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ABSTRACT

Nitrosation is a major area of work in physical organic chemistzyg which is of
interest as an academic study in its own right but is also of wider inteorest
owing to the carcinogenicity of some Nenitroso compounds., The present work
has been concerned with come of the reactions involving the nitroso group at
nitrogen, osygen and sulphur sites. The approach has been to detcrmine rate
constants for the reactions involved and to use these to establish mechanism

and relative reactivities. The work covers four areas;

(1) Denitrosation of N=nitroscamines in solvents other than water. It has

been found that come solvents do enhance the rate of denitrosation rxelative

to that in water,

(ii) Diazotisation of aromatic amines., This rcaction proceeds via the formation
of an Nenitroso intermediate., The rclative reactivities of a number of nitrosating
species in this reaction have been established,

(iii)Nitrosation of thidls, Few kinetic studies have been made of S=nitrosation
{compared to N-nitrosation), here the rates of reaction of some thiocarboxylic
acids towazd nitrosating species have been determined and compariseéns with other
substrates dravmn.

(iv) Nitrosation of alcochols., The kinetics of nitrosation of aleohols has
already been studied in some detail, and here the aim has been to usc this
reaction to throw some light on the matuze of the intermediate in aqueous

nitrosation,




CHAPTER ONE

Denitrosation of N-nitroso compounds




Introduction

Nenitrosocamines are formed by the reaction of a secondary amine
and nitrous acid, This was a standard test for secondary amines as the

product of the reaction is usually an oily oxange-yellow liquid,

The carcinogenic properties of N-nitroso compounds are well known,
and many reviews on the subject have been written} Denitrosation is essentialy
the reverse of the above reaction, the conversion of an Nenitrosoamine to
the corresponding secondary amine., This is a uscful reaction as it provides
a means of destroying these potentially toxic compounds, The mechanism of the
reaction has been stiudied in depth and a review of the previous studies is
given below., This is followed by an account of the present work, a study of

the effect of changing the solvent on the rate of the denitrosation reaction,

1.1 Qualitative aspects of denitrosation

Denitrosation of an N-nitrosoamine affords a method of synthesising
a secondary amine., Most synthetic methods involve the reduction of the nitroso
group, simple alkyi nitrosoamines can be reduced to the corresponding hydrazine
with zinc in acetic acid. Compounds with substituents larger than propyl
require more vigorous conditions, giving the secondary amine as the main pzoéMg@
A more recent method is to reduce with iron pentacaxbonyl? this

involves hydrogen abstraction from the solveni as shown below,

R R
N-NO s Pe(cv), Iefiux N s Fe(Cco), + CO
5 > a 2
R Buéj /

R

. . . 3
Some nitrosoamines can be reduced photochemically, Denitrosation occurs

quantitatively in concentrated mineral acid provided that the formed nitrous

/»Qﬁgyauﬁthwr;
/T e e

Voot

S
S~ AR unnkﬁi’“
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s . . . 4
acid 1is removed using a nitrite “trapﬁ in some early studies cuprous chloride
was used in this way, and in later work urea,hydrazine and other compounds

have been used,

R NNO f - R 2NH <+ HNO

H 20

NO + Cu + Cl

In the absence of a nitrite trap, aromatic N-nitrosoamines
also undergo rearrangement to give the C-nitroso compound as a side product.
The nitrous acid liberated during denitrosation forms the basis of the
Liebermann test which is given by nitrosoamines on warming with sulphuric acid
in the presence of phenol, A red colour is formed which undexrgoes a ‘change

to blue on addition of base,
UH

N

- PhCH
PhOH + '"NO " s

(red)




1o2. The mechanistic scheme

The first kinetic studies of denitrosation were
carried out by Russian workexs? They found that the rate of denitrosation of
a nitrosoamine was greater in {Cl than in H250401t was suggested that a
hydrogen bonded complex was formed between the acid and the nitrosoamine,
followed by either unimolecular scission to give Nd$ or nucleophilic
attack on the hydrogen bonded complex. This theory was not based on any
experimental evidence and recent kinetic studies have shown that this is not
the case, The reaction has now been shown to proceed via nucleophilic attack

on the protonated nitrosoamine as shown in the scheme below.

Ry S U T N VAR
NN + H > \ -
A\ N Nuc
R,/’ O e R’/ \
2 2
A
kol kl

l

1
(\NH <+ NONuc
/7
R2
k2
NONuc  + ttrap!t — Various products

Nuc = 1'=9Br:’,,clcQSCNQQThioureaQHZOo

Trap = Sulphamic acid,hydrazine,hydrazoic acid,ascorbic acid etc,

Although this scheme shows the site of protonation of the Nenitrosoamine as
the amino nitrogen atom, there are other protonation sites, Cwing to theix
low baséicit% pKa values for N-nitroso compounds are few, Evidence suggests
that of the possible conjugate acid species, that which corresponds to the

O=protonated form is the more stable.




The other possible sites are the nitrogen atoms; as shown below.

R. R
>KH=N\ >N=ﬁ1{
R \O R \O

M.O. calculation552 show that the species with the protonated amino group

has a stabilisation energy of 67 kJ mc>1='1 greater than the O=protonated species.

4 . ; .
1H nomor?395‘ studies show that on protonation ef-¢hke—wrethol arxsuss in dimethyl

nitrosoamine (CH,_), NNO in HSO3FoSbF5 (magic acid) the methyl groups remain

3)2
inequivalent, which is consistent with the O=protonated form. Other n.m.x.

. 9 . . . .
studies” show the exista@nce of several protonated species in solution though
it is not clear as to what they are. Further support for O=protonation is

given by the fact that Nenitrosoamines do have considexable dipolar character,

. 8 . .
and O=complexes have been isolated, Some isomeric forms are shown.

R R O

SNN, e——— fisN  — R\ﬁ’xsi\s/
R/ \o R/ \o" R/
It appears that for denitxosation, protonation on the amino nitrogen atom is
necessary and so a small concentration of this species must be present in
solution,

Values of the fordward rate constant (kp) for the protonation
step in the denitrosation mechanism have been obtained for a series of
Nesubstituted nitrosoamine56 and have been found to be less than expected
foxr direct N=protonation, and with very little difference in magnitude

between the nitrosoamines,

K
PhNRNO + sit P Phl'irRNo
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This cvidence suggests that N-protonation may occur via an O-protonated

intermediate,
P Rfi\ Ph
Mol < gy — Kk S + S
Yy, ey
R’/f \\O rapid /// Q%

slow

ph V

NN
R/ \o

S: Setvemte (H,0)

The deniirosation reaction is usually observed spectrophotometrically by following
the dicappearance of the nitrocpamine in the u.v. xegion., The observed rate
constant is given byg
Rate = kj [R R MO ]
the rate can alse be defined accoxding to the above scheme asg
<+ ;

Rate = k [RRN0EI[ me] -k, [RR ][ novuc]

if a steady state is applied to NCJluc we get the expressiong

Ky [Rleﬁz}mo][ Nuc )
[N@Wm] = T
e (Rppe] ok, [exap]

Malcing the assumption that the Nenitrogsamine acts as a Hammett bases:
&
[rr 0] = 0, [RRM0O]

K= lfka for the nitroscamine, It is alsp assumed that only a small concentrat-

‘=jon of the nitrosoamine is protonated and that proton tramsfer is rapid.




The expression foxr the obsexrved rate constant becomes:

kK, Kh O[Nf@ | W exap)

0 R ——— -

k=-1ER1R2NHJ] * kz_[t:;ap] !

1f the trap is in sufficient excess, the condition kZEtxaﬁj >€> k=1ER1R2NHj
prevails and the reaction becomes zero order in added trap. The observed
rate constant is then given by ko = lehOENucj]o It is usual to study the re-
—action under these conditions as it is effectively irreversible. There are

many instances in which the above rate expression is found to apply.

1:3. The rate limiting step

Since the reaction between the nitrite species and the trap
should be rapid and irxeversible, the rate limiting step for denitrosation
is expected to be that of nueleophilic attack on the protonated N-nitrosoamine,
however there are instances in which éroton transfer to the Nenitroso

compound may be rate limiting. BRoth possibilities are considered below,
(a) Rate limiting nucleophilic attack

The k1 step in the scheme for denitrosation is an S 2

reaction at a nitrogen centre. ‘f = éé

\\\+v \\54 Sa

NH=N +* Nuc n_ma% Nl"]no-uuN\l\:u s 0ve NUIC

/Y /N,

N
NH -+ NONuc

7

There is the possibility of formation of an intermediate between

the N-nitrosocamine and the nucleophile, but thexre is no evidence for this at

present.
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The value of kl is found to be fairly sensitive to the nature of the nucleophile

10,11

and shows a reasonably good Swain-=Scott xelationship, using Peaxsonqa n?

values. The solvent isotope effect for denitrosation of Nemethyl N-nitrosoaniline

(NMNA) is kD zkH . T 2=3 as expected for a rapid pre-equilibrium step forming
2O ?0

a small concentration of the conjugate acid. The oxdex of xeactivity “of nucleo-
-philes toward NMNA has been established as SC(NHz)Zu IQ>>SCN?j> Br > ClL > HZO
which is the normal sequence for nucleophiles in an 5N2 reaction at a carbon
centre. Studies have been madel3 of the reactivity of various sulphur containing
nucleophiles toward nitrosoamines, Thiourea is a highly reactive nucleophile,
forming an S-nitroso adduct which then undergoes reaction with the trap to

give various producis,

Ph NH
s &/ SN
c=s: NeNH™ c=5—~NO +  CH_NHPh
Oﬁ A CH ?
3 NH

NH

2
~
P

mz

N

‘TraP

Thiourea + various products

It has been found that for a number13 of sulphur containing nucleophiles
belonging to the amino acids, the S-alkylated species were the most nucleophilic
toward nitrosoamines., Cysteine has a reactivity similar to that of chloride

ion, S-methyl cysteine is similar to bromide ion, alanine is completely inext.

CH,,SH CH..She

! “ CH,NH,,
CHNH,, CHINH,,

I | COH
CO,H COH

cysteine S-methyl cysteine Alanine




If denitrosation is carried out in sulphuric acid solution in the absence of
added nucleophile but in the presence of a sufficient excess of nitrite trap,
the reaction proceeds slowly and addition of HSOZ does not alter the rate of
reactionlf ruling this out as an effective nucleophile. At higher acidities
the rate-acidity profile changes slope suggesting a change in mechanism.

At lower acidities water probably acts as the nucleophilg, wheresas at higher
acidities a mechanism involving the interaction of the hydroxonium ion H36
with the ring to form (for aromatic nitroscamines) a P{--complex probably

'applieso

This closely resembles the mechanism proposed for the nitrosation of aromatic

. . . o . . . . 14
amines by the nitrous acidium ion in 1=3M perchloric a01d10

{b) Rate limiting protonation of the nitrosoamine

The change in the rate limiting step from nucleophilic
attack on the nitrosoamine {o the protonation step can occur under various
conditions, At high nuclecphile concentrations denitrosation is seen to become

zero oxder in added nucleophile}5 This may be @lplained with reference to the




9o

scheme below, where at significant excess of nitrite trap (e.g. N2HA) the
attack by the nucleophile is irreversible and k= k[Nuc] [ﬁ R ﬁHNCJ o
: o Y 12 '

Applying a steady state to the protonated nitrosoamine we obtain an expression:

K 1@1—1] [RlR 2NNO]

kalisﬁ + kziwucj‘

H

R R 2ﬁl-lNoj

ko is given by:

kl [gﬂjkzzNuc]
° TN

1
R.R_NNO + & #  R_R NHNO + S
1% o 172
Ky
kg Nuc
R RNH

S = solvent (HZO or EtCH )

Clearlp, if kz[ﬁu€}§§>> k=1£S] then kO will become
independent of added nucleophile and the rate limiting step will become the
protonation of the nitroscamine. There is a similar change in the rate
limiting step on changing the reaction medium from water {0 ethanol, as will
be discussed latex. When an N-nitxoso compound has an electron withdrawing
group adjacent to the nitrosc functicn, the denitrosation of this compound
is also found to be zero order in added nucleophile., This is due o two
effects, firstly the decreased bascicity which reduces the equilibrium

concentration of the protonated N-nitroso compound and secondly the increased
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reactivity toward the nucleophile due to the electxon withdrawing substituent

which increases the value of k 1{530

This is observed for N-methyl N-nitrosotoluene p=sulphonamidel6'and for N-nitroso
-amide537 Another compound which behaves in a similar manner is important as

a potential carcinogen, N-acetyl N=nitrosotryptophan}8 However, this undergoes

a more complex mechanismlgfor denitrosation than encountered in the other
compounds,

1.4, The effect of alkyl substitution

Studies2o of the effect of vaxious Nealkyl substituents
on the denitrosation of PhNRNO by halide ions in acid solution gives the
reactivity sequence Me € Etw n-Pr£i-Pr . The parent amines have an increaséng

pKa which parallels the increasing reactivity of the nitroscamine,
According to the reaction scheme

Br
L
—>  PhNHRNO 5 PhNHR

K

PhNRNO + H

o

k +

NOBx
I
trap
i
decomposition

products

kZK is a measure of the overall reactivity of the nitrcsoamine. The range

of reactivity covers a factor of 10 which is quite high considering the

small range of pKa Values for the parent amines. It is also obsexrved that the
reactivity of Net-butyl N-nitroscaniline decreases with increasing size of

the nucleophile, For the larger R groups it would be expected that the
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=

value of K would increase, but that k2 would also decrease. Cleaxly the effect
on K outweighs that on k2, and may be a combination of both steric and electfoude
effects. In the case of the t-butyl compound, thexe is a specific steric
effect on the approach by hrlide ions such as iodide, Some studies of tie effect
of ring-methyl substitution have been made%1 2 and 3 methyl substituted N-methyl
N-nitrosoaniline gave a rate enhancement for denitrosation compared to NMNA,

The 2,6 disubstituted compound is only very slightly reactive toward nucleophiles

due to steric inhibition.

There is a correlation between the inactivity of this species to nucleophilic

. . . A . . 23
reagents and its mutagenic properties as it is found to be non-carcinogenic.

1,5, Denitrosation at high acidities

As explained above, if the denitrosation reaction
is carried out in a sufficient excess of nitrite trap, the rate becomes zero-
order in added trap and the rate constant is given by ko = k1Kho[Nuc] - In

aqueous solutions containing up to 5M HCl a plot of log kO vs mHO is linear
with a slope of c.a. 10, However?z at higher acidities the wate-acidity
profile levels off to zexro slope if hydrazoic acid or hydrazine is present as
a nitrite trap., This is understcod to be due to the complete protonation of
the nitrosoamine, allowing the pKa of the nitrosoamine to be estimated, Fox
NMNA it appears to be c.a, =2, If sulphamic acid or hydroxylamine are used

as traps the slope actually becomes negative at high acidities (up to 10M HC).

This is thought to be due to the added effect of the protonation of the trap

wnich renders it ineffective,
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H
+ .
NH,SO — N1 8041
+
H
{1 _cu NTe!
g — 372

1,6. The nitrite trap

The trap ensures irreversible denitrosation. The
requirements of a good trap are that it should be nucleophilic toward the nitrosyl
species but not toward the nitrecoamine, and that the nitrosation of the trap

be rapid and irreversible, e.g.

\'a) 4 \ . - .- pe
HN3 + NOX . NZ + N20 : H X

Several studies of the direct nitrosation of trap species have been madec"’°5

The relative efficiencies of a series of nitrite traps can be established using
a kinetic method based upon the scheme for the denitrosation mechanism., If
the corresponding secondary amine is added to the reaction, the observed rate

will decrease., Since ko is given by the expression:

k k KhO[Nucj][?raﬁj

kg = o _
l(mllelef\IH] ok, Erap]
Therefore,
0 - B e e e = S

k. k Khoﬂhué] [?raﬁj k éﬁ Ewucj’

- ->1 . ) . . . .
S0 a plot of ko against [RlRZNH] yields the ratio kzgku1° This is a measure
of the efficiency of the nitrite trap. Using this method the following

s s - . 2
sequence of trap efficiencies has been obtalnedo6

HN S N1, D NHL,S0 4% Ni1OH D Urea
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pre=sy

This reactivity sequence is obtained at one specific acidity and may not
apply under other conditions. A change in acid concentration will affect wot
only the protonation equilibria of the trap but als§ that of the secondary
amine. A change of halide concentration will also affect the kz:k—l ratio.
Since nitrite traps may be of some value in reducing the levels of N-nitroso
compounds formed in-vivo it is important to know the acid conditions under
which they will be most effective. Sulphamic acid, a good trap at a pH of less
than 2 actually seemgﬁto stimulate nitroscamine formation ~ above pH 4. A wide
rangggof compounds  reduce HNOZ-to NO under mildly acidic conditions e.g.
SO2y bisulphate anion, ascorbic acid, thiols, dihydroxyphenols and some natural
and synthetic antioxidantsn_ These have been found to inhibit the formation
of nitroscamines both in-vivo and in-vitro. Ascorbic acid is an excéptionaly
good trap as it is effective over a wide range of acidity. The free'acid and

. ) . , oe
the ascorbate anion both rapidly reduce NOX to NO?’

G401
(@l CH~eH




Kinetic studies compare the efficiency of sulphamic acid with ascorbic acid

. 9o . . . e
under various conditions., Ascorbic acid is more effective at lower acidities,

1.7,  Rearxangement

If NMINA is allowed to stand in acid solution
without a trap present, a significant amount of rearrangement to the C-=nitroso
compound will take place., The mechanism of the reaction has been extensively
investigated28 and it has been established that the so=called Fischer-Hepp
rearrangement proceeds via an intramolecular mechanism rather than an intexr-
-molecular mechanism as was first proposed. The reaction is zero order in

added nucleophiles and is believed to occur via the formation of a § —complex.

& NO

MeNHY

NO
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itrosation

+8. The effect of solvent on der

In ethanolzgit has been found that the
rate of denitrosation of NMNA in the presence of hydrogen chloride and ascorbic
acid (as a nitrite trap) is much greater than the rate in aqueous solution
at a corresponding acidity. On increasing the amount of ethanol in aqueous

solution there is no apparent change in the observed rate constant up to

95% (v/v) ethanol, At higher ethansl concentrations there is a considerable
increase in the rate constant, up to forty-fold, In anhydrous ethanol there

is no nucleophilic catalysis and the solvent isotope effect (kﬁt©H:kétOD)
c.a. 3 which indicates that proton transfer to the nitrosoamine is rate limiting,
Ascorbic acid is shouwn to be an effective nitrite trap although in the absence
of trap the reaction produced more denitrosation (as opposed to rearrangement)
than in aqueous solvent, The explanation of these observations must be based

on the soclvent effect on the overall rate of denitrosation. According to the

mechanistic scheme for denitrosation the rate is given by;

Rate = Kk, [RR,Mm0 J[uc] - k| [wowue Jfr r ]

A simple theory that implies a rational explanatiom&s that of Hughes and IngoldBo

who explain solvent effects in terms of relative solvation of the transition
state and of the reactants., This is dependent upon the charge type of the

reaction. The kl and k . steps for the denitrosation mechanism are both sz

1

reactions at nitrogen centre, but are of different charge types. Fror the
k1 step there is a decrease in charge on forming the transition state. A highly
polar solvent would tend to inhibit the formation of the products and so the

reaction would be slower. The opposite would be true of the k 1 step.

kl stgg

- < F

2 -
N =NO -+ Nuc =TS NHoe oo N .+« Nuc —> NH - NONuc




Koy PP
- _F
\ 8¢ 8-
N * NONUC  om—eeeass /N}{... .. N o\ «+ see Nuc — 1;{\}}19;\]0 * Nuc
7 0

Clearly then, the rate of denitrosation would be faster in a less polar solvent.
Ethanol is less polar than water as it has a dielectric constant of 24.3
compared to water which has a value of 78¢4 (both at ZSOC)9 and the observed
rate enhancement bears this argument out. Although the dielectric constant is
a convenient means of expressing the pelarity of the colvent it is not always
a reliable means of expressing the ionizing power of the solvent with respect
to rate data. DlMore satisfactory measurements of solvent ionizing power have
been devised, based upon solvolysis rates3land spectroscopic data?2m34

Ethanol, like water, is a hydroxylic solvent in which hydrogen
bonding is extensive, The sequence of Sn2 reactivity for nucleophiles in
hydroxylic solvents is commonly observed as f3§> SCND§> Bragp Cl’ . This is
in fact the opposite of what would be expected in terms of the density of charge
on the anionic species. The chloride ion is small, and therefore highly charged
and should be a more powerful nucleophile than the diffusely charged iodide
ion, The observed sequence of reactivity is largely due to solvation by hydro —

~3en bonding, the chloride ion being the most heavily solvated.

1,9, Denitrosation in aquecus acetic acid solution

€ o e e e o e e = s e

An analytical technique feor the detection of nitrosoamines
has been developedgswhich involves denitrosation in agueous acetic acid by
hydrogen bromide., It was thought to be of some interest to study denitrosation
in this solvent.

Glacial acetic acid is a poor solvent due to it; low nolarity

( dielectric constant = 6). Many salts axe insoluble in this medium, and oxten—~
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=sive ion-pairing occurs with salts having small anions. The solvent has been
used for many studies of Snl solvoyses to show the exist@ance of ion-pairs

as intermediates in this reaction'aé No studies of denitrosation 1in glacial
acetic acid have been attempted here, in fact very few studies of Sn2 reactions
have ever been done in this solvent. A range of solvents using different

proportions of acetic acid to water were used.

1. 80% AcOH=water (v/v)
2. 2:1 AcOH=water (v/v)
3. 1:2 AdOH-water (v/v)

4, 10% AcOH-water (v/v)

In 80% acetic acid, the denitrosation of NMNA was carried out in the

presence of sulphuric acid and bromide ion, using sodium azide as the nitrite

. 3 . .
trap. At a concentration of 5 x 10 "M NaN_, the reaction was zero order in added

3
trap, This is approximately the same concentration necessary to produce a zero

order dependency in water., The results axre given in table 1, fig 1. As a

result 5 x 10“31\‘1 NaN3 was used in all the subsequent runs.

TABLE 1
104[NaN3] (M) B 1.@41<0(s°1)
5055 4203
1101 118
166 143
3302 175
5020 170
L ==
[roma) = 1 x 107% [Ligr] = o-0sm

[sto W © O 80%(v/v) ACOH-H,0
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In each of the four solvents, the effect of added thiourea, thiocyanate,

bromide and chloride was obsexved, All rxate constants were obtained by following
the disappearance of the nitroscamine at 270nm, at a temperature of 310’Co

The results are given in tables 2-5.

Most of the plots of observed rate constant (ko) against nucleophile
concentration are linear. The rate expression ko = lehgﬁNuéjggiven by the i«
mechanistic sheme for denitrosation, applies here., The value of x in water is
C.a. 1°0, however in these solvents the value of x may be significantly altered.
The value of le is a measure of the reactivity of the nucleophile in each
case, Since hg is not known in each solvent, absolute values of le cannot
be determined. An attempt was made to measure an acidity function in these
solvents but the major difficulty was in determining the hydrogen ion concentr-
~ation., By measuring the slope of the ko vs [Nuc] plot it is possible to

obtain a value of k1K relative 1o chloride ion which is the least reactive

nucleophile in each solvent, Table 6 shows the collected data.
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JTABLE 2

Effect of added bromide ion

(2) 80%(v/v) AcOH-water (b) 2:1(v/v) AcOH-water
4. -1 =
1 4 =1 .

1071y (s ) [ex o) 107k, (s ™) Bz~ J vy

163 0-0125 2063 0

276 0:025 5403 . 0-013

361 0-0375 882 0-027

448 0-050 116 0-04
219 0:05
271 0°075
319 0-083
327 010

(c)_1:2(v/v) AcCH-water (4] _10%(v/v) AcOH-water

4 =1 =7 . =] -

107Kk, (s™) ) 10%%¢s ) [Brj(m)

5542 0-25 1307 0°25

9102 05 287 050

147 0-75 40°5 0:75

146 0-80 5195 0:875

155 1200 6402 1200

Concentrations of other reagents;
-l
[oma] = 101 x 107

5 3% 1072

i

[Nan,]

EH2504

bromide was added as the lithium salt

t]

lelM (exept in B0x% acetic acid = 0°6M)
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TASLE 3

The effect of added chloride jion in aqueous acetic acid

() 804 AcOl (v/v)

107Kk (s"l) [l: c1”]

0

1204 0-05
2320 0-10
3230 0°15
4275 020

{c) 1:2 AcOi-water (v/v)

3.041<O sh  fa”] o
1,04 0450
2049 075
3.89 1200

Concentrations of other reagents used;
=l
[van] = 121 x 107N
o =3
[Nam;l]u 5 % 10 "M

['1250 L) @ 1911 (excopt for 805 HEAE = 0-64)

Chloride ion was added as the lithium salt.

(B) 251 AcOH (v/v)

a. s -
107k, (s h [a ]
2063 0
4215 0°10
8018 0°375
9:18 0250




TABLE i

Effect of added thiocyanate ion

=22

(), 8Gi((v/v) AcCH-water

s e A -
10, (s ™) 10%fsen" ] (M)

Ab)_2:1(v/v) acCil-water

10%fsen ] ()

19 25
34 50
50 75
62 100

]

50

75

100

{c) 1:2(v/v) AcOH-water

(9)_10%(v/v) AcCH-water

a4 1 AL~ 4 -1 AL —~7 (M)
10%, (s 10°[sen"] () 107k, (s7) 10%[scv |
1909 25 14-1 25

3606 50 2406 50

625 75 4204 75

T4-6 100 56-3 100

Concentirations of other reagents;
=4
[ena] s 101 x 107

— =3
[NaN3] = 5 x 107 7M
[H2504] S 1e1M

SCN added as the sodium salt.




Effect of added thiourea
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TABLE 5

(a) 80%(v/v) AcOH-water

{b) 2:1 (v/v) AcCH-water

1041(0 (s 10*[thiourea] () 1041<O( 71 10*[thiourea]
2002 25 21-9 25

2846 35 4403 50

3803 50 69:1 75

4209 60 7629 160

5309 75

(&) 1:2(v/v) AcOH-water

) 10%(v/v) AcChowater

1o4ko(s°l) 10" [thiourea ] (1) 104k0(sal) 10 [thiourea]
2907 2107 3609 25

53-9 4304 8205 50

8404 6502 98 75

94-4 8629 119 100

Concentrations of other reagents;

[mw&;;

.t
11 x 107 M

e -3
£NaN3] =5 x 107°M

[HZSOA]S

101k

(except in 80% acetic acid = 0°GM)




=24=

TABLE 6°
_SOLVENT NUCL2OPHTL S SLOPE REL, Kk K
_ - , =2
§Qﬁl§%ﬁi Cl 22210 1-00
Bx 1033 60
§$SCNQ 0°315 14
Thiourea 0-68 31
2:1 HOAc:H, O cl~ 1027x107> 1°00
Br 0032 251
SCN™ 0-68 536
Thiourea Q77 606
) i - -4
1:2 HOAC:H.O Cc1 30 5x%10 1-00
Br 0021 61
SCN~ 0-68 1946
Thiourea 098 2800
. T+ - =3
1GC% HOoAC By 6x10 1200(1°0)
SCN 0°56 93(100)
Thiourea 1-48 247(236)

5% As a first approximation, the slope has been corrected for a different acid

concentration, as this series of runs was caxxicd out using a hicher acid

concentration than the rest.

“% Chioride ion catalysis

relative to bromide ion,

in watex,

in this solvent was very slow, and so le values are

Figures in brackets refer to relative reactivities
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Exenination of the collected values gave the following conclusions.

(1) The normal sequence of nucleophilic reactivity for a hydroxylic solvent
is observed in all solutions except 80% acetic acid, here the sequence becomes
Br~ > thiourea $» SCN S»Cl  i.e. bromide ion surpasses thiourea in reactivity.
The difference in reactivity for the various nucleophiles in 80% acetic acid
is not very marked, though as the amount of water in the solvent increases
the differences in reactivity become much more appreciable. In 10% acetic
acid solution the relative reactivities are almost exactly the same as for
water solvent.

(ii) As the concentration of acetic acid in the solvent is increased, the
effect of added bromide ion becomes more pronounced, The effectiveness of
chloride ion also undergoes some enhancement at higher acetic acid concent-
=rations., The effectiveness of thiourea as a nucleophile is virtually unch-
—anged by a change in the composition of the solvent. The same is true of
thiocyanate ion. So at high concentrations of acetic acid bromide ion over-
~takes thiourea in terms of nucleophilic reactivity., The effect of changing
solvent on nucleophilic reactivity of bromide ion is shown on fig2.

Any attempt at rationalising these results must be based
upon consideration of the solvation o% the reactants and the transition state
because the rate limiting step is the nucleophilic attack on the protonated
nitrosoamine, According to the Hughes-Ingold theory, there should be an
increase in the overall rate of reaction as the amount of acetic acid in the
solvent is increased, because of the decrease in polarity in the solvent.

10% acetic acid has a dielectric constant of €3 (higher than water), this
drops steadily37 down to a value of 27 for 80% acetic acid, The overall
increoase in rate constant is observed for bromide and chloride but not for

thiourea or thiocyanate catalysis. The reason for the comparitively small

change in the reactivity of thiourea may be due to the solvation of the tran-
.-sition state. Thiourea is neutral species and so there will be only a
dispersal of charge on forming the transition state. Consequently only a

very slicht increase in the overall rate of reaction would be expected,
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The expldnation for thiocyanate does not seem so clear, It
may be that some specific solvent effect is taking place. Hydrogen bonding
interactions would not explain the failure of this anion to increase in re=
-activity at high acetic acid concentrations, as the effect would be even
greater fox the smaller, less polarisable bromide ion, The same is true for
ion-pairing effects at high acetic acid concentrations, as the effect would

38,39

be even greater for lithium bromide, It is known that thiocyanogen (SCN),

exists in a stable form in glacial acetic acid and there is the possibility
agie

that this molecule may be formed at highAacid strength though this secems
unlikely to occur to the extent that would effect the concentration of free
thiocyanate ion as it is known that (SCN)2 cannot be prepared in any quantity
in acetic acid containing traces of wa’ter?8 Another, moxre plausible possibility
is that the pKa for the formation of HSCN is significantly altered in high
acetic acid concentration to rendex the formation of thiocyanic acid in much
greater concentrations,herze reducing the concentiration of free thiocyanate
anion, A discussion of the protonation of thiocyanate ion is given at the
end of this chaptex.

The above resulis show clearly that denitrosation is compari.-
~tively rapid and irreversible if carried out in solutions of sulphuric acid
dissolved in acetic acid with low water content. The‘?@@§@mﬁz + of bromide

ion produces a considerable catalytic effect. The denitrosation of fMNMAin
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the presence of HBr in 60 acetic acid gave a quite rapid reaction (table 7).

TABLE 7 |
a o1
[uBx ] () 107Kk, (s™)
00492 124
00737 273
0- 982 500
1-474 920
[(oma]= 1% 10™% [wan ] = 2 % 107

1210 Penitrosation of NMNA in DMSO and DMSO-water solvent

Since the rate limiting step in aqueous denitrosation of
NMNA is nucleophilic attack on the protonated nitrosoamine by an SNZ
reaction, it was thought to be of intercst to study the reaction in
DMSO (dimethyl sulphoxide ) as a large number of bimolecular reactions
have been studied in this solvent4oﬁ42 and in many cases the cbserved rates
have been considerably larger than that observed in water solvent.

DMSO is a fairly polar solvent ( § = 46°6 at 250C)
according to the arguments laid out earlier (ignoring specific sclvent
effects characteristic of DMSO) denitrosation in DMSO should be faster than
in water which is even more polar (§ = 78-4) though the difference will net
be as marked as in the case of ethanol which is much less polar than water,
However, for many reactions of the same charge type as the denitrosation
reaction there is a rate enhancement of many factoxs of ten on going fxom
water to DMSO which could not be accounted for by the modest change in solvent

polarity involved., The reason for the rapid reactidns in DMSO.1s due to a

certain degree of de-sclvation of the reactanis in this solvent, LMSO is
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kmown as a dipolar aprotic solvent owing to its lack of hydrogen bonding
character together with its opnreafable polarity. An anionic species such

as chloride ion which is heavily solvated by hydrogen bonding in water is
effectively de-solvated in 13MSO and is much more reactive. Large anions are
solvated by dipolar interactions sc the combined solvation effects reverse
the reactivitiy sequence given in water to Cl > Br > SCNﬁ> thiourea.

Other dipolar aprotic solvents include dimethyl formamide (DMF), acetonitrile,
nitromethane and sulpholane,

On this basis it might be expected that the denitrxosation
step in DMSO would be so rapid that the protonation would become rate limiting
as in ethanol. The effect of increasing the concentration of DMSO in DNSD-
~water solvent for the denitrosation of NNA{with hydrogen chloride and a
high concentration of il wmic acid as a nitrite trap)is to increase the
rate considerably as shown in table § and fig 3., MNMNA gives a peak at 272nm
in DMSO (extn.coeff. = 68001mol=1cmc1)o The reaction was followed at 300nm

due to interference by the trap at +the maxima for the nitrosoamine.

TABLE 8
H(v/v) D¥SO_in a4 -1
10 k. (s 7)
0
aqueous solvent T
20 068
20 069
60 0-97
80 2:08
1600 6°10
-l . ;
[,NMNA] 2 103 x 10 M Esulphamlc a01d] = 002N

[ HCl(] 3 1020M
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FIG 3: DENXTROSATION OF NvMNAgz EFFECT OF DMSO AS A SCLVENY

o' 90 0 60 80 100

% DBMS0
(\4\\!3
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Variation of the HCL concentration im DMSO was found o give a linear relationship
betwaen log ko.amd +HO with a slope of unity (figé%)o The acidity function data

) 4 : . ‘o
was taken frxom the 1iteratuxe03 The slope of unity suggests that chloride ion

catalysis is not contributing to the reaction as epected if protonation is rate

limiting. The results are schown in table 9.

TABLE O
=1 ‘
(mc2) () 1o4k0(s ) 4 + log K, H,
0:536 2082 0045 1679
0-804 4011 00614 1061
10132 655 0-816 10405
1-698 8219 0:913 1035
2013 9017 0-962 10278
(oaa] = 1 x 107 [suiphemic acida] = 0oz

Slope of log kj vs ¢H, plot = 1-035% 0-03

It was not possible to confirm that the reaction was zerc-order in added chloride
ion or any othex nuclecophile owing to the low solubility of thesce xeactants in
acidified DMSO, It was found that sulphemic acid made little differxence to thc
reaction xate, and this led to doubt as to the cffectivencss of this reagent as
a trap in this colvent. Howesver, the individual rate constants in table 9 gave
reasonably good Guggcenhein plots (see chaptex 5) vhich suggest that if the trap
is not effective then the denitrosation reaction in this colvent must be largcly
irreversible and can procecd without a trap beilng present. Therc was no evidence

for the formation of a significant amount of rearrangement product,
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FIG 4:; DENITROSATION OF N¥NA: ACID CATALYSIS IN DMSO
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The direct nitrosation of sulphamic acid by nitrous acid was carried out in
. . . . . ¢]
00% DMSO by following the disappearance of nitrous acid at 380nm and 31 C.

=3 1 . .
An observed rate constant of 208 x 10 35 was obtained with 0¢85M HZSO 9

4
0-048M sulphawic ecid and 2 x 10w%w nitrous acid. Under the same conditions
in water the rate constant was 60715“19 so@ change in solvent in this case
produced a difference in rate of c.a. 3000, The reason for the much slower
reaction in DMSO is due to the inefficiency of sulphamic acid as a trap in
this solvent. It has been showrnqa that in watexr, owing to the low bascicity

of sulphamic acid there is no direct reaction with nitrosyl halides in

aqueous solution, only the nitrous acidium ion reacts.

NH, SO _H

3
-+ R o .
NOC1  +  Solv " ®Nodolv NORH,50_H +  Solv
N - SO + HO
2 3 3

Solv = H?O or DMsO
In comparisén to the nitrous acidium ion the equilibrium concentration and

reactivity of NO-Os 3C(CH would be small, Therefore the reaction would

3)2
tend to be slower in the less polar, less nucleophilic solvent DMSO. To

see if other traps were effective in the denitrosation reaction carried out
in this solvent, sodium azide was used and found to be completely ineffective
in 90% DMSO and direct nitrosation produced a very slow, reversible reaction.
Hydrazoic acid is lknown to react readily with nitrosyl halides in aqueous
solution and so the explg¢nation for the lack of reactivity of HN_ towards
NoCl in DMSO may be simply die to the polarity of the solvent, which
according to the Hughes-Ingold model would retawd the rate of reaction in

comparisin to water.
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1,11 Protonation of nucleophilic species_

It is necessary to state that in any kinetic
studies involving thiocyanate ion in acid solution it is necessary to consided

the formation of thiocyanic acid according to the equilibrium

H -+ SCN s> HSCN

As this is of relevance to other areas of the present work it will be discussed
in some detail., Clearly, significant protonation of thiocyanate ion would
alter the concentration of the nucleophile and a correction based upon the
pKa of 1SCN would have to be applied to the results,

Gorman and Connelésstate that }HSCN is a strong acid and
that the pKa is probably less than 3. Edwardsééreports an estimated pKa of
~0¢74 but does not state its source., A more detailed study of the formation
of thiocyanic acid is nrovided . by Boughton and Kellex47 who have determined
a pKa value based upon thermodynamic data at various temperatures for the
formation of HSCN, Their value, pK_ = 0-97 207 at 250C is in agreement
with the value of 085 obtained by Suzuki4? however they make it clear that
the acidity is probably too high for theix technique (potentiometric titra-
~tion) and that the values may be rather high, Stedman49 has obtained a value
of K= =1-84 at ZSQCO This was acheived by solvent extraction and measuring
partition coefficients. Studies of u,v. absorbance of HSCN confirms the
value, Measuremants using the H_ acidity function yield a value of =1°38,

A moxe recent value?oobtained by raman spectroscooy gives a Gﬁél of =1°1%0-3
at 2OOC in agueous solvent.

There is therefore a plethoxa of values for
the pK_ of [ISCN, Since the most conventional and trustworthy technigues
were used by Stedman and co-workers, the value of pKa = ..1-84 seems the most
reliable, Under typical reaction conditions, the conceniration of free

thiocyanate ion can be calculated using this value,
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L sen"Jtotal

fsen] = b7 —
(LR

K
a

=

1 <+

1£ K= 69 (pK, = -1:84), and [H'] = 2-08, and[scn] total = 1072

Then ££CN"] = 0072 % 10m%W° So, for the conditions encountered in this work
it is unlikely that protcnation of thiocyanate will be significant, although
it should be stressed that the values of Ka and £H+jin non-aqueous solvents
may be sufficiently altered to cause more extensive protonation.

Thiourea will also undergo protonation in acidic solution
though this will be almost entirely due to N-protonation under the conditions
used here, Only S-protonation would affect the nucleophilicity of thiourea
and virtually all the posotive charge reside on the amino nitrogen atom (see
page 4). There is n.m.x, eviclence51 for significant S-protonation but only

in concentrated, almost anhydrous acid solutions.
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1,12, Summary

(1), For denitrosation of N-methyl N-nitrosoaniline, the effect of changing the
solvent from water to DMSO is to increase the rate of reaction, This is due to

the change in dielectric constant of the solvent.

(2). A very considerable increase in rate is obsexved for bromide ion catalysed
denitrosation on increasing the proportion of acetic acid in aqueous acetic acid
solvent, a similar increase in rate is observed for chloride ion catalysis but
virtually no increase in rate is observed for thiourea or thiocyanate ion

catalysed denitrosation.

(3). Nitrite traps that are very effective in water (e.g. sulphamic acid and azide

ion ) are quite unreactive in DMSO solvent,
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Diazotization of aromatic amines,
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2.1 Introduciion
Primary aliphatic amines react with nitrous
acid %o fovm various products of deamination e,g. alcohols and alkenes.

The reaction proceeds via a diazonium ion as' intermediate.

Me Me Me

HNO N =H,0 N
CHMH, — CHMINO ot CH-Nz=N

Me H Me Me

N\ /

> Me

Ot
g

1 CH=
ClI CH=CH,, =

Me

OH
[
CH_CH=CH

Wwith secondary amines, the N-nitrosoamine formed in the first step

is sufficiently stable for the reaction to stop at this point. Tertiary
amines sometimes undergo a nitrosative dealkylation reaction to give an
Nenitrosoamine as the main product. The diazonium species formed by an
aliphatic amine is very unstable, though the aromatic diazonium ion is
very much more stable owing to the aromatic [ <oxbital system which re-

-duces the leaving group ability of nitrogen.




For aniline, the diazonium ion is quite stable in aqueous solution at low
concentrations, Attempts to isolate solid diazonium salts generally result
in decomposition, although solid fluoroborates ArﬁzBFéc have been isolaied,
The diazonium cation is quite reactive and can undergo coupling reactions
with other aromatic species to give inﬂ%%ely coloured compaunds which are
used as dyes, In solutions of PhﬁEQ unreacted aniline can undergo a coupling
reaction with the diazonium ion if the concentration of aniline is sufficiently
high, therefore it is necessary to carry out diazotization at an acidity
high enough to ensure that the concentration of free aniline is low,

The diazotization of aniline was first studied in 1849

[~}
by WurtZStho obtained phenol as the final product of the reaction,

; s = H
PhNH,, + HNO,, GZ=ESL_9 PhN, C1 207 pPhCd + N

Grie5556 isclated the diazonium salt in 1861, Since then the pegction has
been studied in great detail and has been the subject of extensive reviews§7
The initial nitrosation step is rate limiting under certain conditions and
governs the rate of reaction. The primary nitroscamine formed {(in the case
of aniline) is unstable and is only detected at low temperatures'?8 It under-
=goes rapid proton transfer to the solvent followed by a tautomeric shift

and loss of water,

HNO .
z’—\:rNI—Z2 mr\——«”? 1\]:1\11-121\'0 s AYN&2 N-CH o
H' -+
+ H

rolecular nitrous acid is not a nitrosating agent dtself but foxms several
nitrosating species depending upon the conditions in solution. At low

acidity, nitrous anhydride (N203) is the effective nitrosating agent.

2] -
ANO,, ——= N0,y H,0
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At higher acidities an equilibrium is set up with eitheir the nitrous

.o . . . . Y . .
acidium ion (H2Nd;) or the nitrosonium ion (NO) as the nitrosating agent.

+ g T ——
Ve - ——— 1 1 - ¥
HNO,, H H,NOJ, o] H,0

At moderate acidities and in the prescence of halide ion or pseudo-halide
species, a nitrosyl compound NOX is formed in solution and this actg as a

nitrosating agent.

& -
H + X + HNO —_—— NOX + H.O

- —

The equilibrium constant for the formation of

1

o

nitrous anhydride in water at 250C has been measuredsggéoas K = 0c2lmol
Subsequent kinetic studies were made on the diazotization of ring-substituted
anilines. The kinetic form of the reaction having been established as

Rate = k [ArNH2][ N203] . Using the K value obtained previously, the bimol-
—ecular rate coefficients for a number of aromatic amines were of the order

of 106m107 lmolclsa} However, a much more pgcent value of K has been rep-

cortedé? and this is considerably smaller (¥~ 3°03 x 10'=3 lmolcl)o This

new value now makes the bimolecular rate constants obtained for the diazot--

0. of the order of 10°-10° 1mol *s~*

=isation of aniline derivatives by N? 3 o

which is close to the diffusion controlled limit for bimolecular encounter.

The nitrosation step is assumed to have the stochiometry;

-~
N ———l> R 74 v
AINH2 -+ NZOB - AINHBRO %+ NO

The free amine is the reactive species, At lower acidities ( €0-01M [IC1),
or with very basic amines, the concentration of free amine becomes comparable

to that of the total amine concentration, Under these conditions the
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nitrosation step becomes rapid and the rate is independent of the free amine
.64 . . s s

concentration, The formation of N,)O3 1s now rate limiting., At acidities

above 0-1i perchloric acid the rate of reaction increases due to the for-

. . . 62
-mation of a new, more reactive species., Larkworthy "has measured k values

in the range O¢1=0¢5M HC10 according to the rate expression;
Rate = k [arNH, J[ 1o, ]

The values do not vary by any appreciable amount with the bas icity of the
amine indicating that the nitrosating species is very reactive and indiscr-
—-iminate toward the various amines, On the other hand, the rate constants
obtained for nitrous anhydride showed a considerable variation from one amine
to another, and the weakly basic amines such as p=nitroaniline failed to react,
At higher acidities this gpecies reacted readily. The nitrosating species at
higher acidities is believed to be the nitrous acidium ion (HZNOz} oxr the
nitrosonium ion (hﬁ%o There is some debate as to the exact identity of the
nitrosating species, many workers have considered that HZNOg is the reactive
species for moderate acidities with Né%being predominant at highex acidities
(D 3M HC].O4)o This question will be discussed in more detail in chapter four,

The nitrosation step in Qe 1=0c5M HC1O, is presumably;

H?No?_f + AxNH,

&
ATNH_NO ¢+  HD

X

The equilibrium constant foxr the Fformation of the nitrous acidium ion is
unknown and so absolute rate constants for the bimolecular nitrosation step

are not available although it is believed that these will approach the diffu-

~sion controlled limit, This seems likely consideving that the rates for
nitrosation via N Og approach the seme limit., As the acidity is increased

] . 5,6
further { to 3M HClOA)g the rate expression becomes6 ”jég

Kate = k [Arﬁlﬂ[ HNo,, 1



signifying that the protonated amine is now the reactive species;the nitros-

—ating species, mosti probably Nd¢under these conditions, is believed to attack

th ing,
e ring *
No
Racie :
&
NO 4 p—
~ =,
N &
Pavi, wo 4+ BH Fasr

B8 $eowik¥

. . . 67 . . .
At high acid concentrations (600% H2504)9 virtually all the nitrous acid
is present as Nd% The rate of diazotization of aniline is found to decrease

with increasing acidity in this region according to the expression?8
+ =2
Rate = k[ axinJfrvo, ] b

Tt is difficult to postulate a reaction mechanism that fits the above expression
although it seems likely that rapid nitrdsation-is followed by slow proton

transfer to the medium,

, . rapid , -

. . - .

NO + ArNH3 essssess———— ArNH_NO -+ H
slow

s . ) . -

r\xr;\](? K HZO rapld !\II\!HI\]O -+ } I
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In support of this, a large deuterium isotope offect (ngK 5 10) is
h D

observed at this acidity.

2¢3. Diazotization by nitrosyl halide and pseudo-halide species

At moderate acidities ( 0°1M H ) solutions of nitrous
acid give, in the pres. ence of halide ion or species such as SCN and

thiourea, nitrosyl compounds (NOX) accoxding to ithe equilibrium;
HVO, + H + X = NX <+ HO
NOX acts as a nitrosating agent.
~F <
ATNH + NOX ATNH,_NO &+ X
S——— 2
. . . 69
The rate expression was ostablished by Schmid (1837),
- o
Rate = k,[ArNng[ v ) x7IL HN02]
70 . .
As Hammett pointed out, this corresponds toj;
Rate = k [ ArNa, ][ Nox ]

It is neccessary to establish accurate values of K, the eqguilibrium constant
of formation for the nitrosyl species, before the bimolecular rate constants
for the nitrosation step can be determined. K values have been determined

. . o)
for several species in watexr at 25 C,

.gfgﬂé%ulq
2 =2
P K(L mol ") Ref
Thioureca 5 x 10 71
Thiccyanate 32? 72
. -2
Bromide 5.1 x 10 . 73

Chloride 1.1 x 1072 74




‘TDetormined at 2OOC9 but from thermodynamic data available72 the calculated
value at 250C is not significantly different.
Fox thiourea and thiocyanate there is the
possibility of N- as well as S—nitrosation. The large K values, however
suggest the formation of a ?soft? S-nitroso adduct rather than a *haxd!

N-nitroso compound,

€.go NO=S=CEN rather than NO=N=C=S
and,
. //’NHE ///NHQ
N&Szc\\ ' rather than S=C
5
NH, \I\.‘HZNO

5 . .
The effecz of adding various nucleophiles on the observed rate constant
for the nitrosation of morpholine is to catalyse the reaction due to the

formation of NOX species. The sequence of catalysis is thiourea $» SCN
P y,

Br > Cl°, this is due to the large difference in the equilibrium constant
of formation of the NOX species, for thiourea K is c.a, 106 times greater
than chloride, This sequance does not tell us the actual reactivity of

NOX toward the amine, The bimolecular rate constants have been determined75

for morpholine and the following trend in reactivity is obtained; NCC1 S
NOBr > NOSCN > Noézcamg)i

The K value for the formation of NOC1l obtained
by schmid and co-workers is criticised by Bailyss and Watts76 on two points;
firstly, that the method used by Schmid assumed that all the nitrous acid
was present as NOCl, however spectrophotometric evidence shows that a
considarable awouni of Rd#may have been present under the reaction conditions
used. Secondly, that the wavelength-at which Schmid measured the absorbance

due to NCCl did not correspond to the maximum of the NCCl absorption, and

that the KCCl transition overlaps with HNO,, transition ;so a reliable
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extinction coefficient cannot be estimated. It seems that, noting these
difficulties, the estimated K value of S$chmid is the best available and
seems to fit in well with the expected trends of reactivity., It has been
77 . s g . - . . . .
shown that nitrosyl iodide is an effective nitrosating agent for the diazo-
~tisation reaction, but a K value for the formation ofm this species is not
available, as will be discussed in section 2,6,
. . 78 . . ..
Schmid = has obtained bimolecular rate coefficients
. . . . . . 0
for nitrosation of aromatic amines by nitrosyl chloride at 25 C., These were
9 =1 =1 . . . .
of the order of 10"1lmol s which is close to the diffusion controlled rate
limit, and it was assumed that there was little discrimination between
different substate amines. An indirect method of measuring the relative
reactivity of substituted anilines towawd . NOX (M= C1~ oxr SCN ) has been
adopted79 which is based upon the mechanism for denitrosation of N-methyl
Nenitrosoaniline as described in the previous chapter. The aniline

derivative is used as a nitrite trap according to the scheme below,

K X ,k
+ +
PhiNMeNO + H = PhNHMeNO = L o PhNHMe
k
=1 +  NOX
k"') g
NOX - ATNH,, — ArN2

A plot of kgl against concentration of added Nemethylaniline vields the

which gives the relative reactivity of ArMNlI toward NOX.

ratio kml:k 5

2

values of (RZ)RS(kZ)H are collected for a series of anilines with R

o
substituents. A Hammett correlationoo can be applied in such a case, a plot
of Jog{k

s (k againsﬁ@%) is linear with a slope of 3.1 for NOC1 and

)i (o)
~3°6 fox WOSCN. This shows quite a large range of reactivity between the
different amines and argues against a diffusion controlled xate of reaction

where there would be little discrimination in reactivity toward even the

less basic amines,




Using stopped-flow spectrophotometry it is possible to got quite accurate
rate constants for diazotigation in solution. A series of substituted
anilinesgl have been diazotised with NOCL and NO3x using this technique

and bimolecular raté constants for the nitrosation stage have been obtained.
These rate constants show that NCCl is more peactive than NOBr toward all
the substituted anilines studied and, contrary to the findings of Schmid78D
there is some discrimination in reactivity between the amines of lower
basicity, for the more reactive i.e, more basic amines the rate constants
level off as they approach the diffusion controlled limit (see figQq ).

The bimolecular rate constants for the nitrosation of aniline by NOSCN and
NOH§§:C(NH2)2 have been measured7? also by stopped-flow technique, The results
show an order of reactivity towaxds aniline of the various electrophilic
species of NOC1'>>NOBI‘>>NOECBI>>NOG§ZQO This being the same as for mniph=
-oline. This sequence may be explained using the hard-soft acid-base

[

85 | . . . .
theory f if we consider the nitrosation of the free amine as an 3 2 type

N
reaction,
L 5 ; . i
-+ B)4 g c,ooooNoeooood Ji
ArNH 5 - NOX e ArNH 5 1\‘!,& x. —_— A.IN{;:NO * X

O

According to the general classification of acids and bases, aniline would
be considered 'borderline’ between being a 'hard' and 'soft' base and the
above reaction would proceed the most rapidly if the leaving group were
approximately of the same degree of 'hardness’. This is the case with NOCQ,
down the series, the leaving groups get progressively softer and therefore
NOX becomes less reactive with respect to the amine. The sequence NOC1 >

NOBr can also be explained upon purely clectronegative grounds,

The bimolecular rate coefficient for the re-
. . . cq . . 75 (o) 0.
—action of NOBr and NOSCN with aniline was determined at 0 C and 30 C

. . . - =1 .
and the activation energy determ1ned75 as Ea = 12kJmol for NOB3x and

] . . . . . .
48kJmol T for NOSCN, Since a xeaction might be considered diffusion controlled




.. o N . . . ..
il Ba'<b2ukJmc1 it seems that NOBr is close to the encounter limit but

NOSCN is not.

2,4, Diazotisation of aromatic amines by nitrosyl thiocyanate

The above observation concerning the activation
encrgy for NOSCN suggests that this species may show a high degree of selec-
~tivity toward various substituted anilines owing to it’s lower reactivity,
and in the present work bimolecular rate constants for nitrosation of a series
of substituted anilines have been determined using stopped=flow spectrophotometry.
Previously, only indirect rate constants have been obtained for such a series
of amines and only for aniline has a stopped-flow study been applied,

The reactions have been carried out in sulphuric
acid solution with conditions adjusted so that the total amine concentration
was always at least ten-fold in excess of the total nitrite concentration,
to ensure first-order kinetics in the individual rumns, The observed rate
constant (ko) is defined as;

. a[mo,]

dt

fi

Ky [m\'oz]

Ideally, the reaction should therefore be followed by observing the dis a-
~ppearance of nitrous acid { which has an absorbance comprising several peaks
around 370nm ), In order to keep the condition that the total amine concentration
must be in at least ten-fold excess over nitrite, rather strong solutions

of amine would be required which is not possible for some of the less soluble
amines. Ii is move satisfeootory to follow the abpearance of the diazonium
ion Arﬁz at a particular wavelength and work at low nitrite concentraiion.

The mechanistic scheme for the overall reaction is given belows




7 s

K
.}- -
AT, + NOSCN et e ArfH_NO . con
e st Lo
K
-1
K B
* k, (rapid)
ArH HY + SON” + HNO Axid
arf e N0, A

The rate of reaction is given by;
+ =
Rate = I [[ArNHZ]Nf NOSCNY - k. [AINHZNO][ sen ]
. _ +
Applying a steady state to ArNH NO |

i, [AXNH, NOSCN
[Ariiil-ipi\‘o] = 1 [1 rNHsz | J

T s e S

k [seN"] + x

7
o~

Therefore,
Kk, [arn, ) [0 3 sen”)

k = s e e e TTeare e xmmm

), fsen™] o+ k,

since, | ArNH e . o
sincey [\ ?] total = [A‘INHB‘] » undex the acid conditions used,

And, [NOSCN] = 1 [ HN023[I»I+][:&CNBI

k ke, [[1\ ]t 3 [sen™]
S0, k P SRS e

K . ESCN“] vk,

The assumption is made that the nitrous acid is predominantly present as

free nitrous acid and not as NOSCN in any aopreciable quantity.
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The thocyanate ion catalysed diazotisation of a series of substituted

o o FgSre
anilines was studied and the plots of ko Vs [SCN ]) all showed a certain
degree of curvature., At low thiocyanate concentration we have the condition

k, > Ik, [scv'] and soyk, = leKa[[: sen I o] . This refers to the

linear part of the plot. The opposite condition prevails at high HZSCN=]
lees k_, [scN '] 5> k, and k, :(klkz/kml) [E AjtKKa so the rate becomes zero

order in thiocyanate ion. Since the experimental data shows that the con-
~ditions are intermediate between these two extremes,; the second order rate
constant for nitrosation of ArNH2 is best obtained by taking a double-~

. -1 S ) .
~reciprocal plot of ko against EECN ] where, according to the rate ex-

~pression obtained previously;

-1 kul 1

O ,,,,,,, SN e w3 o= a2

In addition to a value for k the ratio k _:k_ can be obtained from such

2° 1772

a plot, this is a measure of the nucleophilicity of SCN toward the protonated
nitrosoamine. The value of this ratio should be higher for the lesgbasic
substrates as electron withdrawing groups will tend to activate the nitroso-
~amine toward denitrosation. The results are given in the following tables.

A 'weighted’ linear regression analysis has been applied to the double
reciprocal plots ( see chapter five ). For aniline, the rate constamt

for the nitrosation step was determined also by varying the concentration

of aniline, assuming that under the conditions used, ko is given by

ko k KKaﬂ:SCN“][ A ]ﬁ i,e. having fixed thiocyanate concentiration,
v
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TABLE 11: ANILTHE

[H,50,] = 2-83m [2], =595 1072 M [N&«b] = 205 x 10

C e - e e ey e e AT T L BESRT T rp R @ o3 e e TR Al A N Ty e e s e T

1 =1

[scwJo) E= ko(s) K

£ c— B T & RN

2 x 1073 500 1050 0+ 667

5 x 10 200 4-055 00247
1 x 10 100 70745 00129
105 x 1077 66467 10109 00099

240 x 10°° 50 11-49 0-087

{SOPUR |

| U DI S

[N

slonme = 1017 ® 0:04 x J,Oci3

intercept = 0:022% 0-006

Iy = 10746 x 10° 1mo1~ts™t

ot v g - ey e e e g

[#,50,] = 0198 1 [scon™)= 1 x10™wn [NaN02] = 2.5 x 1072

(2], ko(s™h)

slope = 1035 X a8
k = 1012 x 108 lmolﬂls"]‘

o= = e s mogmes s

M




LABLE 12: p TCLUDINE

[{}fj}z: 00285 M

[vano = 205 x 107 .

0-012

0-010

0-005

0-002

s i Lo e er = T

| ESCN;’I:’

50
58.82
83033

100

b o e mew e s sas e e T

(0], =6x10"N

L s i Tues WS i Aiaamca oo T

=1 =1

g% A,
25°%.

SLOPE = 1536 % 0:034 x 10

intercept =

o 4o (D
Fl 1 Q77

-3
0-0378 ¥ 0-002

x 10° 1mol g




fsen~] k(s i)
50 6-87 0-14
625 6032 016
100 4-02 0+ 24
200 2021 0- 45
500 0-88 1014
et e Lo

SLOPE = 20135 % 0-028 x 1072

intercept = 0°028 ¥ 0002

k) = 7398 x 10%1mo1 " 1s~ L

ol o e > T 2

© e e e = ==

[Neno F= 205 x 107

4.
1




TABLE 145 peAMINOBENAOIC. ACID

[ #']: 0om85 w [ad, =o0x 107 5 [ wano = 205 x 107

o s em s o SR = B e I e S = O

[ seNTm) [sev] 1 k(s ) 1t

e m — e = T E -z oo

B ST A o m T a e [ -

0-02 50 10-05 0-099
0-017 58-82 857 0°117
0-012 83-33 7-02 00142
0-010 100 5-88 Qe 17

0-005 200 350 0-286

0-002 500 1-80 0-555

B Jh;&;r.,-f,‘. - e e =

SLOPE = 1.086% 0028 x 1073

INERCEFT = 0-051% ¢.003

K = 10261 x 10%0mo1 st
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TABLE 15: pCHLCROANTL NG,
- 4 -4
[ H ]: Q- ?85 EPL] t =6} x 10 3 M [Na}\f{)q? = 205 x 10 |

i B e iAiE Sabi e

[sen~J(m) [sen] -t k. (s kgl

0-02 50 1966 0°059
0-017 58.82 16°05 0-062
0-012 83233 11.60 0-086
0-01 100 10°25 0-0976
0-005 200 8015 0-122

0-002 500 2°908 0-335

Y S I - e e )

2330 wen 5 Z2.8°%¢, .

SLOPE = 50449 £ 0028 x 102
INTPRCEPT = 0033+ 6-003
1 -1

= 9013 x 107 1mo1™ s

. R ]




==

[H']= 0-285 M

[sen~Jom)

0016

0-01

0-005

0-002

TrmITiae SaTe e Smmene B See e,

880 am, 25°.

YABLE 16: m-ANISIDING

(23, -6x 1072 u

4

o m e T

50

625

100

200

500

Slope = 3:144 £ 053 x 10~

Intercept

k. = 20625 x 10/ 1mol ‘s

1

P e L & Pt

1717

0°953

00446

T R

[sen~] 1

=4
[Nano ] = 205 x 1077 m

bae e e e = =

0-320% 0-006

1 =1

3
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The collecied results are given in the table below

 TaBLE 17
Amine 10 8k1? log k k :k,
1 l - oS
{(1mol 15 )
~H (4°59) 175 8e24 19
m=CMe (4-20) 0- 20 TedZ 80
p-OMe (5¢36) 7239 887 13
p=Ch (3298) 0:95 7096 60
p-CH, (5:08) 4-08 82061 25
D=COH (2°42) 0-013 6°10 a7

g

*pha values are given in brackets and are obtained from ref 82,

T e«t 25°%,

The bimolecular rate constants are plotted on a Bxdnsted-type plot (fig9)

of log kl against pKa for the aromatic amine, /A\s can be seen, the values

of the rate constants do not level off toward the diffusion controlled limit
for the more basic amines, as observed for NOC1 and NOBr. The actual rate
constants are numerically smaller than these more reactive nitrosyl compounds
by a factor of lOlnlo2 wher@as NOC1 and NOBx do not differ greatly in reacte

~ivity near the diffusion controlled limit, The k 1:k2 ratio's do not fit

inexactly +to the expected trend, though these values are based upon the
intercepts of the cdouble-reciprocal plots and as such are cpen to considerable
errox, The values, however, do indicate that the less basic amines (e.g.
p—-aminobenzoic acid)give N-nitroso compounds that are generally more reactive

toward thiocyanate ion than those that are more basic (e.g. p-toluidine).
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An attempt was made to diazotise penitroaniline. Jarliex warkgl has shown
that this substrate, on nitrosation, gives a second (slower) prglaxation,
This is observed to some éxtent for all substrates with electron withdrawing
groups, but for p-nitroaniline this second relaxation is so marked thati it
overlaps the first (rapid) relaxation and a reliable value of ko cannot be
obtained, The nature of this second process is not at all clear., It has
been shown81 that it is not a coupling reaction between the diazonium ion
and excess amine, and it has been found to be first order in acid concentration,
It is thought that this may well be the tautomeric shift as given by;
ATNHNO @ c—— o AercH
This is because it 1is possible that for the less basic amines the direct
formation of Arﬁi may not necessarily be obserxved, only the initial step

(below) followed by the slower, acid catalysed,; stevn,
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2,5, Diazotization of aromatic amines by nitrosyl iodide

For the diazotization of aromatic amines by nitrosyl

halides it is possible, under certiain conditions for the rate of reaction
to be zero-order in added amine. This can be achddved by adjusting the acid
concentration or the basicity of the amine. Hughes and Ridd77 found that
for NOC1 this was not possible, for NOBr this was possible uding a weakly
basic amine such as o-=chloroaniline and for NOI the reaction was zerxro-order
in aniline., Under the conditions where the reaction is zero-order in amine,
the reaction is governed by a purely inorganic process i.e., the formation
of the nitrosyl halide,

Considering the nitrosation of aniline by nitrosyl

icdide in terms of the following mechanism;

o+ k]
H o+ I +  HNO, = ——> NOI TR0
K4
K, -
ArNHZ 4 NOI &=  ArNH,NO * I
1<=2
k
3

This is virtually the same as the scheme applied to the nitrosation of

amines by NOSCN so we cbtain the expression;

kg [arnn, ][ No1]

Rate = o----  mmrsems oo
kmg[l 3 = k3

Applying a steady state to NOI

k, 1\3[1% ] ko [H I )

Ik PR [ R

[I volkg) (kv K, [,nm{zj )
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if kulé<L23[ArNH2] and k3§§> K_, (]

kg = Kk (730D

.. . g .
These conditions are met, according to Hughes and Ridd at low 1odide
and acid concentration with aniline as the substrate. They obtain a value
2 -~ =] ) — . . . .
of k1 = 1370 1 mol s at O C, The same applies for bromide ion catalysis

of the nitrosation of o-chloroaniline, Clearly, if the equilibrium constant

of formation of the nitrosyl species is known, then the value of k 1 i.e,.

the rate of hydrolysis of NOX can be determined. Values of k 1 of 1.8 x 106

sﬂl and 5°3 x 104551 have bcen obtained for NCC1l and NOBr respectively ( the
former value is obtained from the nitrosation of azide whexre the formation
of NOC1 is rate limiting ). A value of k| is not given because there

is no value 7or the equilibrium constant of formation of NOY in the liter-

8 .
~ature, Beck 3 and co-workers have established that NOI undergoes decomposition

to form iodine at high iodide concentration. A mechanistic scheme is pro-

=posed;
K
+ " \ = —— I o
H HNO, 4 X NOT H,0
T =+ NOT e I; + NO
- e rapid
T + H o oEo, 2% N + 1, o+ HO

. .77 . , . .

Since Hughes and rRidd  have establiched that the rate of nitrosation of

aniline is governed by the rate of formation of NOI at low acid concehtirations
) -3 . . . .

(23230 "M HCROA ), it should be possible to see a first order denendgncy

o PR . . - o ae .

én aniline concentration by increasing the acidity., In the present work

ihis has been observed in = 0°2 H,S0 . (table 18 and fig ¥ ). From the slope

(100), & valve of k,K (where K is the equilibrium constant of Zormation of
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NOT, which is unkiiown ) is obtained since we make the assumption that

1%2KArNHé] > knl and thus obtain the expression;

k, = kg([if+][ I anw, ]

1 3 - . .
The K K value is 1255 x 10 © l3mol 35 10 This value is somewhat largerxr

than that obtained by varying the iodide concentration.

TABLE 18
[Aniline] (M) k (sal)
total o)
205 x 1073 1011
i -3
5.0 x 10 1°20
-2
1.0 x 10 1057
200 x 1077 2075
(ns0,] = 00198 (k1] = 1 x 10™m (Nano,] = 2.5 x 107> i
2”74 2

Tt will be noticed that there is a posdtive intercept on this plot. In the
absence of added amine a non-first order kinetic process was observed and

this is thought to be due to the formation of iodine and I; by the decomposition
of NOT shown in the above scheme, 1In fact; the u.v. spectrium of the reaction
mixture after the reaction had gone to completion showed a maximum at 288nm

.t . .. N - 7
and at 353nm wihich i1s characteristic of the equilibriumg

T - T =
2 —— 3

Owing to the unceriainty over the K value for the formatlon of NCT it is
not possible to obtain the biwmolecular rate constents for the nitrosation
of substituied anilines, but values of the relative rate ceonstants {relative

to aniline ) can be determined and scme idea of the degree of discrimination




of NOT toward the differeni amines obtained. This will give an indication
of the reactivity of this clectrophile. ITn order to minimise the formation
of jodine by decomnosition of NOI, runs weve carried out by varying iodide
X . e . .
concentration not exeeding 1 x 10 M iodide. The value for KZK being
determined for each amine in the same way as the thiocyanate catalysed re-
—act{ion, Double-reciprocal plots were only used when there was a certain

amount of curvature in the ko vs [ 1 Jplot.

. 2o e aa

320nm, 25%¢, [PhNHZ] o° 1 x 1077w (] = 16 x 1077
L
[NaNo?] = 205 x 1074 W
4 -1
[xt] () Kk (s ™)
o
-4
2 x 10 0°195
-4
4 x 10 00447
6 x 1074 0:819
1 x 1073 12460
Slope = 1221% 22
KK 2 4043 x 10° 1%mo17367t

SN Site mrwmrCE T TG e o — W e

TABLE 20: m-Anisidine

350 nm, 25°C (ArNH,J, = 3.09 x 1072 1
— (%
(1] = 0°195 & [NanO ]+ 205 x 1074 4
_ 1 1 .3
(k) (&) [x1] ky(s™) K.
- B DR ——
-3 3
1 % 10 10 Co A1 2044
ol 3
725 x 10 1233 x 10 0- 34 2:94
- 3
5 x 10 2 x 10 0-24 4.17
‘*'4: 3
25 x 10 4 x 10 0014 7014




Intercept = 0°91% 0-04

3 =3 =
KK = 327 x 107 17mo1™%s

AABLE 213 p-Aminobenzoic acid

= .{. -
[An\m(?j}& = 4073 x 1072 M (11 ]= 0-452 ENaNQgZI = 205 x 1073
.0
340 nm , 25C
{xz] () (ki3 * Kk, (s™h) .
0 0
o 3
1x 1073 10 0-885 1213
wd 3
7.5 x 10 133 x 10 0839 1219
d 3
5% 10 2 x 10 0: AR5 10456
205 x 1074 4 x 107 0° 375 2067
-4
Slope = 5-31% 016 x 10

Intercept = 051 % 004

=3 -1
ka = 105 x lO8 13m01 3s h

TABLE 22: p-chloroaniline

['Nal\‘ogj] 5 205 x 107w

. . -3 g
farvi, ] = 6:0 x 10774 [} = 00452
(x37 @) Kk (s"’l>
- 0
1 x 1077 1035
el
725 x 107" 1028
-4
5 x 10 0069
wadl
205 x 10 0° 39
- ——— - _
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=Bbs>

Slope = 138e% 6

kK = 2016 % 10° 12mo1"s

3 -1

TABLE 23; p-anisidine
[Aen,) , = 394 x 1072 [1W']= 0-40m
AXNIL, ) |
[Nano, 3 = 205 x 107N
-1 -1 -1
Tk oy Cxx] ko(s™) K
0
1x 107> 1 x 10° 0°58 172
- 3
725 x 10 1033 x 10 0°56 178
=4 3
5 x 10 2 % 10 0°40 20 50
nes x 1072 4 x 10° 0-18 5055

. 8
A Hammett correlation 0

Slope = 12332 0-04 x 1072

Intercept = 0:109% 0011

KK = 4037 x 10™° =3t

13mol

Cm T m ey o YTE e T T T BG e T T— ro— T T

can be applied to these results as shown in fig 8 .

The slope is w =36 and shows that there is a considerable degree of

selectivity of NOI toward the different substrates;as is observed for

NOSCN (see reference ¥9).
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FIG 8: HAMMEIT PLOT FOR DIAZOTISATION BY NOI
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2.6, Diazotisation by the S-nitroso adduct of fthiourea

— s

Several kinetic studies have been made of the
nitrosation of thiourea and these will be discussed under the heading of
Senitrosation in the next chapter. The S-nitroso adduct of thiourea is the

. .7
reactive species and has a large equilibrium constant of formation 1 ( K=
3.2 _=2 O . N . . . .
5 x 107 1 mol ~ at 25°C ). The stgchiometry for the nitrosation xeaction

is simple:

—
2)0 B —

<

-+ +
AXNH,, +  NO-S=C(NH ArNH_ NG + SmC(NH,),

Since the K value is so large, a considerable
amount of nitrite will be present as the sS—nitroso adduct, unlike the sit-
—uation for diazotisation by other nitrosyl species. It is therefore necc-

=essary to modify the rate expression.

Since, [Total nitrite )

bl
=
[
+
=
Z
@)
w7
| S

K [H+jf 3 - E NOX ]

1

i ae rem amm s ae Sewa s aoi

I 1}

[nox )

Since;rate = kl[.ﬁrNng[ NOX]-u k“1 [AI§H2NO][§5=J {according to the

mechanistic scheme described for the thiocyanate catalysed reaction )

1
kK [an,]

t

{

k, e
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In this case X refers to any mucleophile, though of course thiourea is a
neutral species, It is also necessary to correct for the difference between
the total concentration of thiourea and the fxee thiourca ( i.e. that which
is not bound up as the nitroso adduct )., We define X asg

K [ nox])

EI (] - o [ (5], - Do)
Solving this expression for NOX involves solving a quadratic equation, It
is found that under the conditions used in the present work the concentration
of thiourea bound up as nitrite is insignificant compared tc the total,
It has been established86 that the observed rate constant for the diazotisation
of aniline becomes zero-order in thiocurea atvhigh thiourea concentration
as would be expected., As for the work described carlicr the bimolecular
rate constants for nitrosation in a series of substituted anilines has been
determined by varying the amine concentration, Fox aniline; two sets of
runs were performed. The first was carried out at low thiourea concentration
where the rate expression defined above applies and the second at higher

thiourea concentiration where the term in bracke”csqioeo

is approximately 1.0, that isp[x Jis large. The two results are in

reasonable agreement as would be expected.



(2)
7] =

(b)

[thicurea] =

TABLE 243 ANILINE

13 10”‘%4

1 x 107M [ Navo,] =
050 M
e e e =3 ==
[al, () i, (57
€ L 0
=3
1-06 x 10 005
=3
2012 2 10 0-108
=3
318 x 10 001065
=3
350 x 10 02178
Slope = 49:15 % 0049
ky = 134 x 106 ]Lmollml'sgl

[thiourea] = 1 3¢ 10':2M

[Namoz']z 5 x 10”4

=1
[(A]t (M) ko (S )
6 x 1073 0°75
102 % 1072 1044
108 x 1072 2023
-2 '
204 x 10 3009
-2
3.0 x 10 4009
= e S

Slope = 1311 2

kl =

1505 3 107 Imoi Ys

1-=1

[ H]= 0-22m




a4
5 x 10

1 x 10"3

2 x 1073

3 x 1073

Slope = 70:6 % 002
5 N, [
4:72 % 10° 1mol”'s™*

] =
1

TaBlLL 26: p-toluidine

concenirations of other reagents as in table 25

B A N

B T b = TN

[thiourea] = 1 x 10

Slope = 75% 6.4

kl 631 x 106 1molﬂlsml

-3

Tl




TALE 27: poand

(ano.d = 1 x 107 [H)= 023 M {tbiourea]s 1 x 1072 W

I

1 % 10 02155
-4
5 x 10 © 0-079

205 x 1072 0°036

Slope = 142:13 1.8
-l
k., = 140 x 107 lmol s 1

TABLE 28: p-aminobenzoic acid

concentrations of other recagents as in table 27

[Ad, ky (s77)

TR s as can.s om o e r,.r,r—y,—: mem e o me e e xS T

Slope = 209% 8.0




=72~

TABLYE 29: m.anisidine

This reaction was followed by observing the dissappearance of the s-nitroso

adduct of thiourea at 420 nw,

A s . w2/
(nano,) = 5 x 107 M [W'] = 0200 W [thiourea] 1 x 107 ™
R e
(23, 0 ()
t 0
~2
1252 x 10 289
-3
4:56 x 10 0-82
-3
2074 x 10 0-43
1e21 x 107> 0025
9012 x 1077 1062
SR SO

Slope = 190°48 £ 2.02

k, = 6:64 x 10° 1mol st

The collected results are given below; and are plotied on the Brénsted

curve { fig 9 ).

Amine pKa log k 1
-H 4059 i 60127 J
p—-Cl 2-08 5074
o-Me 5-08 680
p--Orie 5¢ 36 70146
m~CiMe 4:20 5.822

B ICOQH 242 Ao 373
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The combined data for diazotisation of aromatic amines by nitrosyl halides
shows quite clearly the reactivity sequence NCCL 2 NUBr S NOSCN > NOagr <,
there heing a difference of more than 103 in the rate of nitrosation over
the reactivity range. For the S-nitroso adduct of thiourea and for NOSCN
there is considerable discrimination in reactivity between the different
amines with no sign of levelling off with amines of high basicity as is

observed for the more reactive NCCl and NOBr species,

207, Summary

&iza Diazotisation of aromatic amines is catalysed by thiocyanate ion, due
to the formation of nitrosyl thiocyanate., Since the equilibrium constant

for the formation of NOSCM is known, absolute second order rate coefficients
for the nitrosation of the amine can be determined from the overall rate

of diazotisation of the amine, The resulting rate data shows that the
second order rate constants are well below the diffusion controlled rate
limit and there is considerable discrimination by NOSCN toward amines of
different basicity.

(2). The above comments apply equally to diazotisation in the presence of
thiourea. The S-nitroso adduct of thiourea is less reactive towards amines
than NOSCN and the reactivity sequence NOC1 » NOBr 5> NCSCN > NO-3 §

can be said to apply to the diazotisation reaction,

(3). As in the case ofdiazotisation by NCC1 and NOBr, for amines that
contain electron withdrawing groups a second, slower relaxation was observed

along with the formation of the diazonium species..This was observed nart-

—icularly in the case of p-nitroaniline diazotisation by NOSCN and NOT,

(4), For idodide catalvsed reaciion, absolute sccond oxder rate constants
for the nitrosation step could not be obtained owing to the fact that the

equilibxium constant for formation of WNOI is not lknown. However, using a

Hammett (Gﬂwé)) correlation it was possible to show that there is some




discrimination in reactiﬁity toward amines of different basicity. v com-
-parisin with (fa@ data obtained for the diazotisation of aromatic amines
by NOZCN and Noa§<: it seems that the degree of discrimination shown by
NOI is comparable to these other electrophiles.

{5). In the iodide catalysed reaction, it was found that as the concentration
of added iodide ion increased the nitrosation step was accompanied by the
formation of IZ and I; due to a side reaction between NOI and I ., Any rate

data was taken at low iodide concentration,




CHAPTER THREE

Nitrosation of Sulphur compounds.

AT
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3.1, The Chemistry of Thionitxites

The first reocxdedg3reactiom between a thiol
and nitrous acid was that involving thiophenol, the product being a disulphide.

The reaction presumably occurs via the formation of a thionitrite.

PhSH + HNO2 ——s PhSNO + HZO —— PhSSPh <+ NO

A wide range of nitrosating agents have been used for this reaction, including
nitrous anhydxideg4(N203) and dinitrogen tetraoxidegs(N204)o Thiconitrites
have a chéracteristic intense colouration,e.g. the thionitritc of penicillamine
is grecn, that of n-Alkyl thiols is zxed. Phillipe and Mnore96 have studicd the
infra-red spectral of thionitrites and established that an -N=0 stretch at

Codo 1520 cm™ ! and an <S-N strotch at 630 cm - arc chazacteristic frequencies.

This is supported by the i.r. spectrae of a wide range of thionitrites recorded
95

recently by Qae”; Alkyl thionitrites are usually obly obscxved as colourxed inter—

-mediates in the oxidation of thiols tc disulphides. Thionitrites containing
more bulky subgstituents e.0o PHBFSNO secm to be more stable., This particulax
thionitrite is quite stable at room temperature over a period of gseveral days
and weeks?7 The most stable thionitrite yet to be isolated is the dexivative
of (#+)=2-Acetylamino-2-carboxy-1,1l-dimethylethanethiol (i.e. N-acetyl penicill-

.97
—amine);

HNO
HSCMe CH(NHAC) CO H i - ONSCMe, CH (NHAC ) CO,H -

The X=ray structure of this compound has been establishcd, and is the first
compound to yicld parxametcrs for the =5-NO group. Although the compound

will keep indefinitely if refrigerated it will give the disulphide by reflusing
in methanol, Thethcchanism of nitrosation of thiols has been studicd by
clectron spin xesonancelooamd this hags revealed that the reaction seems to

have a radical component to the mechanism.
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RSH  +  NOX === RSNOD ¢ HX
RSNO S —27. RS v NOe
RSNO ¢, Noo . PM . RSN(N=0)O-
trapping

X can be R2N i.e, a nitrospamine, or Cl i.,e, NOCl.

Thionitrites can aleo undergo transnitrosation e.g. with secondary amines to
. . . 24 . . .
give Nenitrosocamines, however it has not been established whether this occurs

directly,or via the initial hydrolysis of RSNO.

RSNO < RQNH e O RZNND = RSH

Similaxly, thionitrites can undergo denitxosaﬁionlOl in strongly acidic (1-4M

HCL) solutions.

RSKO < HCl i?==:==:=£° RSH < NOCL
TV&[Q
\v4
removed

A nitrite trap must be present in sufficient excess to remove NOC1 because
the reaction is revexrsible and lies well over to the side of the thionitrite.
The first kinetic study of S-nitrosation was made on the direct nitrosation

of n-butyl mexcaptan?s
k
RSH <+ HN02 —_— ——rs RSND e H.O

This vork established that the formation of thionitrite was favoured and

the rate law was given asg
Rate = k[H'I[ w0, 0 rsH .

StedmanllQhas made kinetic measurcments on the nitrosation of cysteine, apart
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from this few kinetic studies have been done on the nitrosation of thiols.

3.2, Oxidation of thiols by nitrosation

Most thionitrites are unstable species and in
the presence of excess thiol are readily oxidised to give a disulphide. This
affords a convenient synthetic route to form =S$=S- bridges. angs has utilised
this method to synthesise unsymmetrical disulphides,

MGZCHSH
PhSH <+ N204==%> PhSNO ——— e PhSSCHMez

Thiols can foxm thionitrites by reaction with N-nitrospamines, this may have
some importance in terms of nucleic acid chemistry where sulphur bridges play
an important part. It has been shown99 that cysteine can be oxidised to cystine

in the presence of a nitrosocamine.

CoH cﬂ:ozﬁ
=, + 4 = =
R-N(ND)CH, F—a NH,, >  R-NHCH, & CH-NH,,
CH,,SH CH,

Scme detaliled work has been done103on the nitrosation of thiophenol by nitric
oxide and dinitrogen tetraoxide., Nitxosation by NO gas was found to give
quantitative vields of the disulphide when the reaction was carried out in
aqueous solution, and was catalysed by addition of base., Nitrosation by ﬁﬁ@é
was exothermic and unlike the NO reaction, some over-oxidation products wexe
given ( e.g. sulphoxides, sulphones etc ) though the disulphide was formed

in greod yield, Green104 has shown that glutathione and cysteine can "protect”

S
antibacterial macrophages in the lung from po@pning by cigarette smoke,

These macrophage contain active enzymes such as O-phogphate dehydrogonase
vinich would be rendered inactive by disulphide formation due to the oxides
of nitrxogen which are present in tobacco smoke in high concentrations (up to
80 p.p.ito ) The presence of cysteine or glutathione may be protective due

to "sacrificial"’ ostidatiom of these spscies,



3,3, Nitrosation of thiourea

szner105°106

studied the reaction between
thicurea and nitrous acid and found that at low and high acidities the reaction

had a differcnt stochiometry. At low acidities;

& -
HNO,, + CS(NH2)2 e T ; & SCN ¢ N, +2H.0
At higher acidities;
+ T
" ¢ 2HNO, ¢ 2S(W), —p (m2)2=3=5=5=&(mz)2 + 280 + 2H,0

For the latter reaction, X=ray cxystallogzaphy107 has confixmed the structure
of the dithioformamidiwn ion., In both cases, the S-nitroso adduct of thiourca
(NH2)2C3§=NO is observed as a yellow intermediate species having a masdmum
abeorbance at 420 nm. Stedman71 and co-workers have measured the rates of the

foreward and bBackward xeactions for the formation of this species in acid sol-

=ution,

+ K
= \d
H + HNO, + CS(MH,), ————=0 (Mi,).C g&no ¢ H,0

A value for the cquilibrxium constant of formation of the species obtained

2 -
3l“mol 2 at 2500o The same vorkers have gone on

from this rate data is 5 3¢ 10
to suggest a mechanism (based upon kinetic evidence) for the reaction at low
and high acidiﬁygos At lower acidities, it appears that S-nitrosation will
make the nitrogen protons on thiourea more acidic, giving a sufficient

concentration of the conjugate base to allow for a xeaction in vhich thexe is

slow migration of the nitrose group to the nitrogen atom.

() oo === () () (&vo) < H

slow rearrangancnt

NH,_CS=NHNO
2 .
q rapid
+ \%

H + CNS = N, ¢ B0 <3 NH CS-NoN-OH
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This ties in with the observed rote law, and also agrees with the suggestionlog

that in the nitrosation of amides, initial nitrosation of the carbonyl oxygen
. . . 15 . 110
is followed by transfer to the amino group., Some N n.m.x. studies have
suggested that direct Nemitrosation may occur. At higher acidities, the kinctics
of formation of the dithioformamidium ion have been studied}Oa Since thiols

0
react directly with‘th%nitri?es to give disulphides, it seems 1likely that

an analogous reaction takes place here,

Lo
) S °
(1) CS * () cBno o= [(mz)zc‘%scc:(x\uiz)zj + MO
The radical cation can undergo various pathways to give the dithioformamidium
ion, Other kinetic studies of the oxidation of thiouxrea to the disulphide

include oxidation by Cr(VI)%ll

3,4, Nitrosation of Cysteine

It is known that cysteine HSCHZCH(NHZ)(COZH)
acts as a nitrite scavenger in cured meatsllg being the rwost reactive meat

protein residue toward nitrite., It has also been showm that S-nitroso cysteine

113

is an effective nitrdsating agent. Some protein-bound studies of the nitrosate

~ion of cysteine residues have made}13

In mildly acidic solutions cysteine exists in
. S = o X . .
the zwitterionic form, HSCHZCH(COZ)NH30 The amino group is very unrzeactive

elear .
in such conditions and there is no)evidence of Nenitrosation taking place

in the presence of nitrous acidf6 An s-nitroco compound is formed, on nitrosation,
vhich undergoes oxidation to give the disulphide under certain conditions.

The study of the nitrosation of cysteine may be of biological importance as
cysteine residues play an important part in the structure of peptides. 7The re-

114 vio found

—action between cysteine and nitrous acid was studied by Stedman
that foxrmation of the S—-nitroso compound was as far as could be detected

irreversible,
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CO_H Co_H

s KC1 | 2

\j
EHNHZ + HI\O2 et FHNHZ + HZO
CH,sH CH,SND
, . e . . 113,117

The solid S—nitroso derxivative of cysteine has beesn icolated, although

this compound is unstable, It is a yellow species in solution with a broad
7 . R .

absorbance around 330 nm, Bonnottll has isolated the nitrosation prxoduct

of MN-acetyl cysteine methyl ester which has similar physical charactexistics

to the S-nitrosc derivative of cysteine and is egually unstable,

S-NO

In this present work, the kinetics of nitrosation of L-cysteine have been
studied in aqueous colution at 25qco The reaction is rapid and is followed
by cbserving the formation of the thionitrite at 320 mm. using a stopped-
~flow specirophotometer. The results are given in table 30 ., The individual
runs gave good, first order, plots (for log(At=Aw) vs t). The data confirms

the raﬁeAexpzession established by S@edmanll4

Rate = k, [ cysteine J[ Héjﬁ HNDZ']

From a plot of the obserxved rate constant (ko) vs @Cystoin@] s & value for

=2 =1 , . . s
the third ordex ratc constant (k3) of 448 lzmnl 5] 1 is obtained, This is

ii4

=]

in good agreement with a value of 456 1%m017%s71 obtained by Stedman
k3 can aleo be determined by plotiing ko vsﬁiﬂé] o This has a small p@s&tiv&
intexcept, and this is probably due to gencral acid catalysis by the @aquxyl
group in the thiol. Ther is therefore an additional k&[[RSH] term, and o

ko is given byg

kg, = kCRUILH'D  + kg [RsH]




TABLE 30
. = <
[cysteine] (M) [Nar0,] (M) [Bz"] (M) [H] (M) ky (s
L e
103 x 1072 1% 107 o) 2:06 x 1072 00179
100 x 1072 " 1 " 0135
=3
5 x 10 " " " 00568
1 x 1072 n " 6218 x 1072 00 320
" " " 4212 x 10°2 07205
" " X 1024 x 1072 00098
" " 0050 2006 x 1072 020
" " 0025 u 00163
[ " 0-10 " Q151
TABLE 3
= %
[ M.s.8.] (M) [varo_] (M) | [ee"] M) Cu* ] k, (s
=3 =3 =2
1 x 10 1 x 10 0 2006 x 10 0:032
1 x 1072 - 1x107° " ’ " 02030
1= 1O=2 1 x 1()‘:'5 " w 0- 308
-3 " .
5 x 10 " " 00145
1} =2
1 " 4012 3x 10 0.271
" " " 1024 x 1072 0105
" " " 8024 x 107> 05067
" " 0050 2006 % 107> 00215
L e 0°40 L 00197
" " 025 " ®176"
P | S N | B e M

M.S.A. = Mercaptosuccinic acid
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FIG_10: NITROSATION OF CYSIEINE
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FIG 11: NITRQSATION OF CYSTEINE
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» 2 = = 0 =) =1
In this ease, k3 = 42338 1 wol 25 1 and k2 3 4,1 Imol 15 10 The valuc of k3

obtained here is in close &greement to the value obtained by varying [RSHT o
The bromide iom catalysed reaction was studied fox the first time, the resulis
2ing included in table 30. The rate expression obtained from thesc results is

of the formg

Rate = k [Br J[ HNO,] = ke [1v0, ]
Now, for substrates such as aniline;, the mechanistic scheme for nitrosation
by NOBr is given byj

k,
s +  NOBr ~ &N = Br
H

e e————
k=2

S = RMH, RO etc.
Since the rate of disappearance of SH is given bys

Rate o ko, [roBrllsn] -k [Smo]{e:"]
Applying a steady state to gHNO

[ &wo] = k, [ NoBr]( su ]

k_, (B ] <« kp

ke, [ncar][ su]

So, Rate = =
1%2[823 +B%

if kp§$>)k 5 [Br=j , as would be cxupecied for a rapid proton transfer to the

solvent, thens




-BC=

Rate

i

i, [ nosrJ{ su]
g (=" J0 1" I w0, 30 su J
lc[Bx=][HNOZE

0

H]

The temm k[;chl[lﬂﬂbzm in the observed kinetic form, therefore seecms to
correspond to the above mechanism and on this basis if we use the value of K
(equilibxium constant for the formation of NOBr), we cbtain a value for k2 of
120 x 104 lmolalsmlo The significance of this result will be discussed later

by comparing it with data for other thiocarboxylic acids,

3,5, Nitrosation of Mexcaptosuccinic acid

Since it has been obsezved97 that the

Neacetyl derivative of penicillamine formS a stable thionitrite, it follows
that other thiocarboxylic acids may foxm xelatively stable products on nitrosation
and react rapidly with nitrosating agents. It has been the aim of the present
work to study the nitrosation of several such compounds,

The direct nitrosation of mexcaptosuccinic acid
(H02C)CH(SH)CH2(C02H)0 vas studied by observing the formation of the S-nitroso
corrpound at 330 mn by stopped-flow spectrophotometry, exactly as for cysteine
(at 250b)o The results (table 3l ) show the same kind of rate law as for cysteine,

From the variation of thiol concentration , a value of 1456 12mnlazsal is

obtained for k3o By varying the acid concentration, k_ = 1208 12m91523=1

3
and kY is 4°6 1017 Ys™L, The rate constant for bromide catalysed reaction is

2:63 % 10~ 101 s"L,
If thiocyanate is used as the nucleophile, thoxe
is a tendancy for the plot of ko vs[ESCNm] o curve off at hich [fSCch as
chown in table 32 and in ficure 12 . There may be several roacons wWay
this levelling off may take place at hich thiocyanate comncentrations, these

will be comsidered in tuxmng
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TABLE 32
[kens] (M) [xkens) ™t X, (shH kgl
0 00161
0-01 100 0255 1-181
0-02 50 1030 00766
0°10 10 3069 00271
0020 5 6045 0°155
0°60 1-67 13037 0-075
1020 0-83 19049 0°051
- N | ,A,_“,WM_J'____*_“ e ,m.j:,__J_ﬂ‘ J
(H']= 203x 1072 [’NaNoz] = 1 x 10" [wsa] = s x 10-2u

1.) Considering the high ionic strongth of the soluticn (up to 102 mollcl)

there is the possibility of a kinetic éalt effect operating. Howesver it is -
difficult to see how this would affect the rate of nitrosation which is
esscntially a xeaction between two neutral molecules (RSH and NOSCN). The
reverse reaction (denitrosation) between REHND and SCN” would be retarded in

a colution of increaging ionie strength. This, therefore does mot seem to be
a plausible explanation for the observed decrease in rate at hicgh thiocyanate
concentration.

2,) The acid concentration may be altered at hich [SCN ] owing to the formation
of thiocyanic acid (HSCN). A calculation based upon the P value for this
species (see chapter onec) shows that under the conditions in this set of

runs the amwount of H' %oumdo up as HSCN is negligible compared to the total
acid conccntxation, So this will not satisfactorily cosplain the obsexrved data.
3.) Since the observed rate constant is defined as the rate at which fzee
nitrous acid is used wp in the reaction it follows that if a considerable
concentration of HN02 is present as NOSCN, then the rate oxpression must be

altered to take account of the fact. This is the case in the nitrosation of
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aniline by the S-nitroso adduct of thiourea {see chapter two) where the
cquilibrium constant for the formation of the nitrosating species is ¢u large
that a significant amount of HN02 is'bound’ up as the S—nitroso adduct. At
high thiocyanatebion concentration a similar situation may arise, and so we may

use the same sort of aupression ag derived previously for thiourca (see page 67)

[HN02] XS
o
k(W sa] * *

[voscn ] =

- . _ & -

At low SCN this becomes, [ NoscN] = k[ J[ seN"J[mvo,]

Under the conditions used i.e., at high}ESCN=j.9 the roxe complex expression
applies. If we say that the raté expression for the nitrosation of RSH by

NOSCN is given by
Rate = k([ rsH]J[ Noscn]
Under these conditions,

Rate - k [rsu]{ HNO, ]

S

1
kK [W[sew™] + 1

The discussion of this relationship will be continucd after comsidering the

fourth possible case.

4,) Reffering to the above scheme for the nitxosation of the substrate SH by
NOBr (in this case we can replace NOBr by NOSCN), it can be seen that at high
Br concentration there may be some revorsibility in the reaction due to
competition between the denitrosation of &uvo and proton loss to the solvent,
This is what is probably observcd at high bromide concentration in the diazotis-
=ation of aniline, although no kinetie ' isotope studies have been made as yet.

1f we get the conditicn kpé%;k ,[Br”] and the rate becomes zero order im
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bromide iong Shis might provide an oplgnaticn for the decrease in the rate
at high thiccyanate concentration in the nitrosation of mercaptosuccinic aecid,

Clearly we have two possible canditions; .

1) K 3Pk, fson™]

So,
k, [rsH ] HNO, ] o

Rate =
1

< =
K[H J[ scon~)
Under this condition the reaction is irreversible and the decxr@ase in rate at .

hich thiocyanate concentration could only be attributed to the increasing amnunt

of nitrous acid being formed as NOSCN. Now, the rate is given by

Rate = ko[}lNOZ] s

If a double=reciprocal plot is now taken,

1 - 1
K1 = —_— +
) I, [RSHJ

k, CrsHI KL HI L sen™7

This should give a straight line with a posotive slope and intercept. From
the data in table 32 this is in fact what is observed. The slope has a value

of 0:0171¢ 0°0003 and the intercept 0:044 % 0014, The kz value obtalined from

3 1-=1

the intercept is 4°54 x 10~ lmol s .

R

ii) kp« k ,[scy ]

kkaKLRSH]
Raee =

k)
k_, [sed] L s
K H [scn”]
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FIG 12: NITROSATION OF THIOLS BY NOSCN
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A double reciprocal plot would mot yield a lineaxr rclation, however the following

expression would be obtained;

=1 k-=2 1 + [SCNQ]
i -
i, [Reu] |k [u J

i

Examination of the experimental data shows that this expression is not followed
over any of the concentration xange for thiocyanate ion. This suggests that the
apldnation for the decrease in rate at high thiocyanate concentration may be
solely due to the formation of ROSCN in significant quantities and not due to
a change in the rate limiting step. To test this furthex, the solvent isotope
effect for the nitrosation of mexrcaptosuccinic acid at 1°0M SCN is kD 0 kH 0
1-11, This suggests that proton transfer to the solvent from Rgﬂko is xapld
compared to the attack by SCN~ on RSHNO and that the condition kp§§>k=2ESCN=]
holds under these conditions,

An attempt was made to isolate the thionitrite,
Several grammes of the thiocaxboxylic acid were dissolved in a solution of
sodium pitxite, Concentrated sulphuric acid was added dropwise and the solution
turned deep red. The thionitrxite was extracted in ether and on removing the
solvent on a xotary evaporatox, the cherry red compound rapidly decomposed

giving off brown fumes, presumably 1\'020

3,6, Nitrxosation of 3-mercaptopropancic acid

The nitrosation of another thiocarboxylic acid
was studied, 3Z-mercaptopropanoic acid(lHSCHggﬁzcogﬁ‘)fbrms 2 thionitrite with
a maximum abgorbance at 320 mm, This substrate was subjected to the same kinctic
studies as cysteince and mexcaptosuccinic acid. The results are given in table 33

and refeor to rums at ZSOCO The kinetic data from the ko vs [ rRsH] plot gives

k3 2 4066 10 1 mol 2 10 By varying the acidity, ka = 4035 ¥ 103 1? 1:25=1

and kg = 76 leol™'s™l,  From the k v [Br”] plot, Ik, = 45 x 10°1mol” s,
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TABLE 33
L 4 = =
[rsu (M) [ vai0,] (M) CH"T () [ez"3 ) (s
1x 102 1% 107 2006 x 102 0 0093
5 x 1072 L " 1 0-480
-2
1 3 10 " " " 00959
5 3% 1073 " 4012 x 1072 " 1015
" " 3.3 x 1072 " 0777
" 11} 1002 3¢ 1O=2 1] 00258
" " 2006 x 10°° 0°50 10674
1 2 " 025 1112
" 10 " 0-10 0743
RSH = 3-mercaplopropamnoic acid
TABLE 3&
1 =1 =1
[xens] () [xensT ™ k(™) Ky
0 = Q054 =
0225 4 5048 00182
0:125 8 3066 00273
0050 2 8o 74, 0114
1-00 1 13022 0076
. | _ i
L

[H'3= 00023 m [NaNO,] = 1 x 107 M

[rsH] = 5 x 107N

3
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As for mexcaptosuccinic acid, large concentrations of thiccyanate ion axe
needed before ﬁhé reaction shows any cign of beconing zexo-order in added
SCN . The double reciprocal plot shows, as for mercaptosuccinic acid, a
linear relatiomship giving a k, value of 3051 x 102 1mo1~ et ( slope =
00277 % 0-C008, intercept = 0-057% 0004 ), The solvent isotope effect at
1°0M SCN~ is kDéngﬁzo s 1025 so this seems to suggest the same conclusion
as for mercaptosuccinic acid i.e. that the decrease in rate is due to the
formation of NOSCN rather than a change in the rate limiting step.

An attempt was made to isplate the thiomitrite. A
quantity of the thiol i.e. several grammes were added to a solution of sodium
nitrite and acidified. The solution ¢tuxned deep red and was extracted into
ether, On removing the solbent a cherry red liquid xemained whicﬁ gave an

i.¥, spectrum with peaks at 2560 cm:’1 1 1

1400 cm°1 and 630 cmél (=S=N str), The red liquid was refluxed in methanol and

, 1750 cm ~, 1530 cm = (=N=O str),

gave off brxown fumes, although the colour persisted. On adding aniline the

colour disa§yeared probably due to the formation of the disulphide,

2 RSNO + 2phm2=-=-===<>2?h§x2 + RSSR 4+ H.O

3,7, Discussion

The collected data for the nitrosatiom of the various
thiols are glven in ﬁablefﬂ% together with some data for Neacetyl D?meemicill=
—amine at 310C9 obtained by previocus wozkexs%ls The magnitude of kz { for NOBr)
10.w2ll below the diffusion controlled xate=limit, umlike the case for the
nitrosation of aniline by NOBZ. The wuclcephilicity of sulphur is greater
than that of nitrogen, although the nucleophilicity of the thicl will be
dependent upon the nature of the R group ( aniline and thiophenol both have
a Peargongl 'n' value of 5°70 ). In all cases, nitrosation proceeds rapidly
and irreversibly, this is in contrast to the nitrosation of alcohols (see

chapter four) vhere the reaction chows a substantial degree of reversibility.
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TARLE 39

THIOL kB(HNOZ) kZ(L\OSCN) l<2(NOBr)
== = ] = e ‘31
lzm]l 25 : 1mol 15 ! 1m0l 19
. s : 3 5
Neacetyl penicillamine 840 3 x 10 1.4 x 10
CB:OZH
CH 3CO=N!~1=CH=¢(IE {CH 3) 2
SH
. , 4
Cysteine 443 = 1.2 % 10
Cﬂ:OZH
Hsa(;l—lzd}lamz
- . 3 3 4
Mercaptosuccinic acid 146 x 10 Ao 54 3¢ 107 2°63 x 10
SH
H02C=CHZ=CHdCOZH

Z-mercapiopropanoic acid

cCOzH 4080 ® 103 3e51 x 1C33 4053 3¢ 105

HScCHZ«:CHZ

For the penicillamine derivative, the roverse reaction {denitrosation) has
B g Gl %

been Gtu@‘i@dl“@l‘ in. high acid concentration (1-4 M HCl).

<;>
H
RSNO & ¥ == RSH & NOX
raroved
(Tﬂl‘f )

[

¥ = C1°, Br , SCN_ eatco
Owing to the low basicity of the thionitrite, the reaction procecds vexy

slowly and the cquilibrium is very much in favour of the thionitrite, In
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the presence of a nitrite trap such as sedium azide or sulphanic acid the
reaction can be made to procecd irreversibly provided the-trap is im sufficient
estcess., The reaction is found to be first order inm RSND and acid-catalysed,
being proportional to héa The reaction was catalysed by halide ions, thiocyanate
and thiourea as for the denitrosation of N-nitroscamines. In <he abscnce of
nitrite traps, RSNO was shown to act as a nitrosating agent toward amines (e.g.
Nemethyl 4-nitroaniline ), where the mechanism involves prior denitrosation

of RSNO yielding a free mitrosationg species (eogoHNDZ oxr NOCL ), which effects
the amine nitrosation. For comparisfin, the rate constants of nitrosation by

NOBxr (at ZSQC) of some amines, thiols and alcohols are given in table 36.

TABLE 3%
=1 =1
Substrate kz (=0l s 7)
4
MeOH 2 x 10
. 4
Cysteine 1.2 3¢ 10
3-mercaptopropanoic acid 4053 x:t 105
9
Céﬂsﬁﬂz 1.7 3x 10

For reasons explained above (i.e. difference in nucleophilicity) there is a
difference of several orders of magnitude between the k2 values for the
nitrosation of aniline and other substrates. However, the overall xeactivity
does not show such a marked difference because aniline will be extensively
protonated in acid solution, vher@ags the thiels and alcohols will be present
alwmost entirely in the free form. Conseguently, the cbserved rate constants for
the nitrosation of the varicus species are not markedly different.

It has been cbserved 115 that for the Neacetyl derivative of pen-
=icillamine the rate of nuclcophilc catalysed reaction becomes zerc-order with
respect to lodide and thiocyanate at hich mucleophile concentration. This is

not cbserved for the Br or Cl catalysed reaction. In the case of SCN
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however, the concentrations involved are too low ™ cause a decrease in rate
due to the foxmation of NOSCN (as is the casc for mcrcaptosuccinie acid and
I-mexcaptopropanoic acid ). The only:plausible explination is that the rzate
of denitrosation of RSHNO cxceeds that of proton loss to the solvent at high
[SCNCJI and [I”] . Since these two nucleophiles are more reactive thzm((;lc ox
Br it follows that this effect should be seen in the case of the former
nucleophilcs rather than the less reactive C1 and Br . So for nitrosation of
N-acetyl penicillamine by NOSCMN or NOXI it scems quite possible that there is a

change in the rxate limiting step on going from low to high anion concontration,

[ﬁ}ccox:ding to the scheme laid out earlicr we go from the condition k SV k scN
P 2

to oKk, (scN™] and in the latter case the rate is zero oxder in SCN (or I )
To test this hypothesis, a kinetic isotope study has been caxxied out for the
iodide catalysed nitrosation of N-acetyl penicillamine at 25 C., The resultis are

given in table ¥ below,

TABLE 3%
=1
K13 (M) kols ™)
o) 1295
0005 (2°32)
0-01 ) 2046 (1-98)
002 3044,
0-03 4o 21
0:05 4081 (1-87)
- e fl
[rsH] = 2-4 x 1072 [Nal\’ozj]z 110 M

[u" or D] = 0o01 M

Reaction followad at 338 mim, Figures in brackets refex to mtus in IDZOo

Clearly there is a considerable difference in the rate constant botwoen the

reaction in water and DZO at hich iodide concentration. This indicates that

O
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proton transfer® to the colvent from RSUNO must be rate limiting and that the
condition kp<K kQZIZch applies. As explained earlier, a similar effect
is not observed for mercaptosuccinic acid and 3-mercaptopropancic acid so there
rust be a structural characteristic involved in Neacetyl penicillamine which
causes this to happen. An expldnation might be based upon consideration of

stexic and electronic effects in the various protonated thionitrites.

T3 cﬂDz”
~c-8n-NO ~CH-81-NO ~cu, -h-No
i
CHB
N-acetyl penicillamine Mercaptosuccinic acid 3-mercaptopropanocic

acid

Considering the electironic effects, the pres ence of carboxylic groups adjacent
to the thiol group in the succinic and propanoic residues will enhance proton
transfer to the solvent, wheraes the prescnce of methyl groups adjacent to the
=SNO function in penicillamine will make proton transfer relatively slow.

Stexic effects would also be important here as approach of a water molecule
would be hindered by the methyl groups in the case of penicillamine. Steric
hindrance is less of a prxoblem in the case of the other two thiocarboxylic acids.
So, for the penicillamine derxivative, the condition kif@gkgz [SCNc] is

reached mor%%eadily upon increasing the thiocyanate concentration, The condition

does not seem to be reachced at all in the case of the other two ﬁhiolso

3.8, The usce of thiocarboxylic acids as mitrite traps

It is clear from the above discussion that
these thids react irreversibly and rapidly with nitrxosyl halides to form thio-
-nitrites which appear to be zelatively stable im solutiom, It is known13
that thiols are not very reactive towards nitrosoamines in a dircet reaction
C.go cysteine has a muclcophilicity approximately the same as that of chloride
ion tormrd Nenethyl N-nitrosoamilinc, Provided the thiol does mot sicnificantly

catalyse the denitrosation, acting as a nucleophile it ic of interest to study

the efficiency of these compounds as nitrite traps in the denitrosation of
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nitroscamines., In order to determine the cfficiency of the particular thiol
i.e. the reactivity toward the formed nitrosyl species in the denitrosation re-

—action, the method described in chapter one is employed. From the overall

&

(obscrved)rate constant for denitzxosation, the ratio k2°k=1 can be cobtained
by adding increasing amounts of PhMNHMe.
% kl
PhiNHMe <+ Br = Phi\tHiMe + NOBx
kal Y
k2 RSH
RSNO ¢ Br

4
kZ:k 1 is a measure of the effectiveness of RSH in ?savenging’ NOBr and henece

making denitxosation irrxeversible,

(a) N-acetyl D,L-penicillamine

The reaction was followed by obsexrving the disa-=
—ppearance of the nitrosoamine at 270 nm on a conventional u.V. spectrophotometex
All runs were made at 310Co The results are in table 3f . These rxesults show

the following;

i) The denitrosation reaction is zero oxder in added penicillamine at concentration.
greater than 8 x 10=4M o Good, first order plois fox each individual rate

congtant were obtained under such conditions.

ii) In the presence of a sufficient excess of sodium azide to ensure that all

the NOBr was being effectively removed from the xeaction, addition of penicill-

—amine had little effect on the rate and so the @dded ponicillamine does not

appear to show any nmucleophilic activity toward the nitroscamine,

iii) The effect of adding Nenethylaniline (NMA) was minimal, and this suggests
that the NOBrx is being trapped out very cffectively by the thiocl. The kggk;
ratio was estimated as 695 althoudh with cueh a small slope this is cubject

to congiderable errors. BEven o, it seens that N-acetyl penicillamine is

aneveptionally good trap. Under similar conditions, sodiun azide (considexed

to be an effective trap) gives a ratio of 32,
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TARLE 38

10° [rsu] (M), - [rvad () S [Mang) (M) ﬂé%ko(sé;) k;}w
00768 = - * -
3-84 - - 2008 -
12152 - - 1409 -
2015 - - 2049 -
115 - - - 230 -
7-68 - _ - 230 -

36 705 x 1072 - 1509 629

" 5 x 1072 - 194 515

" 2:5 % 1072 - 213 469

" | - 21-8 459
- 4 x 1073 1807 -
- - 106 x 1072 1805 -
- - 2 x 1072 19-1 -
4081 - " 19-7 -
9062 - | " 2307 -

# this yun did not give a fixrst orxder rxclationship btween absorbance and time
=4,
[nso,] = 2043M [oMA] 5 1 x 107 M [ NaBr J = Q1M

RSM = Neacetyl penicillanine
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{b) Mercaptosuccinic acid

The effectiveness of this compound as a trap was

studied in the same way as penicillamine. The results are given in table 39

o

TARLE 39
3 2 4, =1 =1
10~ [RsH ]. 10 [na ] 10° Kk (s77) kg,
B
00024 - 8 -
00238 - 1109 -
00475 - 1209 -
10180 - 1209 7075
u 0:794 1001 9020
" 00529 1009 9017
s 1032 8023 12010
4, : _
[H,50,7= 1095 m [ema)s 1x%1207 M  [NaBr] = 0c1m
RSH = Mexcaptosuccinic acid
For the k;l vs [MvA]plots

Slope = 30272 0¢11 x 10%

Intercept = 7°57% 009 x 10°

Kl . = 1904
2°7=1

With sodium azide present in sufficient excess to remove all the NOBr formed,
the addition of mexcaptosuceinic acid provides nmo Further rate increase and

co it appears that the thiol acts only as a trap and does not react dircctly
with the nitroscamine as a muecleophile.The value of the above ratio shows

that under these conditions mnercaptosuccinic acid is less effective as a
nitxite trap than penicillamine. As explained in chapter one, the ratio &Z [’@DD
above is liable to vary with acid concentration and halide concentration, co

all these runs have been done under approximately the same conditions, as
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this ecnables a meaningful comparis@n of the effectivencss of the ¢raps to be
made., In addition, for mercaptosuccinic acid, the effect of varying acid
concentration and halide concentration on the ééskal ratio was studied., The
results axe given in table &9 Fox the salke of claxity, the individual

runs have not been included - only the ratio is given,

TABLE &0
[H,80,73 ) ez 3 (1) SO
195 01 194
1005 0°1 53
3027 01 133
2011 0-1 255
2011 Q-2 11-6
2011 04 207

[Ms.a) = 102x1207m  [roma]= 1 x10™%

The xesults show the same tronds as othex nitrite traps, i.c. that as the acidity

. o . s . .
increases, so the k 3k . ratio increases. However, for the thiocl the effect is

2 1
much more pronounced, The reason for the increase in the value of the ratio
is that the added N-methylaniline becomes increasingly protonatced and so
BiJ,EBN%] decreases, Q?ainst this is the increasing protenation of the trap,
however for the thiol therc will be vexry little protonation and this may esplain
the effect of added acid in creating a very large increase in the ﬁ;:kﬁl ratio.
It ¢hould be stressed that the increase in this ratio is not due to the increa~
~sing effectiveness of the trap itself, but simply the rempval of PhiNHMe from
the reaction. by protonation. The effect of added bromidé ion)W’c@zﬁaim casaes,

@QQChaptez oneﬁu if we zxefexr th the Sheme

o
decrecases the value of kzsk 1

on pageﬁgg it can be seen that k2” is a copositc rate constant and is in
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fact given by:

kpk 5

kgz [Braﬂ + kp

Now, for mexcaptosuccinic acid it has been shown that under the conditions used,
kp§§>k=2 [Br 1 , giving a kz" independent of [BK ] - Therefore the decrease
in the k;gk 1 ratio must be due to the nitrosation of Nemethylaniline i.e.

the k 1 step,

(c) 3-mercapteopropanocic acid

The xesults are given in tablell . The kg:k 1

value of 592 shows that this substrate appears t0 act as a very good nitrite

traps.
TABLE &
10 [rsu] 10° [ral) (m) 104k0(s"1) 10“’2k;1
3¢
00718 - 5080 -
1o077" - 7-45 -
10795 - 7.7 -
it P o =
3059 701
179 8°93 8008 12038
o 3257 120 8- 33
] 1079 13015 7°G60
n 0-71 12070 7087
Slope = 6°36% 0044 x 102
- % 2
Intercept & 6074% Q021 3¢ 10
1% o =
k2°kcl = 502
For runs (%), [KC1] = 2049 M others, [ 1,80, = 2011

[roma= 1 107 [Naarj = Gl M
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The thiol did mot show amy nucleophilic activity toward the nitrosoamine.

{d) L-Cysteine

The results axc given below im table &2,

2 =1

TABLE &2 ,
10° [RsH] (M) (el o) 10%,(s™h) 1!
]
Q- 384 - not first orxder -
1015 - 17-8 -
1054 - 178 -
1092 - 159 629
384 - 147 -
1902 - 161 -
0 (76,9 N;) - 17-2 -
1092 68 x 107> 7°05 1042 % 10°
n 107 3% 1072 2082 3055 x 10°
" 304 x 1072 1041 7:09 x 10°
Slope © 1095 %0:04 3 10°
Intercept 3590277
Iktele
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The collected data is given below;

THIOL k4(HNO,) Ik, (NOSCN) k,,(NOBx) Kjsk
1%mo1 "%t 101 1s™t imor~te™1
3 )
Neacetyl 840 3 x 10 loed 3 10 695
penicillamine
(31%)
. 4
Cysteine 443 = 1-2 x 10 10
Mexcaptosuccinic 3 3 4
acid 146 3 10 4054 3x 10 263 x 10 ie

I-mercaptopropansic

acid 800 X 103 351 % 103 £053 x 105 502
#
Sodium azide 220 ( Reg137) 22

# Included for comparxisfin purposes, the kgzkcl value was cbtained fxom refercnce
27, the conditions being approximately the same as those for the thiol zuns.
Bxamination of the above reocults show that under certain conditions, the thiols
make extremely effective nitrite traps in comparisin to other reagents hithexo
used as nitrite traps. At high acidities, mercaptosuccinic acid ic particularly
cffective because, unlike many traps (@.g. sulphamic acid, hydrazine ) it does
not underco ertensive protonation.

The above rate constants do not all fit im <o
a consistent pasterm. FPor exawmple, 3-morcaptopropanoic acid is more reactive
tovard NOBr tham Neaccetyl penicillamine yet the latter scems to be the more
effective nitrite trap. This may prove to be a trivial comparilcdn however,
because of the considerable rargin for cxror when measuring a kggk; ratio
of such a sizeo Under these conditions only a very small change in rate constant
is oboerved as larvge arounts of N-methylamine arc added to the denitxosation

reaction,
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In another example, it is difficult to see vhy cysteine is less reactive

toward nitrous acid than percaptosuccinic acid vhen one considers that the latter
has a carboxyl group adjacent to the thiol group. Also, it can be seen that
mercaptosuccinic acid and Z-mecaptopropanoic acid both show the same reactivityt
toward NOSCN, but show different reactivities toward NOBx. A steric fLfactor may
operate here as mercaptosuccinic acid is a comsiderably more bulky compound

than 3Z-mercaptopropancic acid.

3,9 Summaxy

1.) The rate of nitrosation of the thiols studied here are several oxders of

magnitude less than that of amiline and of the same order of magnitude as

several aleohols and carxbohydrates. This conld be explained by comparing the

nucleophilic reactivity of the various species..toward an electrophilic reagent
€., NOBr,

2:) The overall reactivity of thiols toward nitrosating agents ig similar to
that of anmiline under approximately the same conditions, though this is due to
the laxge differcnce im basicity between the two species i.e. aniline is
virtually onmplgtely protonated in acid solution compared to the thiol which is
mootly present in ﬁhe free‘ﬁormo

3,) For thiocls comtaining electron withdrawing groups adjacent to the thiol
group, zero-order dependence upon halide ion was not obtained at high halide -
concentration (unlike aniline and Neacetyl pendcillamine) this was attributed
to a steric and clectromic effcect on the acidity of the protonated thionitrite,
4,) The thionitrites were all cobsexved as stable speecies in colution, giving
broad absorptions in the region 300=350 mm. They all proved difficult to icolate
and <o charactérise owing to thelr instability.

5,) The thiccarbosylic acdds wore found to nake effcctive nitzite traps in
the denitrosation of Nenitroso N-nethylanilinec, cspecilally at hich acidities
vhere they wore not prone to undergd protonation (rendering them unreactive

tovard nitrosating species such as NOBr).
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4.1, Introduction

Alcohols react with nitrous acid reversibly to give

an alkyl nitrite%lg

ROH + HND, ==——="> RCONO < H0

The rate of the fordward reaction is so rapid that until recently it has been
possible only to measure it by indirect methods%lg although now it .can be
obtained directly by stopped-flow spectrophotomctry.

Alkyl nitrites are stable compounds if kept dry, thouch
they have been used in aqueous solution as nitrosating agents. Since alkyl
nitrites undgrgo rapid hydrolysis in water this indicages @haﬁ thewalkyl mitxitg
pay not be acting as a nitrosating agent itself but may hydrolyse o nitrous
acid vhich then foms a nitzngating agent. The acid catalysed hydrolysis of
alkyl nitrites is particularly xapidize and this would support such a view., In
addition, it has becn found that the nitrosation of smlph&milémid@121 by cyclo=
=hexyl nitxite cccurs via brioz hydrolysis %0 give nitrous acid. Some w@xklgz
has alep been done in alkaline solution which suggests that alkyl nitrites
containing -=ell@ctzcon withdrawing groups rapidly give nitrosation of sccondary
amines., A study of the nitrosation of anilines by propyl nitzitelzg in
acidificd propan=1-0l shows that there is virxtually mo rcaction in the absence
of halide ions or thioureca and that the reaction is readily caﬁalysed by these
species. This suggests that p@opyl nitrite does not act direcctly as a nitrosating
agent but must undergo prior denitrosation to form the nitrosating agant. The
rates of acid =casalysced hydrolysis of alkyl nitrites in water have been measurced

e}

and a pechanisn has been proposedl in which thexe is rapid protonation

follovad by rate Limiting denitrosation.

rapid @\6//%4;:ﬁt§§\\\

RONO s M 36 —— ’i0 < OH

T 2

H
rate Llimiting

<
RCH < W, Ne,
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The reaction is catalysed by halide ions which act as nucleophiles. Studies of

. . . . 2
the nitrosation of alcohols by nitxosyl @hlorldel 30126

have yiclded values
for the equilibriuwn constant of the reaction;

K
ROH < NCCL ———= RCXO < HC1

N

the effect of clectron withdrawing groups in the alcohol is to shift the
equilibrivum to the right by enhancing ' the basicity of the alcohol., Steric
factors do nmot appear to play a major part in detexmining the value of K, this
is probably due to the small size of NCCl.

More recent sudie5115 have provided the rate
constants for the forgward reaction (kz) at 250CD according to the scheme

belows

MeOH  + NOX £ _ Mbo X
H

[

MeONO + H

1 =1 i-=1

For X = CL , k, = 2°1 x 10”1m0l " s, For X = BT, k, = 2°0 x 10% 10017572,

For comparisfn, if we consider the nitrosation of aniline, we get a k2 value
of 202 X 109 lmnlalsal for X = Cl, <this illustrates that amiline is considerably
more reactive than methanol. However the overall (observed) rate congtants

for the nitrosation of methanol and aniline are of the same order of magnitude

because aniline is extensively protonated in acid solution,

A kinctiec studyl27 of the recaction betwzen meithanol

and nitrous acid has yielded kl and k i values for the reactions

k
McQH 3 m@2c=f%f:£: MeONO + Hé)
k@l

Since the obsczved rate constant is defined asg

Rate = kg [m\roz]

Assuming [FMD2]<§z [MGOH] , ioc. under first order conditiomss
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ko = kf + kx

k., = Ik [MeoM]

£ -1
kz = k=1

S0,
kg = Ik [MeoH] ¢+ K,

Both the forgward and reverse reactions were subject to acid catalysis which is
consistent with a mechanism involving rate limiting nitrosation by the nitrous

acidium ion H2N62 or the nitrosonium ion N3°

X7+ WOacH, == cxg%m === cHowo + "
H

S -+
X = H2N?52 or NO.

The rate of the forcdward reaction is observed to be given bys

Rate = kg[MeOH][ H+][HNOZ‘]

k3 has a value of 700 1°mol 2s ' at ZSOCO The value of the rate constant for

the bimolecular xeaction between MeCH and X¢is unobtainable as a value for the
pKa of nitrous acid is umknﬁwno Other alcoholic substrates have been subjected
to the same kinetic studyll5 and the same rate expressions apply in each case.
The values of k3 differ for each alcohol (though they are of the same oxder
of magnitude )}, this suggests that the bimplecular nitrosation step must have
a rate constant that is well below the diffusion-controlled limit as there is
some discrimination betwesn the various substrates.

The equilibrium constants for the overall non-

=halide ion catalysed reaction i.e. k_:k 4 Were d=ztermincd for a scries of

i
aleohols and the following scquence obtained in order of decreacing eguilibrivm
constants CH,OH > EtCH ) i-PxOH 3 t-BuOH. This series is duc almost emtirely

to a decrease in the magnitude of the fordward rate constant for the nitrosation

reaction, and can only be attributed to steric effects as the clectronic effects

vould give the opposite trend.




4.2, The intermediate in aqueous mitresation

In aqucous acid solution, nitrous acid
forms a nitrosating species which could be either H2N829 the nitrous acidium

. z . . . . : .
ion ox NO , the nitroconiwm ion. There is no direct evidence for the cxistence

of HZNOZ° but there is gpectroscopic evidence67 for the existence of nitrous
acid as NO in quantitative amounts in 60% stoéo At lower acidities the identity
of the nitrosating species is not clear, although it is generally assumed that

at high acidities (e.g. > M acid ) the nitrosating agent is the Na ion.

Some evidence for the nitrous acidium ion as the reactive specios at low acid

28

. X . . 1 . R .
concentrations is given in astudy of the reaction between hydrazoic acid and

nitrous acid,

+ _ slow
HN02 + H < N3 —_—— H20 % NBNO
rapid
N2 < N20

180 enriched water was used, and the formcd nitxous oxide was not found to have
any 150 incoxrporated. If the reaction had talken place via Nﬁo the rate of
exchange between water and Nﬁ vould have becn equal to the rate of nitrosation
and the formed nitxous oxide would be expected to have the same dcotopic

o .. N . >
cormposition as the solvent. As this was not the case, this suggests that H2N02

was the reacting species. It is worth comparing this to an analogous situation
i.e. the nmitration of aromatic substrates (e.g. mesitylenc). It is genorally

. . . £ . , R
accepted that the nitronium ion N02 Xs the reactive species rather tham HZNSB

k
L o X <
HZROB (lzgfijf§> H20 + ROZ _2“_ﬁ>) ArNOz + H

=1

ArH

Rate measuxementslzg show that kz is large (diffusion=controlled) and that

k ;3> kjo co that the reaction can be made zerc-order im AzH with formation
< . ) =@

of NOZ rate limiting. The half=lifc of the N@z ion is calculated o beaiO s

This corresponds to a diffusion controlled reaction with the aromatic species.

Ridd57 estimates the half life of NO' to be = 10@1030 This may be too short




for the species to be considered a nitrosating agent under these conditions.
Benton & Mogxelgo have studied the mitrosation of hydrogen peroxide to give

pernitrous acid as an intermediate and nitric acid as the product.

HNDZ < H202 — HZO < HOOND > MNOB

They have suggested a mechanistic scheme as follows;

K

& P
H <% Hl\‘D2 HZROZ
1w
thoz < HZO
kél
- kz -
NO < HO 2 .~ HND + H
22 3
k¢
< 2 . &
ox, R, NO,, + H,0, ———— HNO, + H

Since, rate = kO[EHNOZ] , then tvo expressions for k, could be obtained

depending on which speeies was the nitrosating agent. If the nitrous

acidium ion is the reactive species, theng

Y
ky = kx[H J[ 1ro0]
If the nitrosonium ion is the reactive species, thenj

EN
k = koK [H [ 1,0,

k, [Ho]+ X, [H0,

The latter expression would mean that at high [H202] the rate could become zero
order in cubstrate if kzﬂ:HZCb] >> kQI{EHéOj) » This could apply to any
substrate and the rate comstant for which zero=order conditions are achieved
would, at constant acidity, be the samc for cach substrate, It is found that
the reaction does tend to become zero—order at hich conceatrations of HZOZ

-1 .. £ . s .
(4 moll 7) and this might suggest that NO is the nitrosating species. Howover,
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there are two poscible objections to such a conclusion. The first is that the
value of the limiting rate constant was obtained as c.a. 6C0 lmnlalsal for the
nitrosation of hydrogen perxosxide at Oob , this is in agreement with the caxlier

3

work of Ambar & Taubel 1 but is about three times the measured rate of eschange

of 180 between NO and Héo at this temperature. Secondly, the concentration of
hydrogen peroxide used is so great that ”502 could be considered a co-solvent
and a medium effect may play a part in the rate of nitrosation "levelling' off
at high concentrations of perostide. In the present work it has becn the aim to
clarify the situation by carrying out the nitrosation of a series of alcchols
at high alcohol concentration and at different acidities to see if the rate
constant at which zero-order conditions is obtained (the limiting rate constant)

is indzpendent of the natuxe of the alcchol, which according to the Benton and

Moore work should be the case.

4.3. Nitrosation of alcohols at high alcohol concentration

All the reactions were studicd by observing the
disappearance of nitrous acid by stopped-flow spectrophotometry at ZSOC unless
otherwvise stated. The runs gave good, first oxrder plots and over a long
period of time showed reversibility (duc to hydrolysis of the alkyl nitrite).

The results are given in tables 43=48° These zesults
show that for each alcohol, the ratio(lim k035£H¢] s ) is the same at different
acidities, but condradictory to the observations of Benton and Moore this zatio
diffexs éiom one alcohol to another (see fig 14 ). This sugoests that the levelling
off in rate at high alcohol concentration may not be due to nitrosation by NS
but may be due to the mature of the alcohol itsclf i.c. a medium effect. This
seems likely considering the hich concentrations of alcohol used, To study this
further, an inext colvent, (tetrahydrofuraf) was added, This is unrcactive
toward nitrosation and does not protonate to any cignificant extent under these
conditions%gz Upon adding this solvent o a reaction mistture, the rate of

nitrosation of ethanol decreased by co.a. 40% when THF was added in a concentration

similar to that needed to produce zero-order kinctics for edanol (see table 49)
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This lends further weicht to the argument that the zerc-order conditions observed
by Benton and Moore for the nitrosation of hydrogen peroxide may be due to a
< . . .

solvent effect and not due to NO as the nitrosatimg agent. This does not

rule out the nitrosonium ion as the nitrosating agent mox does it confizm

that the nitrous acidivm jon is the effective nitrosating agent under these

. Mmnas au'dhiuma
conditions, but it does show that the existance of the rpitr=oseniys ion as

a nitrosating species cammot be discounted.
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TABLE 43
[vaxo,] = 0-04m Obsexved at 386nm
% =1
[ meon J ) [v' 3 Ky(s™)
=2
0-50 6°2 3t 10 46094
1.0 " 62:83
200 1 72053
3.0 " 78060
400 " 79018
0-8 00164 14904,
loo 1% 17‘7
2°O " 200
3.0 " 20602
0°5 408 x 1072 4383
1-0 " 52045
2°0 n 62024
3.0 " 61°54
400 v 61-99
05 0 3061*
1.0 n Ao73*
Lo
200 it 50C0
ke
30 " G091
1t
400 0 7048
6°0 2 8015
8-0 876"

e

i

2 gtudied at OQCO
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TABLE 44
Methanol o B
< e e =1 . <

][H ] ws M) Limiting ky(s ) lim ke [H jxs
602 3 102 79 1274
0-164 208 1268
4.8 x 1072 62 1292

v 0% 9.0 187

The energy of activation is calculated to be 67 kJmol?l

TABLE 45
2 o (o) : . =2
Observed at 220 nm. Allneasuremnents at 25 Co [NaNOzj] =1x10 M
< =1
[Bron] (u) [H" ] W ko(s )

=2

0-1 &o7 3x 10 29095

05 " 3601

1-0 " 41°16

105 1 42078

2°0 " 45-95

205 " 45047
=2

Q-2 104 = 10 11-82

05 " 1365

10 T 14015

15 " 14021
=2

02 705 x 10 440806

05 " 51040

1.0 1 ¢0-81

2-0 " 62073

205 " 67-06
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TABLE 46

Ethanol
u Liniting k_(s™7) Lim ks [H°

[ ] xS 9 Kois o° ] xS
-2
407 x 10 48605 0890 4
104 x 107 1402 1014
705 x 1072 6804 977
TABLE 47
. ] o) . =2

Studied at 285 nm and 25°C, [BBNDZES 1 x 107%

. & =1
[1epzopan01] (M) BN ey (570
=2
0-20 4ae7 x 10 27-01
050 " 304
1-0 v 30031
200 w 32-19
002 0°104 56038
0°5 " 62-80
1.0 H 70° 13
15 W 70004
=2

0020 7.0 3 10 41065
0°50 " 43020
100 " 42002
15 " 45080
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_TIABLE 48
i=propancl. )
+ o “"‘" T “—H. o _—jl . .5.7”7
(57 .. Lim k (s7) Lim ks [H]
-2
407 x 10 32 681
0°104 70 673
-2

7 x 10 46 657

TABLE 49

Nitrosation of ethamol (0°5 M) at 007 M H' and 25°C

(] (M)

0

05

1-0

ko(s=1)

5403

485-8

3802

31-4
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CHAPTER FIVE

Bxperimental Details
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5.1, Rcagents uscd

In this work, all the compounds have been uscd

directly as the analytical grade reagent except im the following cases.

(1) DMSO colvent., This was used as a medium for denitrosation in chapter one.
The solvent is very hygroscopic and was distilled under reduced pressure over
calcium hydride and stored in a desiccatoxr before use}33
(ii) N=-Methyl N-nitrosoanilime, This was prepared by the methdd of Voge1134 i.@

by direct nitrosation of Ne-methyl anilinc, Owing to the potentially carcinogenic
properties of this compound,.great care has been taken in handling it. Disposable
rubber gloves were used, and any solutions which may have contained the compound
were disposed of in a denitrosation mixture containing sulphuric aeid, halide and
a suitable nitrite trap e@.g. hydrazine,

(1il) para=Substituted anilines, These were used foxr the studics in chapter two.
They were obtained as the commercially produced compound and purified before use
citheir by distillation under reduced pressure or by recrystallisation £xom ethanol
ox ethamol-vater misxture as appropriate.

(iv) The solutions of hydrogcn chloxide in DMSO were prepared by bubbling HC1l gas
from a cylinder through sulphuric acid (for drying purposes) and then through a
large, round-bottomed flask to prevent suck-back,and £inally into the IMSO. The

acidity being determined by titration in the pormal way.

5,2, Dotermination of cbserved rate constants

In this vwork, the conditions under which the
reactions have been studied ensure first oxder kinctics, i.e. in a reaction
A —=> B one reactant (A) is in large excess over the other (B), and the obsecrved
rate constant is given by the rate of disappearance of the less concentrated
reactant (B). The rate constants have been detormined by measuring the change of
absorbance in the u.v.-visible region of B (or in some cases, one of the products)
with time, giving an csponential relationship as expected for a first order Idnetic
process. Abeorbance measurements boar a direct relationship to concentration of

Substrate "cf-tofc(d'u?_ <o Ra Beer - Lo beu hudemglap ,
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a= Ecl
a = absorbance €= oxtinction coefficient L = path leagth
For a reaction, A — B

vheze Bt = concentration of B at time t,etc.

Now, AO = B and A= BO
% = Eptg
3y = absorbance at time € = 0.
s &R B
2, = &)y SR
s A < A = A
Ephg Elhg = &)
= €& - A
S0 abe € g
- . (a,=a ea)
A, t
(g, = £p)
Now, for a first order xeaction,
1 A
k. o<=1n 2
0 & A
t
Since, 2q = EA o and a, = EB'O

Ay = (ag = a,)/(8, - €y)

&0y
In ((a@ = Q)

(atc;aoo)
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0 g
So if we determine 352 g and 8, we obtain an instantacous value for ko ag

time ¢ = %, Since, from the above expression;

i}

in (at = a =kt «* ]Ln(ao = &,,)

a plot of «=1m(at = a,) vs t will give the observed rate constant from the slope.

Some examples fxom actuwal kinetic runs are given below,

Examgle 1

Denitrosation of Nenethyl Nenitrosocaniline in a solution of
10%(V/V) acetic acid-water, with 0°5M Bx , 1c1M H,S0, and 5 x 10”3 NaN_o
Absorbance measurcnents made on a ‘Beclaeann® type 25 recording specirophotometer,

See fig |6 and page 20 .

“Time (ming) a, ~In(a, = 2,,) 1031<O(s°1)
i

0 0-813% 0.959

2 0706 111 2083

A 067 1043 275

6 0602 1076 2075

8 0°552 | 2010 2077

10 0- 518 2043 2077

12 00493 2076 2076

14 00477 305 2073

16 ; 0:463 | 3041 2075

18 0-454 | 3073 2074

co 043 - -

L —— L J J

This gives LN (2:76 X 0-03) x 107> g™t
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The individual rate constants at cach time interval axe mot nmormally calculated,
but have been shown here to give an impression of the error margin obtained in a
run, generally about £ 1%, Rate constants are reproducible to within 5% for

repeated runs on the Beclomarm instrument.

Examgle 2

The direct nitrosation of methanol by nitrous acid at 250Co

4M methanol, 0-048M H , 0-04M NaNO_. This is a mich more rapid reaction than the
first example, and is followsd on a stopped=flow spectrophotometier. The absorbance
is given as a voltage change on an oscilloscope screen. Thexe is a background -
voltage (5V) across the photomultiplier and a linear relationship between absoxbance
and voltage is only given if the voliage change is less than 10% of the background
voltage. Therefore concentrations are adjusted so that a voltage change of less
than 0°5V is cbsexrved. OCwing to the errors in measuring fast reactions, the -
individual runs are repeated several times and an average obtained. The raté
constants are calculated in exactly the same way as Xox the first exarple, a plot
of =ln(vt = Vo) vs time being made, wherc V = voltage. The rate constants for

this example have been calculated on a computer.

RUN 1:
V{mv) 300 270 220 180 150 135 75
t(ms) O 5 10 15 20 25 co
-1
=2 Bl°7 s
ko 1
RUN 23
V(mV) 380 285 235 120 160 140 75
t(ms) O 5 10 15 20 25 oo
k, = 59°6 ot
RUN 3s
V(mV) 280 205 240 200 165 145 20
t(ms) o) 5 10 15 20 25 co
kK o 6405 o

0 .
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RUN 4
v{mV) 375 300 245 2C0 175 155 95
t(ms) 0 5 10 15 20 25 (0]
ky @ 6202 st
= + =1

Averaoge ko s 02°0X 14 g

Example 3

A few kinetic runs in this vork have involved rather slow reactions
in which it is difficult to estimate accurately the absorbance at infimity. Some
of these runs have been carried out on a Beckmann spectrophotometer at fisxed
wavelength and othexs om an SP-800 instrument by scanning the spectrum between 200-—
300nm at fisted time intervals using an automatic timer. An alternative kinetie
method is applied to these slow reactions- the Guggenhéim135 methed, vhich does
not require an absclute estimate of the infinity value, Absorbance measurements

are talken at times tlotzpfs‘ etc and at times &tl ¢A)9(‘&2 *A)Q(ts +A) ate

3
vhere A is approwimately two half-lives. At time ¢, the absorbance is at a, and

at time (¢t +A) the absorbance is al o

For a first order reaction A ———B;

= = okt
A‘t =] Aoc-:
=kt
(at =a_) = (ao = a.)e
¢ . =k{t +A)
amd, (a " aog) =2 (a.o = aw)e
=kl
=kt(l = c )
= al = -
B (at a t) (aO a&a)e

=it
1 - ¢ o B E | = - G
Im(at a.t) Ie ¢ < _m((ao a1 - e A)

b} nl-:@t <+ constant

So a plot of Ln{a . a\%:) vs ¢t will give kOo Sore data is given below for the de-

~nitrocation of Nemethyl Nenitroscaniline in DMSO colvent. [HCIL] 8 1012M,

= N .
[omal = 203 x 107, [culphamic acid] = 02,
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Time (mins) 2, =infa, - a?.)
o 0-870 0879
2 0-818 0957
4 0° 780 1-016
6 Q727 1133
8 0389 1-201
10 QG511 10287
12 0°621 1-351
14 00520 1419
16 0563 14956
18 Q- 537 1570
20 0: 515 1614
50 00455
32 004328
3% 0418
36 04205
38 Q- 388
20 Q- 375
42 00 252
44 Q0 348
24 00339
a3 Q- 329
50 00316

-1

vy
Freo the slopo, k. © 605352003 2 10 ~

0

SCe
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5.3, Esperimental detcemination of ratce constants

{a) Conventional .V, spectrophoionetry.

This method was used for the denitrosation of
Nemethyl Nenitrosoaniline (NVNA), Solutions were made up in eitheir water, DMSO,
DMSQ- water or acetic acid-water solvents. An appropriate solution (taken from
several stock solutions) was made up comtaining all the reagents ecxcept the nitroso-
-amine, The solution was thermostatted in a watex bath at 31QC for 15mins before
commencing the xecaction by adding the nitrxospamine. 1 ml of NMNA solution was
added using an 'Eppendorf’ spring-loading pipottc with a disposable tip, ensuring
rapid and safe delivery fxom a stock solution of NMNA, The solution was shaken
and rapidly transferred to a lcm silica cuvette and placed im a the thexmostatted
block of the Beckmann model 25 spectrophotometer. This meant that the first
5-10 seconds of the reaction was missed, but im most cases this was not significant.
The reaction was followed by cbsexrving the disappearance of the nitrosoamine absoxb =
=anéeo‘ In water this absorbs at a maximum of 270mnm, and in DMSO and acetic acid
there is little shift in the wavelength. In DMSO it was necessary to follow the

reaction at 300mm due to interference by a sulphamic acid peak,

{b) Stopped=flow gpectrophotometry,

The conventional w.V. spectrophotometer is not
suitable for reactions with half-lives much below 10 seconds, nox is it suitable
for reactions in vhich thexe may only be very small arounts of solution available
(@.go cnzyme studies), A more cophisticated technique may be a-ployed here -
stopped=flow spcectrophotometzy. This alleows large numbers of runs to be perforxmed
consegw. tively with very little misdng time. The reagents are kept im two hypo. -
=dermic syringss whiich are mounted on a bDlock with a set of parallol cuide rods
and are pushed manually or automatically to evenly deliver the solutions along a
central tube and into a third syringe (fig ¥ )., Before the solutions are pushed
in, there will already be a maxirum concentration of product {from the previous

run) at point P, As the unreacted solutions are pushed in, at point P the
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nascimum concentration of product will be replaced by an increasingly weaker
colution of product and the voltage across the photomultipliex which monitors

the light source that passes through P will increase (if we are looking at the
absprbance of the product), i.e., there is a ‘conecaCupelon jump® and there roaches
a point where a steady-state is maintained (sec fig I¥). If the flow is suddenly
stopped then the concentration of product will relax back to it's origimal value
and we see a decay signal on the oscilloscope screen vhich is triggexed to zespond
as soon as the flow is stopped. Readings are then taken from the oscilloscope
trace,

In a typical xun, the sodium nitrite solution is kept in one syringe
and a solution comntaining all othex reagents is kept in the other. Reagent conce
—gntrations are halved vhen they pass together into the cell., The instrument used
in this work was a 'Nortech! SF=3 system with therrostatting to ‘?.OolOCc The rate
constant at 0°C (page l13 ) was determined by injecting liguid nitrogen into a Dewer
flask vhich contains a reservoir in vhiich the cell (at point P along the central
tube) is immersed im liquid paraffin vhich makes a good thexrmostatting fluid,

The correct wavelength is provided by a suitable lamp-filter arrangement, a deuterium
lamp being used for u,v. studies (i.e. wavelengths below 240nm), a tungsten lamp

is used for higher wavelengths., The wavelengths used in chapter two for the study
of the formation of Axﬁz by diazotisation were determined by a previous worker.

The wavelength of the S=nitroso compounds studied in chapter three were determined
by simply carzying out the nitrosation in a flack and cbtaining ?QM, on a

conventional u.v, spectrophotometer.

5.4, Exror trxeatment

(1) The standaxrd error of the mean (%) of a series of values %y0Xy0Kgp00000p is
iven b . where is the standard deviation of ¢the reoan and n = no of
Y Y 9 st

values, The standard deviation is given byg

V\Zz ZQZ - (Eziﬁ)&

m(neﬁ)
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Therclfoxe, for example in a set of rate constants, the mean value is given in the
forn % *(Ox IJ’J\)O
{(ii) The leastesquares line is the best-fitting line of the form y = mc ¢+ ¢ to

a given set of data. The slope is given by;

(Zx)3y)
Fog —

" (1x)’
Tt — (IX
n
the intercept is given by; C =Y = mx
- fyi - Exi
Whexe, Yy 8 = X =
n n

The exror in the intercept and slope is given by measuring the standard deviation
in the slopes and intercepts of aszxies of linmes that go throuch the calculated

'best? intercept or slope at each individual point.

Ne®
S.. A
2
N = no of points A= N le—(g")

|
0’7‘ = j'\TZ(Mxé’c."‘é,)

The standard exxor of the slope is = G ’J;

Similarly, the variance of the intercept is given byg

gt 2%
A

(1ii) UWelcghted leastesquares regression analysis.
In the double reciprocal plots in chapter
two and threc, the points tend to be ‘crowded? at one cnd of the scale, with

one or two points puch further out. A gcmall erxor in this latter point may lead
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to a considersble eorvor in the slope and o it is more satisfying to use a

‘statistical ‘weldhting'! on the moxe closely grouped points. This method is
Y

called a weichted linear regression analysislaoand is often used to analyse

data from enzyme kinetic experimentis.

The slope is given bys

szwnxg —_ EMa_ Zwu_
Sw luxt —  (Swn)?

w = weicghting factor = | / ‘32

Intercept (C) = y - mx
L Ty i 2 wx
3 - E’:, s 2w

Error in the slope = ’ (6s*) In

Y

where , . 0,5 L
thz - {(Zw)c)zf Ew}
and, 6L - XN(‘}—C"MX)
w =
Eveor (w the "WW’ = 6;1 /,‘
6t Qwanl

G‘C ) Z“" i"\”l‘ -= (EWM)L’




1. Thexe axe many accounts of the carcinogzmic properties of N-nitroso

(a)
(b)

10.
1l,

12

16,
7
18,

19.
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