0.28 5,40  1.20
10° (Couplex) /H 2.46  0.98  0.99 5,05 37,9  1.33
Yield/% 66.1  61.8  13.9 0.130 3.60 062
10° {Coupler) /M 1.23  0.49  0.49 2,55 19.0  0.665
Yield/% 63.8 62,4  11.0 0,11 2.00  0.30
(as¥} ) = 1,02 x 107 (axk}) = 5,20 = 207

The corcentration of the diazonium ion solution used to obtain the data
in the right-hand half of the above table is greater than that for the
left so that the amount of product formed could be increased to an obs-
ervable level. Here it can be seen that for thoée substituents vhich
might reasonably be expected to be expelled easily (1.0, X = H, CO0 ,
and 30;) there is no appreciable variation in yield, vhereas for the
other substituents the yield appears to be proportional to the coupler

concentration. Again, in these cases of lov yield the signal/noise ratio
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was lov and so these values (and hence this variation) should not be
zelicd upon too heavily, It is probably not too unvise to say thait there
is cessentially mno variation in yield wvith couplor concenmtration for any

of these compounds,

5.5 Summary

From the kinetic study i¢ would seem that tbe base involved in
removing the so-called ‘electrofugal’ leaving groups (X) from the Wheland
intermediates is actually & second molecule of the coupling component
involved in the reaction, From the analysis of the ipso=coupled-dye
yields the following sequence of leaving abilities is proposed:

o

meo°>&3>cm > €O We, > COCHy > CHy

It is likely that this vill apply only under the comditions used in the
present study aince the leaving ability of 2 particular group relative
to0 another can be markedly affected by the conditions. As mentioned

earlier, Fischer and Zollingerle

found that the rate of gubstitution of
bromine in l-bromo=2-naphthol=6-sulphonic acid is increased by thio-
sulphate but this effect was not obsexved for X = Cl or X,

It vould seem, 2lso from the yield studies, that the 4-methyl
coupling component is actually undergoing substitution in the ortho-
position xather than ipso-substitution, This supposition is based on
the fact that alkyl groups generally are poor leaving groups and also
that the bright red colour formed Quring the reaction sirongly suggesis

the presence of an azo=8ye. The second peak observed in the chromatogram
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of the reaction mixture could be due to the N-coupled (N-demethylated)
compound ox, perhaps more likely in view of the intense red eolour, the
2 ,6-8isazedye.

then considering the xesulis presented in this ehapter it is imp-
ortant to bear in mind the fact that it is diffieuvlty to drav firm conce
lusions from rate measurements vhere the yield is very swall since the
measured rate constants vill be 2 sum of rate constants including those

of vaxrious side reactions.
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