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ABSTRACT 

The t h e s i s seeks to provide a r a t i o n a l e f o r the behaviour of a 

wide range of N - n i t r o s o compounds i n a c i d i c s o l u t i o n . 

The work i s i n t r o d u c e d by a review of the v a r i o u s mechanisms 

proposed to date. 

I t i s shown t h a t the behaviour of the system towards c e r t a i n 

c a t a l y t i c agents i s d i c t a t e d by the r e l a t i v e r a t e s of the p r o t o n a t i o n 

and d e n i t r o s a t i o n r e a c t i o n s . The e f f e c t of changing n i t r o s o compound 

s t r u c t u r e , changing n u c l e o p h i l e c o n c e n t r a t i o n s and changing s o l v e n t s 

has been i n v e s t i g a t e d and the r e s u l t s used to provide a common 

r a t i o n a l e for the d e n i t r o s a t i o n and N - n i t r o s a t i o n r e a c t i o n s . 

Supporting data i s provided i n the form of i n v e s t i g a t i o n s of the 

d e n i t r o s a t i o n s of N - m e t h y l - N - n i t r o s o a n i l i n e , N-nitrosodiphenylamine, 

N-methyl-N-nitrosourea and a s e r i e s of p - s u b s t i t u t e d N-methyl-N-

n i t r o s o a n i l i n e s . The N - n i t r o s a t i o n of N-methylurea i s a l s o examined. 

A comprehensive study of the a c t i o n of sulphur c o n t a i n i n g 

n u c l e o p h i l e s such as the t h i o u r e a s has l e d to the p r o p o s a l of a r e a c t i o n 

between N - m e t h y l - N - n i t r o s o a n i l i n e and the n a t u r a l l y o c c u r r i n g n u c l e o p h i l e s , 

c y s t e i n e , S - m e t h y l c y s t e i n e , g l u t a t h i o n e and methionine. The r e s u l t s may 

be important i n the e l u c i d a t i o n of cancer mechanisms. 

Evidence i s a l s o provided for an i n t e r a c t i o n between N-methyl-N-

n i t r o s o a n i l i n e and the f e r r o u s i o n . 
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SECTION ONE 

THE ACID CATALYSED REACTIONS 0? N-NITROSO COMPOUNDS. 

OBSERVATIONS FROM THE LITERATURE. 
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,1.1 The Fischer-He up Rearrangement 

1 2 3 
Following the early work of Fischer and Hepp" ' f J' i n 1806, i t 

has long been known that aromatic N-nitrosamines ( l ) react readily 

under the influence of selected mineral acids to y i e l d the corresponding 

C-nitrosamine (2). 

R H R N O R H \ / \ / 
N N N 

O O o H 

N O 

(2) O ) 

Under appropriate conditions substantial yields of the secondary 

amine (3) may be obtained as a co-product. The rearrangement: 

denitrosation product r a t i o i s easily controlled by a judicious selection 

of the reaction conditions and the reaction i s able to provide a readily 

accessible synthetic route tovrards either of the two possible products. 

I n ethanolic solutions of HCl .production of the rearrangement Product 

predominates"' and the reaction affords a convenient method of preparing 

the para-nitrosamines^. Maximum yields of the denitrosation product are 

favoured by the use of aqueous solutions of the mineral acid i n the 
7 8 

presence of high concentrations of a n i t r i t e t r a p such as urea or GuCl J 

In any discussion concerning the mechanism of the reaction the 
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question arises as to whether the rearrangement reaction i s of an 

intramolecular nature, proceeding independently of the denitrosation 

reaction, or of an intermolecular nature with denitrosation to give a 

free n i t r o s a t i n g agent being followed by a n i t r o s a t i o n of the resultant 

secondary amine. In a h i s t o r i c a l context, attempts to provide an 

answer have revolved around the i n t e r p r e t a t i o n of four, key experimental 

observations• 

(a) Yields of the rearrangement product are found to be largest 

when HCl i s used as the acid catalyst. Use of sulphuric acid or n i t r i c 

acid produces low yields and use of hydrobromic acid yields mainly the 
o 

d.enitrosation product . 

(b) Addition of sodium n i t r i t e to the reaction mixture results 

i n an increased overall y i e l d of the rearrangement product"^. 

(c) A number of trans-nitrosations are reported"*'^. Thus the reaction 

of N-nitrosodiphenylamine (4) i n the presence of N,N-dimethyl3.niline (5) 

leads to the formation of C-nitroso-N,N-dimethylaniline (6) i n addition 

to the normal rearrangement product ( 7 ) . 

Ph N O Me Me Me M e Ph. H \ / \ / 
N V / N N N 

O Q O H C l 

N O N O 

(5) ( 6 ) ( 7 ) 
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Simil a r l y the reaction of N-methyl-N-nitrosoaniline (8) i n the 

presence of the reactive o l e f i n (9) gives the NOCl-adduct (10) amongst 

the products. 

Me NO 

Q 
C H = CHMe 

HCI 

OMe 

CHC!CH(NO)Me 

Q 
OMe 

Me H 
\ / 

N 

Q 
NO 

(8) ( 9 ) (10) 

(d). Reaction of meta-nitro-N-methyl-N-nitrosoaniline ( U ) i n the 

presence of a. large excess concentration of urea i s reported to give only 

the denitrosation product (12). 

Me NO Me H 
\ / 

N N 

A . 
ft O o H / u r e a 

NO NO 

(11) (12) 
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On the basis of these four points of evidence one may propose a 
series of plausible mechanisms. 

1.2 The Intermolecular Mechanism 

The intermolecular mechanism, as f i r s t proposed by Houben"^ i n 19^3» 

i s depicted below. 

H 
Me NO I Me H 

V / NO N Me N N 

Y , k 1 o o NOY H 

k 

Me H Me H Me H \ / \ / 
N N N 

+ 
SH o NOY Y i + 

k 

NO H NO 

X + NOY — 7 1> Iroducts 

X represents a n i t r i t e trap 

Y represents a nucleophile 

S represents the solvent 

e.g. urea or sulphamic acid 

e.g. bromide ion or chloride ion 

e.g. ethanol or water. 
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An explanation of the system i n terms- of an inter-molecular mechanism 

f o r the rearrangement therefore requires the postulation of an i n i t i a l 

denitrosation reaction which may then be followed by a d i r e c t 

e l e c t r o p h i l i c substitution brought about by the action of the free 

n i t r o s a t i n g agent, NOY, at the para position of the amine. 'Ihe 

n i t r i t e t rap, X, may take any one of a number of d i f f e r e n t i d e n t i t i e s ; 

urea, sulphamic acid, hydrazoic acid, hydroxylamine, a n i l i n e , and hydrazine 

have a l l been employed with some success"^. In the absence of an added 

n i t r i t e trap the n i t r o s y l halide might be expected to undergo dexo^position 

via reaction with the solvent. -

I t may be seen that the scheme proposed by Houben i s e n t i r e l y 

compatible with the four points of evidence presented i n Section 1.1. 

(a) The large yields of the rearrangement product obtained i n the 

presence of HCl are taken as r e f l e c t i n g the important r o l e of the halide 

ion i n the reaction scheme. In sulphuric acid and i n n i t r i c acid, which 

can not provide the n i t r o s y l halide, very much lower yields of the 

rearrangement product are obtained. 'Ihe production of the secondary amine 

as the main product i n the presence of hydrobromic acid may be explained 

on the basis of the lower polarisation of the resultant NOBr compared 

with that of NOCl. The NOBr i s thus i n s u f f i c i e n t l y reactive to perform 

the required e l e c t r o p h i l i c attack at the para position of the aroma.tic 

amine. 

(b) Addition of sodium n i t r i t e to the reaction mixture might be 

expected, to give increased yields of the rearrangement product since 

formation of the n i t r o s y l halide w i l l be enhanced by the following 

reaction:-

NO " + Pi" + 2Ho0+ NOCl 311,0 
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(c) The observations concerning the transnitrosation reactions 

may be taken as being indi c a t i v e of the existence of a free n i t r o s a t i n g 

agent as required by the Houben mechanism. 

(d) The presence of a large excess concentration of a n i t r i t e trap 

such as urea may be seen to promote the removal of free n i t r o s y l halide. 

Under such conditions as these a s i g n i f i c a n t y i e l d of the rearrangement 

product i s not to be expected. 

As a consequence of i t s apparent comratability with the known facts 

the intermolecular mechanism has enjoyed a general acceptance and i s 
12 13 

widely reproduced i n the chemical l i t e r a t u r e ' . Although the 

intermolecula.r scheme i s quite reasonable i n terms of the experimental 

observations detailed above i t i s by no meaxiS s p e c i f i c a l l y demanded by 

then and recent study has led to the postulation of a number of 

alternatives"'"' 1"'^ '^^'^ , The work of Williams and co-workers i s 

discussed below whilst a short review of the work of others i s reserved 

f o r Section 1.5* 

1.3 The Intramolecular Mechanism 
Vi­l l i l9t>8 the experimental work of As-i-apovskaya et a l . led them to 

believe that the mechanism of the Fischer Hepp rearrangement might best 

be represented i n terms of an intramolecular scheme. The experimental 

results were subsequently confirmed by Williams and Morgan"^ who put 

forward the scheme depicted over. 
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NO Me Me NO Me H 
\ / \ / 

N N NH 

w CO o o + NOY + H 

5 
Me H Me H \ / 

N N 

O + SH 

X 
NO H NO 

X + NOY — r ~ 1> Products 

X represents a n i t r i t e trap 

Y represents a nucleophile 

S represents the solvent 

Rearrangement i s thus proposed to occur concurrently with the 

denitrosation reaction via an independent, intramolecular pathway. I f 

vre consider the present scheme i n the context of the four points of 

evidence which formed the basis of the intermolecular scheme's acceptance 

i t becomes clear that the intramolecular scheme i s capable of providing 

us with a series of alternative r a t i o n a l i s a t i o n s . 
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(a) The maximisation of the y i e l d of rearrangement product which 

occurs when HGl i s used as the mineral acid i s readily explained. In 

the case of HBr the greater n u c l e o p h i l i c i t y of the bromide ion, as 

compared with that of the chloride ion means that denitrosation may 

compete more e f f e c t i v e l y with the rearrangement reaction f o r the protonated 

nitrosamine species which i s common to both routes. The recorded y i e l d of 

rearrangement product i n the KBr reaction i s thus reduced compared with 

that obtained f o r the reaction with HCl. The low yislds given by aq. Ĥ SÔ  

and aq. HNÔ  when compared with those obtained i n ethanolic HCl may wel l 

be a t t r i b u t e d to the d i f f e r i n g solvating Properties of the solvents 

concerned; a detailed arguement i s precluded here by our lack of 

knowledge regarding the intermediates and t r a n s i t i o n states of the 

rearrangement process. 

(b) Addition of sodium n i t r i t e results i n an increase i n the rate 

of the "reverse", N-nitrosation reaction governed by k_^. The denitrosation 

reaction i s suppressed, and. the increased stationary concentration of the 

protonated N-nitrosamine i s r e f l e c t e d i n an increased rate of intramolecular 

rearrangement. I n the presence of sodium n i t r i t e the rearrangement 

reaction i s thus able to ccmi>ete favourably with the denitrosation reaction, 

r e s u l t i n g i n an increased y i e l d of rearrangement product. 

(c) Since the present scheme involves the production of a free 

n i t r o s a t i n g agent, NOY, explanation of the observation of cross-nitrosation 

reactions may be made on the same basis as f o r the intermolecular scheme. 
(d) The addition of large concentrations of a recognised n i t r i t e 

t r ap, such as urea> to the reaction mixture w i l l r e s u l t i n the rapid, 
removal of the free n i t r o s a t i n g agent, NOY, from the equilibrium mixture. 
The "reverso", N-nitrosation step governed by i s thus suppressed, and 

the y i e l d of the denitrosation product i s increased. On the basis of the 
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intramolecular scheme we might s t i l l expect to obtain s i g n i f i c a n t yields 

of the rearrangement product. At f i r s t sight t h i s prediction i s seen to 
7 

c o n f l i c t with the observations of Maemillen and Reade who reported that 

reaction of meta-nitro-N-methyl-N-nitrosoaniline i n the presence of urea 

yields the denitrosation product exclusively. I n general however i t has 

been s h o w n t h a t small yields of the rearrangement product may, be 

obtained even i n the presence of high concentrations of an added n i t r i t e 

trap, t h i s evidence supporting the application of the intramolecular 

scheme. Explanation of the observed lack of rearrangement product obtained 

from meta-nitro-N-methyl-N-nitrosoaniline must have origins other than i n 

the removal of n i t r o s y l halide by urea since no rearrangement product i s 
19 

observed even m the absence of a n i t r i t e trap . 

As both schemes are able to provide equally feasible theoretical 

r a t i o n a l i s a t i o n s - f o r the observed r e s u l t i t i s apparent that no decision 

as to the r e l a t i v e a p p l i c a b i l i t i e s of the intermolecular and intramolecular 

schemes may be made on the basis of the evidence presented thus f a r . 
l.k Intermolecular vs Intramolecular 

1^ 3 8 ' The reports of Aslapovskaya et a l . and Williams concerning the 

observation of s i g n i f i c a n t yields of the rearrangement product being 

derived from the reaction of N-methyl-N-nitrosoaniline i n the presence of 

large excess concentrations of urea must be considered to generate 

reservations i n terms of our acceptance of the intermolecular scheme. Under 

the conditions described urea, a recognised n i t r i t e trap, might be expected 

to react r a p i d l y and i r r e v e r s i b l y to remove free nitrosonium ion c a r r i e r s 

such as the n i t r o s y l halides. The observation of significant, yields of 

the rearrangement product i s thus hard to r a t i o n a l i s e i n terms of the 

intermolecular scheme. 
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The Fischer-Hepp rearrangement may be seen to bear a formal 
20 

s i m i l a r i t y to the Orton rearrangement of N-chloroanilides which i s 

depicted below 

MeCO CI 
\ / 

N 

H 

M e C O - N - CI 

MeCO H 
\ / 

N 

CI o • C I . 

H MeCO MeCO H 

N N 

o o + CI + HC! 

CI 

This mechanism has received general acceptance being amply 
p i p2 

supported by experimental evidence" f" . The k i n e t i c observations of 
23 ?k 

Soper and. Eryde have led them to formulate the following expression 

f o r the rate of disappearance of the reactant:-
Rate - k [N-chloroacetanilide] [ H ] [c:l ] 

Thus the rate of reaction i s proportional to both chloride and 

hydrogen ion concentrations. I n physical terms the expression i s 

indica t i v e of attack by chloride ion upon the protonated form of the 

N-chloroacetanilide. I f the Fischer-Hepp Rearrangement were to occur via 
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an analogous intermolecular mechanism the rate of disappearance of the 

reactant might again be expected to be proportional to the product of the 
18 

hydrogen ion a.nd chloride ion concentrations. Williams however has 

reported the rate of reaction of N-methyl-N-nitrosoaniline i n aqueous 

HCl to be approximately proportional to h Q and not to the product h [ci ] . 

Whilst these l a s t observations cast some doubt as to the general 

a p p l i c a b i l i t y of the intermolecular scheme they can not, perhaps, be 

taken as conclusive proof of the scheme's inaccuracy. 

The question as to the mechanism of rearrangement reactions may 

often be answered on the basis of information supplied by isotopic 

exchange experiments. Using unlabelled s t a r t i n g material the reaction 

i s carried out i n the presence of a labelled species which i s chosen so 

as to promote isotopic exchange with fragments produced by a particular 

reaction scheme. The incorporation of the isotopic label i n t o the 

rearrangement product i s taken as being indicative of the existence of an 

intermolecular reaction mechanism. I n the rearrangement of phenylhydroxyl-

amine (13) to give para-aminophenol (l'+) the reaction proceeds with f u l l 

uptake by the product of the "^0 label derived from the labeled water 

s o l v e n t ^ . Incorporation of the " 0̂ label i n t o the reactant i s not 

observed and the reaction must be regarded as being of an intermolecular 

nature. 
OH H H H \ / \ / 

N N 

O o 
OH 

(13) 
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Conversely the lack of incorporation i n t o the product i n the 
IS. 

case of the rearrangement of N-nitroaniline m the presence of -̂NÔ  

and "̂̂ NOg i s taken as evidence i n support of the reaction's 

intramolecular n a t u r e ^ . 

In the case of the Fischer-Hepp Rearrangement, however, no such 

di s t i n c t i o n s between the two proposed mechanisms can be made. In the 

presence of "*"-̂N labelled sodium n i t r i t e , N-methyl-N-nitrosoaniline has 

been shown to undergo lab e l exchange at a rate f a r in excess of the rate 

of rearrangement^. This incorporation of the label i s a consequence 

of the f a s t reversible denitrosation reaction and. the observation casts 

no l i g h t upon the mechanism of rearrangement. 

In. the present case i t would appear that a d e f i n i t e choice between 

the two mechanisms may be made only on the basis of a thorough k i n e t i c 

analysis. 

For the sake of convenience the schemes are reproduced below: -
I n termolecular Scheme 

R NO 

V 
• K 

+ H ==s 

R 

H 
U 

• N - N O 

® 
Y i s a nucleophile 

X i s a n i t r i t e trap 

S i s the solvent 

® 
R N H 

N 

c6 
Y 
NO 

Y , k 1 

k 
- 1 

S 
+ SH < i — — 

k. 

NOY »- x 

N 

+ NOY 

k4k2 
R H 

\ / 
N 

* Y 

H NO 
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Intramolecular Scheme 

H R H NO R \ / \ / 
N - N O N R 

Y. k K »*1 o o + NOY + H ® 1 ® 
k / .k 

5 / 5 

R H H R \ / \ / 
N N 

S • «s N o nucleouhile + SH i -}- i 
X i s a n i t r i t e trap 

NO NO H S i s the solvent 

NOY + X ~£ -o Products 
3 

Observation of the s i m i l a r i t y which exists between the spectra of 

N-methyl-N-nitrosoaniline i n acidic and neutral aqueous solutions 

respectively have lead to the conclusion that the extent of protonation 

i s small. As the results of experiments carried: out, i n D̂ O rule, out the 

existence of a primary k i n e t i c isotope e f f e c t i t may also be assumed that 

the protonation i s f a s t . I f the intermediates, D and NOY are assumed to 

exist only i n low concentration we may derive expressions f o r the rats 

of reaction via an application of the Steady State Principle" . 
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INTERMOLECULAR:-

Let Rate = k^A] = k x [ B ] [ Y ] - k_x [G][N0Y] 

where k i s the observed f i r s t - o r d e r rate constant, o 
Application of the Steady State Principle to the reactive 

intermediates, D and NOY, results i n the following expressions, 

r i k ?[ c ] [ N 0 Y ] 
L D ] " k - ? I Y ] + % 

k i M [ Y ] 
[NOY] 

where k^' - k^ 

k - J c ] +"k 3[x] + k ?'[c] 

k-2 k2 M 
K z [ Y ] + k 4 

Substitutions f o r [ D] and [NOy] i n the rate equation give, 

Rate = k Q [ A ] 
k

3 W + <k-i + k 2 , } t c ] 
0.1 the assumption that the nitrosamine acts as a, Hammett base we may 

wri t e , [ B ] ~ Kh Q[Aj, whence 

Rate = k A1 1 ; 

Thus, 

k [x] + (k„x +k 2-)[c] 
k 
o 

INTRAMOLECULAR :-

Since the protonation of the nitrosamine, A, i s assumed to be f a s t 

and reversible the rate of i t s disappearance may be described i n terms of 

the disappearance of the R'O bona ted form, 3. 



16 

Whence, 

Rate = k j A ] = k j B ] [ Y ] - k ^ [c][NOT] + k^B] - k ^ [ D ] 

Application of the Steady State Principle to the two reactive 

intermediates, D and NOY, results i n the following expressions. . 

[NOY] 

5L (k-5 V 
k j B l Y ] 

k - l [ C ] + k
3 P ] 

Substituting f o r [D] and [NOY] i n the rate equation now gives, 
k i [ G l k i [ B I Y l k ~ ^ c [ B l 

Rate - k j A ] - k ^ Y ] - ^ h ^ ] > *5V\ -

S i m p l i f i c a t i o n followed by the substitution of [ B ] = ^ 0 [ A ] y i e l d s , 

Rate = k
0 [ A ] 

• ^ [ Y j k ^ X j K h j A ] 
K±[c] + k 3 [ x ] k-5+ ]w 

Whence, 
k 1[Y]k 3[x]Kh Q 

k_p[C] ^ x ] k~5 + \ 
Kh 

Whilst the rate expressions, derived via the intermolecular and 

intramolecular schemes respectively, may be seen to have certain features 

i n common, such as a f i r s t - o r d e r dependence on h under a l l conditions, 
o 

a comparison of t h e i r behaviour under certain l i m i t i n g conditions does 

y i e l d s u f f i c i e n t evidence to enable a. choice between the two mechanisms 

to be ma.de. 

Reaction at high concentrations of X 

As the concentration of the n i t r i t e trap, X, i s increased k^[x] 

may bo expected to become greater than both k_-^[c] and k 0'[ c]. Under such 

http://ma.de
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conditions we may apply l i m i t i n g forms of each of the two rate exiressions. 

k = k, rylKh INTERMOLECULAH 
O 1 L J o 

k,k _Kh 
k ^ 7 2_ + k [y]Kh IKTR AM OLE CULAH o ki, + k _ 1L J o 

Both mechanisms thus predict k Q to be independent of both the 

nature and concentration of X provided that X i s present i n solution i n 

quantities large enough to maintain the l i m i t i n g conditions- The 

predicted behaviour i s observed experimentally. The res u l t s of Williams et 

which were obtained f o r the reaction of N-methyl-N-nitrosoaniline i n 

3.O5 M HCl (aq.) are given as i l l u s t r a t i o n . 

Added N i t r i t e Trap 

HN, 

[3 

"3 
HN. 

[X]/M 10 V s 

1 x 10" •3 16.6 

3 x 10" •3 17.3 

5 x 10" -3 16.4 

5 x 10" •3 16.9 

HN̂  

NH?S0^H 

Experimental evidence may also be provided, to demonstrate the 

existence of catalysis by H and halide ions Such behaviour i s to be 

expected on the basis of both the intermolecular and the intramolecular 

mechanisms. 

r -T r -1 . 4. / -1 

[HN^J/H Added LBr J/M 
-3 x 10 J 0 
.0 x 10 J 0 

5 x 10"3 0-5?-

[HO: ,]/M 4- / 
10 Jv/s 

n 3 03 16.4 

3-37 3 05 23.0 

0 3 0.5 1?6 
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The two rate expressions predict d i f f e r e n t trends f o r the % rearrange­

ment product:/? denitrosation product r a t i o as [x] i s increased and t h e i r 

d i f f e r i n g behaviour i n t h i s respect :permits a d i r e c t test of mechanism to 

be applied. The intramolecular expression may be seen to be composed of 

two parts. The f i r s t part pertains to the rate of the rearrangement 

reaction and the second to the rate of denitrosation. As the rearrangement: 

denitrosation Product r a t i o i s proportional to the r e l a t i v e rates of the 

two reactions i t i s clear that the intramolecular mechanism predicts the 

y i e l d of the rearrangement product to be a constant at any one a c i d i t y 

and concentration of Y and to be independent of both the nature and 

concentration of X at high [xj> As a consequence of the d i r e c t competition 

f o r NOY between added X and C required by the intermolecular mechanism 

the l i m i t i n g form of the relevant rate expression lacks the term r e l a t i n g 

to rearrangement. The intermolecular scheme thus predicts the y i e l d of 

rearrangement product to f a l l to zero at high concentrations of X. 
11 

The experimental results f o r the reaction of N-methyl-N-nitrosoaniline 

in 2.75 M HpSO, (aq.) are given below. 

Added n i t r i t e trap % rearrangement product 

HN 6.53 x 10~ 4 21 

HN3 16.3 x 10~ 4 21 

NH2S0 H 3.1 x 10~3 21 

C0(NH 2) 2 1.0 x 10™1 21 
NlipOH I . 5 6 x 10"3 20 

At high values of [xj the percentage y i e l d of rearrangement Product 

at any one a c i d i t y and nueleophile concentration i s seen t o have a 

constant f i n i t e value which i s independent of both the nature and 

concentration of x. 
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These results are'consistent only with an intramolecular mechanism. 

Reaction at high concentrations of C 

As vre move towards high added concentrations of the denitrosation 

product, C, we approach a l i m i t i n g condition under which 

k - i [ Q ] » k
3 M -

The intramolecular rate expression i s reduced to a form given by, 

k.k Kh 
k = INTRAMOLECULAR 

The l i m i t i n g form of the intramolecular rate expression at high [c] 

thus consists merely of a term previously ascribed to the rearrangement 

reaction. I n physical terms we therefore envisage a suppression of the 

denitrosation reaction by the added excess concentrations of the 

denitrosation product. Loss of NOY to the solvent becomes negligible and 

the rate of N-nitrosation i s greatly increased. Under these conditions 

the rearrangement reaction may be expected to compete favourably with the 

denitrosation route and high yields of the rearrangement product . w i l l be 

obtained. Oil the ba,sis of the intramolecular mechanism k i s expected, t o 

a t t a i n a non-zero l i m i t i n g value which w i l l be independent not only of 

[x] and [ c ] but also of both the nature and concentration of Y. 

The f u l l form of the intermolecular rate expression may be rewritten 

as below. 
k - l [ °] 

k Q = k l [ Y ] K h £ 

! k
3 M --K-i + V ) 

INTERM OLE CULAR 

'Jhe rate of C-nitrcsation, represented by k ? [ c ] i s l i k e l y to be 

severa.1 orders of magnitude less than k_^[c] the rate of N-nitrosation. 

Since k^' exceeds k ? by d e f i n i t i o n (see above) i t transpires that the 

term enclosed, by the large brackets i s characterised, as being of a low 

value. The -intermol©cular mechanism thus predicts that values of k 
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close t o zero w i l l be obtained i n the presence of an excess of added 

d e n i t r o s a t i o n product. Furthermore the form of the intermo.lecular 

ex]*ession demands t h a t k Q should never become independent of [ Y ] under 

these c o n d i t i o n s . 
11 

Williams e t a l . have s t u d i e d the r e a c t i o n of N-methyl-N-nitrosoaniline 

i n the presence of 5-90 M HGl (aq.) using various concentrations of added 

N-me t h y l a n i l i n e , C The r e s u l t s of the study are given below. 

"10-̂  [ N-methylaniline] added/M l O ^ k ^ s 1 ^Rearrangement 

0 5.07 28 

0 . 4 4 3-7^ 5^ 

0 . 9 4 3.6I 60 

3.08 2 .80 76 

3.96 2 .78 78 

5.7I 2 . 84 80 

The observed f i r s t - o r d e r r a t e constant, k Q , i s seen t o decrease 
- 4 - 1 

towards a l i m i t i n g value of approximately 2.8 x 10 s a t high 

concentrations of added N-methylaniline. This behaviour i s c o n s i s t e n t 

only w i t h the i n t r a m o l e c u l a r mechanism. Note a l s o t h a t the y i e l d of 

rearrangement product tends towards 100/5 a t hi g h [ c ] as i s t o be 

expected on the basis of an i n t r a m o l e c u l a r mechanism. 

The absence of h a l i d e i o n c a t a l y s i s a t b i g h [ c ] has also been 

demonstrated by Williams e t al. 1 ' ' " f o r the r e a c t i o n of N-methyl-N-

n i t r o s o a n i l i n e i n aqueous ac i d . The data are given over. 
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lO-3 [ N - m e t h y l a n i l i n e ] added/M [Halide Ion] added/M 1 0 V s 
-1 

0 1-75 
0.24 (Cl ) 

0.10 (Br") 

1.79 
1.77 

Thus k Q i s found t o be independent of both the nature and 

c o n c e n t r a t i o n of the n u c l e o p h i l e , t h i s observation being c o n s i s t e n t 

only w i t h an i n t r a m o l e c u l a r mechanism. 

The k i n e t i c evidence thus leads us towards a f i r m acceptance of the 

i n t r a m o l e c u l a r mechanism. I t i s perhaps p e r t i n e n t t o p o i n t out however 

t h a t a l l of the k i n e t i c data used i n the a n a l y s i s r e f e r s s p e c i f i c a l l y 

t o the r e a c t i o n of N-methyl-N-nitrosoaniline i n an aqueous medium. This 

r e s t r i c t i o n perhaps demands the i n t r o d u c t i o n of a, degree of q u a l i f i c a t i o n 

i n t o our acceptance of the i n t r a m o l e c u l a r mechanism since a d i r e c t 

e x t r a p o l a t i o n t o the general case might be unwise. Indeed the present 

work notes the exact form taken by the n u c l e o p h i l e c a t a l y t i c e f f e c t 

t o be dependent on the choice of both the n i t r o s o compound and the s o l v e n t . 

The general case i s discussed, i n a l a t e r s e c t i o n . 

I._5 Other Mechanistic Studies 

The i n t e r m o l e c u l a r and i n t r a m o l e c u l a r schemes discussed s.bove by no 

means represent the only attempts t o r a t i o n a l i s e the experimental 

observations. Three a l t e r n a t i v e mechanisms are reviewed below i n summary. 

B a l i g a , l j has examined the r e a c t i o n of N-nitrosodiphenylamine i n 

methanolie HCl and r e p o r t s t h a t c h l o r i d e c a t a l y s i s of the rearrangement i s 

n o t observed. The r e a c t i o n i s r e p o r t e d t o be f i r s t - o r d e r i n both the 

nitrosamine and HCl. The f o l l o w i n g r e a c t i o n scheme has been t e n t a t i v e l y 

proposed. 
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Hi J I N 0 

RuNNO + HCl 
slow 

ft CI 

7 
IhgNH + N0G1 

Fh0NH + N0C1 *» p-NOĈ H,,NHJh + HCl 
f a s t 

The f i r s t stage of the r e a c t i o n i s thus envisaged as y i e l d i n g the 

secondary amine and NOCl v i a the slow for m a t i o n of a c y c l i c f o u r - c e n t r e 

t r a n s i t i o n s t a t e . Fast r e a c t i o n between the secondary amine thus formed 

and the f r e e n i t r o s a t i n g agent then leads t o fo r m a t i o n of the 

rearrangement product. On the basis of r e s u l t s obtained i n aqueous 
11 29 

solvents using N-methyl-N-nitrosoaniline Williams' 1' ' has o f f e r e d 

c r i t i c i s m on a number of aspects of the c y c l i c mechanism. 

(a) Reaction v i a the k i n e t i c a l l y f r e e n i t r o s a t i n g species, NOY, 

has been r u l e d out by the observation of s i g n i f i c a n t y i e l d s of 

rearrangement product i n the presence of la r g e excess concentrations of 

added n i t r i t e t r a p s . 

(b) The observed sol v e n t isotope e f f e c t s obtained i n aqueous s o l u t i o n 

p o i n t towards a. f a s t i n i t i a l p r o t o n a t i o n . 

(c) The observed r i n g deuterium isotope e f f e c t s i n d i c a t e the f i n a l 

proton l o s s t o be the r a t e determining step i n the rearrangement r e a c t i o n . 

(d) The c y c l i c mechanism cannot account f o r the observed a c i d 

c a t a l y s i s a t any one conc e n t r a t i o n of c h l o r i d e i o n . 

(e) Even i n the absence of c h l o r i d e i o n q u a n t i t a t i v e y i e l d s of the 

rearrangement product are obtained i n the presence of excess added 

concentrate.ooss of the d e n i t r o n a t i o n product.. 
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I t must be pointed out t h a t since Williams' r e s u l t s were obtained 

f o r r e a c t i o n s i n aqueous s o l u t i o n s the a p p l i c a b i l i t y of h i s c r i t i cisms 

of Baliga's proposal must be i n question. I n p a r t i c u l a r r e c e n t work by 

Johal e t a l . on the r e a c t i o n of N-nitrosodiphenylamine i n e t h a n o l i c 

HCl does p o i n t to the existence of a slow i n i t i a l p r o t o n a t i o n i n t h a t 

p a r t i c u l a r case. 
l 6 17 

Russian workers ' have r e c e n t l y re-examined the rearrangement of 

N-nitrosodiphenylamine i n methanolic HCl on the basis of the 

i n t e r m o l e c u l a r mechanism depicted below. 
k k 

+ x + 3 
Hi NHNO H^NH + NO o p-NOCgH^NHHi 

k2 

(A) (B) (C) 

-r 

On the assumption t h a t NO i s a r e a c t i v e i n t e r m e d i a t e a p p l i c a t i o n 

of the steady s t a t e theorem r e s u l t s i n the f o r m u l a t i o n of a r a t e 

expression f o r the r e a c t i o n . 

k-,k [A] 
Rate = k j A l = — ~ J 

k2 + k3 
where k i s the observed f i r s t - o r d e r r a t e constant. 

-4 -1 
A value of 9.167 x 10 s was reported f o r k . By observation of 

analogous r e a c t i o n schemes i n which the p o s s i b i l i t y of rearrange Trent was 

excluded i t was hoped t h a t the f i r s t stage of the r e a c t i o n could be 

stud i e d i n i s o l a t i o n . Using r e s u l t s obtained from experiments on a s e r i e 

of d i ~ p a r a - s u b s t i t u t e d N-nitrosodiphenylamines values of K. the 

e q u i l i b r i u m constant f o r the d e n i t r o s a t i o n r e a c t i o n were found f o r each 

s u b s t r a t e . A Haramett c o r r e l a t i o n - ' of .Log K.( vn cr , the r e l e v a n t 

s u b s t i t u c n t constant, thus y i e l d s , by i n t e r p o l a t i o n , a, K(j value of 

2.1 x 10 3 f o r tho r e a c t i o n of R - n i t r o i . ')'';i;tienylojn2 no i t s e l f . 
S i m i l a r l y i t way be seen t h a t tho r.tuciy of r e a c t i o n system i n v o l v i 
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the n i t r o s a t i o n of N - s u b s t i t u t e d diphenylamines might reasonably be 

e x a c t e d t o y i e l d data concerning the second stage of the r e a c t i o n 

scheme, the C - n i t r o s a t i o n r e a c t i o n . Values of were obtained f o r the 

n i t r o s a t i o n of a s e r i e s of N - s u b s t i t u t e d diphenylamines and a value of 

k^ f o r the r e a c t i o n of diphenylamine i t s e l f was obtained by i n t e r p o l a t i o n 

of a p l o t of l o g k^ vs c r R . 

Since . k 

o k 2 + k 3 

and 
k l 

d R2 

s u b s t i t u t i o n of the known values of k Q, k^ and i n t o these equations 

y i e l d s 
k± .= 5 x 10~ 3 s" 1 

-1 -1 k = 2.4.5 1 mol s 
= 5-3 x 10 1 1 mol 1 s 1 

f o r the r e a c t i o n i n v o l v i n g N-nitrosodiphenylamine i t s e l f . On the basis 

of the i n d i v i d u a l r a t e constants the r a t e determining step i s seen t o be 

t h a t of d e n i t r o s a t i o n . Values of k^, k^ and k^ were then used i n an 

attempt t o r o d l o t the form of the observed k i n e t i c curve. 

S o l v i n g the system of d i f f e r e n t i a l equations defined by 

# ' 'hi'-) ' MB]2 

using analogue e l e c t r o n i c techniques'leads to the generation of a curve 

of [ c] vs time whi ch c l o s e l y resembled t h a t obtained by experiment. 

The s i m i l a r i t y between the t h e o r e t i c a l and experimental curves has been 



25 

taken as c o n f i r m i n g the a p p l i c a b i l i t y of the i n t e r m o l e c u l a r mechanism. 

Several aspects of the Russian approach m e r i t c r i t i c i s m . I n the 

f i r s t instance i t must be pointed out t h a t u n t i l data concerning the 

a n a l y s i s of the i n t r a m o l e c u l a r scheme by an analogous method i s made 

a v a i l a b l e no meaningful comparison of the two mechanisms may be made. 
3? 

Secondly, i t has become c l e a r i n recent years t h a t the i n t e r p o l a t i o n of 

Hammett type c o r r e l a t i o n s which r e l y on a small basis s e t can be the 

source of s i g n i f i c a n t degrees of e r r o r . I n the present case the 

accuracy of the i n t e r p o l a t e d r e s u l t s must be i n question as only f o u r 

experimental points were employed i n each c o r r e l a t i o n . 

I n a d d i t i o n the Russian i n c l u s i o n of the n i t r o s o n i u m i o n , NO , as 

the f r e e n i t r o s a t i n g agent would appear t o be u n j u s t i f i e d . I n aqueous 

s u l p h u r i c a c i d " ^ n i t r o s a t i o n v i a the agency of the f r e e nitrosonium i o n 

i s thought t o occur only a t a c i d i t i e s i n excess of Q M h SO^. Under 

con d i t i o n s such as these -̂HQ *v 4. 5 — o 5-0 and the wa.ter a c t i v i t y i s 

s u f f i c i e n t l y low as t o preclude s o l v a t i o n of the nitrosonium i o n . Hie 

same may n e t be s a i d f o r the k M methanolic s o l u t i o n of HCl used by the 

Russian workers. As A- M HCl has been repo r t e d " * ' ' J ^ t o y i e l d a -H value 

of approximately 1-4 i n both aqueous and e t h a n o l i c solvents i t might be 

expected t h a t s o l v a t i o n of the n i t r o s o n i u m i o n t o y i e l d the n i t r o u s 

acidium i o n Ĥ NÔ  would occur. There e x i s t s a l s o the p o s s i b i l i t y 

of n i t r o s y l c h l o r i d e f o r m a t i o n . N0& may be detected s 1,-ectrophotometrica 

i n a H aqueous s o l u t i o n of HCl which contains added .-sodium n i t r i t e and 

i t has been c a l c u l a t e d " ^ t h a t under such c o n d i t i o n s f r e e n i t r o u s a c i d 

would be convei-ted almost q u a n t i t a t i v e l y t o g i v e the n i t r o s y l h a l i d e . A 

s i m i l a r s i t u a t i o n might be expected t c e x i s t regarding a l\ i-l s o l u t i o n of 

HC'l i n methanol. 

I f d e n i t r o s a t i o n i s proposed as being the r a t e determining step i n 
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the rearrangement r e a c t i o n then c a t a l y s i s by c h l o r i d e i o n i s t o be 

expected. This c a t a l y s i s of the rearrangement r e a c t i o n i s not observed^-

F i n a l l y i t must be s a i d t h a t the Russian approach takes no account 

of the i n f l u e n c e of s u b s t i t u e n t s upon the acid/base p r o p e r t i e s of the 

su b s t r a t e . As i t has already been shown t h a t the r e l a t i v e r e a c t i v i t i e s 

of various r i n g - s u b s t i t u t e d N-methyl-N-nitrosoanilines are a f u n c t i o n of 

the a c i d i t y of the medium the omission may be a serious one. I n s h o r t 

the Russian scheme appears unacceptable. 

The existence may be pos t u l a t e d of a r e a c t i o n scheme i n v o l v i n g 

d i r e c t t r a n s f e r of an NO group from the protonated form of a nitrosoamine 
H-

ArNRHNO t o the p a r a - p o s i t i o n of the corresponding secondary amine. 

H 
Me Me NO H \ / 

Me — N— N 0 N N 

H Y o o O + NOY 

H H Me 0 H 
\ / 

M e - N—H Me N ~ N N 

O o o NMeH 

NO 
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The SE2 reaction•mechanism thus described would account f o r a 

number of the experimental observations i n c l u d i n g the l a c k of h a l i d e 

c a t a l y s i s i n the rearrangement r e a c t i o n . The operation of such a scheme 

however appears u n l i k e l y on two counts' . 

( i ) Our r e j e c t i o n of the i n t e r m o l e c u l a r scheme on the evidence of 

the k i n e t i c a n a l y s i s , (Section 1 . ^ ) , points t o the general i n a b i l i t y of 

the f r e e n i t r o s a t i n g agents such as n i t r o s y l h a l i d e or the n i t r o u s 

acidium i o n t o b r i n g about the r e q u i r e d C - n i t r o s a t i o n a t the para-carbon 

s i t e of N-methylaniline. Since the protonated nitrosamine i s very probably 

a much weaker e'eclrophile than e i t h e r N0G1 or HgNO^' i t seems u n l i k e l y t h a t 

i t w i l l be capable of such a r e a c t i o n . 

( i i ) The r e a c t i o n of N-nitroso-N-methyianiline i n aqueous a c i d i c 

s o l u t i o n s has been shown t o be zero order i n X, the n i t r i t e t r a p , a t 

h i g h [ x j . This observation r u l e s out the p o s s i b i l i t y of a d i r e c t r e a c t i o n 
-i-

i n v o l v i n g the t r a n s f e r of NO from the protonated form of the 

nitrosoamine t o the t r a p species such as urea and bydrosoic a c i d . D i r e c t 
+ 

t r a n s f e r of NO t o the much weaker n u c l e o p h i l i c para-carbon s i t e of 

N-methylaniline i s t h e r e f o r e u n l i k e l y . 

1.6 The Hechanism of the Rearrangement Reaction 

I n preceeding sections we have discussed a series of mechanistic 

schemes which are s a i d t o represent the r e a c t i o n s of H-nitrosamines i n 

a c i d i c s o l u t i o n s . I t i s now p e r t i n e n t t o consider one of theKG schemes 

i n some g r e a t e r d e t a i l . On balance the i n t r a m o l e c u l a r scheme of Williams 

would seem t o be the appropriate choice although the discussion has cast 

some doubts upon i t s a p p l i c a b i l i t y i n d e s c r i b i n g r e a c t i o n s i n a l c o h o l i c 

s o l v e n t s . The present work demonstrates t h a t the scheme may be extended 

to account f o r the behaviour of a. wide ivntfe of R-n j t r o s o com pounds i n 

a c i d i c s o l u t i o n and i t i s f e l t t h a t the scheme's p o t e n t i a l as having 
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general a p p l i c a b i l i t y - j u s t i f i e s i t s s e l e c t i o n a t the expense of the 

a l t e r n a t i v e s . The scheme i s dep i c t e d below f o r convenience. 

R x / N 0 

N 

DM K 

® 

NO 

R - N - H 

Q ® 
k - 5 | k 5 

v - 1 

N 

Q © + NOY 

® 

R H 
\ / 

N 

H NO 

R H 
\ / 

N 

+ S H 

NO 

© 
NOY + X — : -> Products 

k3 
X i s a n i t r i t e t r a p • S i s the solve n t Y i s a nu c i e o p h i l e 

The d e n i t r o s a t i o n r e a c t i o n i s retarded by the omission of the n i t r i t e 

t r a p , X. I f the d e n i t r o s a t i o n pathway i s f u r t h e r suppressed by the 

a d d i t i o n of an excess of the den.itrosa.ticn product (C.) almost q u a n t i t a t i v e 

y i e l d s may be obtained from the rearrangement r e a c t i o n . I n such 

circumstances the l i m i t i n g c o n d i t i o n , k.-Jc ] > > k ^ [ x ] obtains and. the 

reduced form of the i n t r a m o l e c u l a r r a t e expression may be represented -as 

f o l ] OWS . 
k, k J<h 

http://den.itrosa.ticn
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k i s now independent of the con c e n t r a t i o n of c and of the nature and o 
concentration of X and Y. Thus f o r the r e a c t i o n of N~methy1-N-nitrosoaniline 

i n 5«90 M aqueous HCl s o l u t i o n s consecutive increases i n the co n c e n t r a t i o n 
19 

of added N-methylaniline r e s u l t i n a, r e d u c t i o n of the value of kQ 

- - 4 -1 

towards a l i m i t i n g value of k Q - 2.8 x 10 s . A simultaneous increase 

i n the observed y i e l d of the rearrangement product i s r e p o r t e d w i t h the 

percentage y i e l d of 28% obtained i n the absence of added N-methylaniline 

being increased t o an 80% y i e l d by the a d d i t i o n of a 5.7I x 10 H 

concentra/tion of the same reagent. The remaining 20% may ire 11 be accounted 

f o r i n terms of the generation of a yellow side product of u n c e r t a i n 

composition which i s e s p e c i a l l y prominent a t the higher a c i d i t i e s . 

S i m i l a r l y h igh y i e l d s of the rearrangement product are obtained using 

aqueous s o l u t i o n s of s u l p h u r i c a c i d under the same c o n d i t i o n s . 
18 37 

Williams e t a l . have s t u d i e d the a c i d i t y dependence of the 

rearrangement r e a c t i o n . In. the range [HGI] ~ 2 M t o [HGl] = 8 M 

a p l o t of l o g k vs -H Q gives a l i n e a r c o r r e l a t i o n w i t h a slope 

of 1.2. This r e s u l t i n d i c a t e s the absence of c a t a l y s i s by nucleophi'lic 

species such as c h l o r i d e i o n and i m p l i e s t h a t the r e a c t i o n proceeds v i a 

the mono-protonated. form of the nitrosamine as has been proposed. The 

r a t e p r o f i l e against -H i s observed t o reach a maximum a t [HCl] = 10 M 

corresponding t o f u l l p r o t o n a t i o n of the N - n i t r o s o substrate. At high e r 

a c i d i t i e s l o g k^ decreases l i n e a r l y w i t h i n c r e a s i n g -H0, the observed 

trend, being i n t e r p r e t e d i n terms of a r i s e i n proton a c t i v i t y which leads 

t o a r e t a r d a t i o n of the proton loss from the in t e r m e d i a t e cr -complex, (D), 

i n the f i n a l stage of the rearrangement r e a c t i o n . 

I n general the i n t r o d u c t i o n of electron•-withdxa wing s u b s t i t u e n t s 

i n t o the meta~position of the benzene r i n g i n N-methyl-N~nitrosoanilinc 

r e s u l t s i n a reduced r a t e of rearrangement. Conversely meta-positioned 

e l e c t r o n - d o n a t i n g groups are observed t o a c t i v a t e the substrate; towards 
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rearrangement. I n the extreme case noted i n an e a r l i e r s e c t i o n (Section 

1.3) r e a c t i o n of the meta~NCv, s u b s t i t u t e d compound y i e l d s the d e n i t r o s a t i o n 

product e x c l u s i v e l y even i n the absence of a n i t r i t e t r a p . Conversely 

the meta-OMe s u b s t i t u t e d compound y i e l d s the rearrangement product 

e x c l u s i v e l y even i n the absence of added concentrations of the d e n i t r o s a t i o n 

product. 

The rearrangement r e a c t i o n i s thus viewed i n o v e r a l l terms as an 

i n t r a m o l e c u l a r , e l e c t r o p h i l i c n i t r o s a t i o n a t a carbon s i t e . 
18 

I s o t o n i c s u b s t i t u t i o n experiments have shown the r a t e of 

rearrangement of 2,4,6-trideutero-N-methyl-N-nitrosoaniline t o be slower 

than t h a t recorded f o r the non-deuterated compound by a f a c t o r of 1 .7-

I t would thus appear t h a t the f i n a l proton loss t o the s o l v e n t i s , a t 

l e a s t i n p a r t , ra.te-determini.ng. An increase i n the added concentration 

of the d e n i t r o s a t i o n product leads t o a corresponding increase i n the 

k^/kp r a t i o ; the f i n a l value of z.k being c h a r a c t e r i s t i c of the magnitude 

of the primary isotope e f f e c t normally r e p o r t e d f o r the n i t r o s a t i o n of an 
38 

aromatic substrate" . C h a l l i s e t a l . have a t t r i b u t e d the observed r e s u l t 

t o be due, i n the general case, t o a r a p i d regeneration of reaetants. I n 

the Present case k_^. i s by i m p l i c a t i o n s i g n i f i c a n t l y l a r g e r than k^. 

The e f f e c t s of i n c r e a s i n g degrees of N - a l k y l s u b s t i t u t i o n i n a s e r i e s 

of N - n i t r o s o a n i l i n e s have been explained by Biggs and Williams -' i n terms 

of the e f f e c t upon the b a s i c i t y of the s u b s t r a t e . 

Although the k i n e t i c data has l e d t o our adoption of the i n t r a m o l e c u l a r 

model f o r the rearrangement r e a c t i o n and has i n a d d i t i o n y i e l d e d a s m a l l 

.amount of i n f e s t a t i o n concerning the oit e r a t i o n of the f i n a l proton l o s s 

from the Wheland Intermediate (D) as the r a t e determining s t e p l i t t l e i n 

the way of f u r t h e r i n f o r m a t i o n may be gleaned from th.i s source. Considerati on 

of the distances i n v o l v e d would seem to i n d i c a t e t h a t the t r a n s f e r of the 

n i t r o s o group between the amino n i t r o g e n and the para-, r i n g carbon s i t e 

http://ra.te-determini.ng
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t o y i e l d the <r -complex, (D), must occur v i a the agency of an 

a d d i t i o n a l i n t e r m e d i a t e not considered i n the above scheme. This 

" a d d i t i o n a l i n t e r m e d i a t e " i s g e n e r a l l y accepted as t a k i n g the form of a 
19 

r( -complex such a,s t h a t depicted below. 

N 0 + 

H 1 \ 
N 

R 

Although the TK -complex species have never been p o s i t i v e l y i d e n t i f i e d , 

i n the present context a c e r t a i n amount of evidence i s a v a i l a b l e t o support 

t h e i r proposed existence. The deep red c o l o u r a t i o n s observed when aromatic 

compounds such as benzene or toluene come i n t o contact w i t h a c i d i c 

s o l u t i o n s of sodium n i t r i t e have been explained by r l m i t r o v and Frat'eev^ 

i n terms of an i n i t i a l rt -complex formation and a subsequent 

n —c>cr t r a n s i t i o n . Their proposals axe supported by the recorded v i s i b l e 

spectra and. by observations concerning the d e s t r u c t i o n of the proposed 

T~t -complex by donor s o l v e n t s . S i m i l a r l y A l l a n e t a l . have proposed 

the involvement of r t -bonded, complexes i n the production of red~brown 

c o l o u r a t i o n s during the r e a c t i o n of NO H50/( w i t h aromatics such as benzene 

and phenol. Evidence here i s based upon an examination of the c o l l e c t e d 

U.V. , v i s i b l e and fl.H.R. s p e c t r a l data. F u r t h e r evidence f o r the 

existence of rr -bonded N0 + complexes may be obtained from observations 

of the extensive gas phase chemistry of NO . Thus NO i s seen t o r e a c t 

w i t h alkanes i n the gas phase t o produce a number of novel species v i a a 

hydride t r a n s f e r r e a c t i o n . As the i r a ; 1:-. i 1i on s t a t e ohenir.try of a specie;; 
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i n aqueous s o l u t i o n o f t e n p a r a l l e l s i t s behaviour i n the gas phase the 

observed r e s u l t s may w e l l be i n d i c a t i v e of the importance of i n c l u d i n g 
+ 

the Lewis a c i d i t y of NO i n any c o n s i d e r a t i o n of i t s t r a n s i t i o n s t a t e 

chemistry. On t h i s basis the p o s t u l a t i o n of a r t -bonded NO* complex as 

a t r a n s i t i o n s t a t e species i n the Fischer-Hepp rearrangement would n o t 

seem unreasonable. 

I t should however be remembered t h a t under the m i l d l y a c i d i c c o n d i t i o n s 

g e n e r a l l y employed i n the Fischer-Hepp rearrangement s o l v e n t ac t i v i t y i s 

f a i r l y h i g h and d e s t r u c t i o n of the proposed rt -complex by donor s o l v e n t s 

such as methanol and water might w e l l be expected. Involvement of a 

-bonded t r a n s i t i o n s t a t e species i s thus seen t o demand t h a t the 

a c t i v a t i o n energy of i t s f o r m a t i o n be of such, a low value as t o al l o w the 

complete transference of the NO group across the Tt -cloud t o the 

para-carbon r i n g s i t e before c o l l i s i o n w i t h a s o l v e n t molecule can occur. 

Although t e n t a t i v e the jjroposal i s a t l e a s t c o m i a t i b l e w i t h experimental 

observations since the r a t e determining step f o r the rearrangement of. 

N - n i t r o s o a n i l i n e s i n aqueous s o l u t i o n i s found t o be the f i n a l proton 

loss t o the so l v e n t . 

One aspect of the rearrangement which has been the cause of some 

concern i s x t s a b i l i t y t o y i e l d the p - n i t r o s o isomer e x c l u s i v e l y . A l l a n 

has attempted t o e x p l a i n t h i s f a c e t of the r e a c t i o n i n terms of a d i r e c t 

t r a n s f e r of MO from the amino n i t r o g e n t o the p-carbon s i t e i n an 

immediate environment provided by the b e n t - r i n g i n t e r m e d i a t e described, below. 

N-IMO 

H H 
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The close .proximity of the n i t r o s o group and the para-carbon s i t e 

might thus be expected t o favour the f o r m a t i o n of the p a r a - n i t r o s o isomer. 

This p o s t u l a t e i s compatible w i t h the observed r i n g deuterium isotope 

e f f e c t i f proton loss i s assumed t o occur simultaneously w i t h the 
+ 

t r a n s f e r of the NO group. The scheme a t t r a c t s c r i t i c i s m on a number of 

p o i n t s . The primary c r i t i c i s m must centre around the existence of a 

possible a l t e r n a t i v e c o n f i g u r a t i o n f o r the proposed int e r m e d i a t e such as 

t h a t depicted below. 

+ 
H 

0 N \ V N 

R H 

This a l t e r n a t i v e c o n f i g u r a t i o n minimises the s t e r i c i n t e r a c t i o n s 

and may t h e r e f o r e be expected t o be of lower energy than t h a t proposed 

by A l l a n . The molecule thus spends a g r e a t e r p r o p o r t i o n of i t s time i n 

the c h a i r form where stereochemically speaking transference of NO t o the 

p-carbon s i t e i s the l a s t t h i n g we would expect. One could also argue t h a t 

the t r a n s f e r of a nitrosonium i o n c a r r y i n g a p a r t i a l p o s i t i v e charge t o a 

p o s i t i v e l y charged carbon s i t e i s a t best an u n l i k e l y event. I t must a l s o 

be s a i d t h a t the a v a i l a b i l i t y of evidence t o support the postulated r i n g 

p r o t o n a t i o n i s extremely limited.. A study of the a c i d catalysed 

d e t r i t i a t i o n of a number of aromatic substrates has lead t o the c a l c u l a t i o n 
'43 

of a pK JJ+ value of -I5.3 f o r the r i n g p r o t o n a t i o n of a n i s o i e - . On the 
assumption t h a t the pK r value f o r the r e a c t i o n of the N - n i t r o s o a n i l i n e s 

BH 
i s of a s i m i l a r magnitude, the e x t e n t of protonation i s c a l c u l a b l y 

144 
n e g l i g i b l e . Indeed Olah has r e p o r t e d only I * - p r o n a t i o n of a n i l i n e and 
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i t s d e r i v a t i v e s i n super a c i d media. F i n a l l y we note t h a t the so l v e n t 

isotope e f f e c t k c/k n °f around 3» which i s observed f o r the r e a c t i o n 
D 2 H 2 

of N - m e t h y l - N - n i t r o s o a n i l i n e , i n d i c a t e s the laresence of a r a p i d i n i t i a l 

p r o t o n a t i o n . The r a t e s of proton t r a n s f e r s t o unsaturated carbon s i t e s , 

such as t h a t r e q u i r e d by the present p o s t u l a t e , are g e n e r a l l y low. The 

scheme proposed by A l l a n would not seem to be p a r t i c u l a r l y a p p r o p r i a t e . 
1 

Although the Fischer-Hepp r e a c t i o n i s a p a r t i c u l a r l y w e l l documented 
example of a rearrangement which g i v e s , e x c l u s i v e l y , the para-isomer i t i s 

by no means alone i n t h i s respect. Thus the R e i l l y - H i c k i n b o t t o m 
45 

rearrangement of N - n - p r o p y i a n i l i n e y i e l d s l a r g e l y the para-n-propyl 
38 

isomer. C h a l l i s e t a l . have a d d i t i o n a l l y noted t h a t , i n general, 
+ 

n i t r o s a t i o n of mono-substituted e l e c t r o n - r i c h aromatics by HgNOv, or NOGl 

y i e l d p r i m a r i l y the p - n i t r o s o isomer, e.g. 

NR NR 

J . o N a N O o / H o 
NO 

OR OR 

/ Na N O ? / H O o T 
NO 

I t may be, t h e r e f o r e , t h a t explanation of the o r i e n t a t i o n e f f e c t s 

o p e r a t i o n a l i n the Fi soher-Ho op rearra':f;orr.ont can bo gained frora a 
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c o n s i d e r a t i o n of the o r i e n t a t i o n e f f e c t s which operate g e n e r a l l y i n 

e l e c t r o p h i l i c s u b s t i t u t i o n r e a c t i o n s . Recourse t o a novel explanation 

p e c u l i a r t o the Fischer-Hepp may be unnecessary. Working from t h i s basis 
46 

Thompson has reviewed a number of aromatic s u b s t i t u t i o n r e a c t i o n s and 

r e p o r t s t h a t i n general r e a c t i o n of an aromatic TT -system w i t h any " s o f t " 

eUctro p h i l e such as B r + or NO tends t o y i e l d the para-isomer e x c l u s i v e l y . 

The r e s u l t i s r a t i o n a l i s e d i n terms of modern generalised p e r t u r b a t i o n 
. 47 

t h e o r i e s . 
An a l t e r n a t i v e ad-'proach t o the question of the r e a c t i o n ' s s p e c i f i c i t y 

. . 40 

i s v i a a c o n s i d e r a t i o n of T\ -system charge d e n s i t i e s . Dewar has 

c a l c u l a t e d the TT -cloud charge d e n s i t i e s f o r azulene as f o l l o w s . 

0 - 8 7 0 1 - 0 9 0 1-030 

1 - 0 7 2 
0 - 9 8 2 

0 -895 

The e l e c t r o p h i l i c n i t r o s a t i o n of azulene might thus be expected 

t o y i e l d the 3~nitroso product. This r e s u l t i s indeed obtained. I t i s 

possible t h a t c a l c u l a t i o n s of a s i m i l a r nature might i n d i c a t e a high 

r r -cloud charge d e n s i t y a t the pa r a - p o s i t i o n of N-methy1-N-nitrosoaniline 

as compared w i t h t h a t a t the o r t h o - p o s i t i o n . I t i s thus probable t h a t the 

o r i e n t a t i o n e f f e c t s which operate i n the Fischer-Hepp rearrangement are 

explained, w i t h o u t recourse t o novel me chard cms of l i n i tod a • >';'; J.i cabi l i t y . 

Mention has already been made of the y e l l o w side-product obtained by 
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Williams from the r e a c t i o n of N-methyl~N-nitrosoaniline i n aqueous a c i d 

s o l u t i o n s . Whilst t h i s yellow product has n o t been the o b j e c t of 

p o s i t i v e i d e n t i f i c a t i o n analogy w i t h observations concerning the 

r e a c t i o n of N-nitrosodiphenylamine i n aqueous a c i d s o l u t i o n suggests the 

for m a t i o n of a r a d i c a l c a t i o n species. Given the absence of both added 

nu c l e o p h i l e s and n i t r i t e t r a p species, the r e a c t i o n of N - n i t r o s o d i p h e n y l -

amine i n 3 M aqueous s u l p h u r i c a c i d i s observed by Thompson t o lea d t o 

the r a p i d f o r m a t i o n of a deep blue c o l o u r a t i o n w i t h an associated vis-'tie 

a b s o r p t i o n maximum a t JjOOnm. A d d i t i o n of recognised r a d i c a l scavengers 

such as ascorbic a c i d or d i p h e n y l p i c r y l h y d r a z y l t o the s o l u t i o n r e s u l t s i n 

r a p i d d e c o l o u r i s a t i o n . The blue coloured product would t h e r e f o r e appear t o 

e x i s t i n s o l u t i o n i n the form of a f r e e r a d i c a l species. As the blue 

c o l o u r a t i o n i s also discharged by the a d d i t i o n of an excess of sodium 

carbona,te the f r e e r a d i c a l species i<robably takes the form of a r a d i c a l 

c a t i o n . This proposal i s supported by the observation t h a t the blue 

species may not be e x t r a c t e d from aqueous s o l u t i o n i n t o non-hydroxylie 

solvents such as cyclohexane or d i e t h y l ether. An e.s.r. study of the 

species i n aqueous s o l u t i o n , which was undertaken by the present author 

w i t h the co-operation of the Chemistry Department of the U n i v e r s i t y of 

York, has confirmed the presence of a r a d i c a l species although the s p e c t r a l 

r e s o l u t i o n was such as to preclude a p o s i t i v e i d e n t i f i c a t i o n of the species 

i n v o l v e d . 

The blue coloured species i s noted to share a number of common 

f e a t u r e s w i t h the Wtlrsior r a d i c a l c a t i o n o b s e r v e d ^ as a product of the 

r e a c t i o n of diphenyl&nine w i t h sodium n i t r i t e i n concentrated s u l p h u r i c 

a c i d . I n p a r t i c u l a r , both species possess U.V. absorption maxima which 

l i e i n the range ^j?0 — O 5l0nm. 

Fux* therm ore Thompson has been able t o i s o l a t e the product obtained 

from reduction, of the blue species by sodium aside. T.L.C. i n v e s t i g a t i o n 
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suggests t h a t the blue c o l o u r a t i o n i s due t o a s i n g l e species and on 

the basis of the recorded I.R. spectra the f o l l o w i n g s t r u c t u r e has been 

assigned t o the reduced form. 

N 

H H 

On the basis of the above i n f o r m a t i o n i t t h e r e f o r e seems l i k e l y 

t h a t the blue c o l o u r a t i o n evident i n s o l u t i o n i s due t o the presence of 

a Wttrster r a d i c a l c a t i o n as depicted below. 

The f o l l o w i n g r e a c t i o n scheme i s proposed. 

Ph 2 NN0 + H Ph 2 NHNO 
•«-• 

P h 2 N H + -NO 

+» 
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(Wurster Radical Cat ion) 
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The scheme has experimental support. Formation of the diphenylamine 
+ • 51 

r a d i c a l c a t i o n , I t i ^ NH, has been observed d u r i n g the i r r a d i a t i o n of 

s o l u t i o n s of diphenylamine i n toluene and the existence of hydrazium 

r a d i c a l c a t i o n s i n a c i d i c s o l u t i o n s of t e t r a - a r y l hydrazines has been 
52 53 

confirmed by e.s.r. s t u d i e s • The l a t t e r p a r t of the r e a c t i o n scheme 
. . 54 

i s recognised as a benzidine rearrangement . 

Although l i t t l e d e f i n i t e i n f o r m a t i o n r e g a r d i n g the .production of 

the y e l l o w sPeci.es from N-methyl-N-nitrosoaniline i s a v a i l a b l e i t s 

nature i s t e n t a t i v e l y proposed as being s i m i l a r t o t h a t of the blue 

species d e r i v e d from N-nitrosodiphenylamine. C e r t a i n l y there are common 

f e a t u r e s ; the yellow species i s observed t o be i n c r e a s i n g l y prominent a t 

highe r a c i d i t i e s and i s destroyed by the a d d i t i o n of sodium aside. 

W h i l s t i t i s c l e a r t h a t t h i s aspect of the Fischer-Hepp r e a c t i o n 

m e r i t s f u r t h e r study the f o l l o w i n g r e a c t i o n scheme i s proposed f o r the 

r e a c t i o n of N-methyl-N-nitrosoaniline given the present a v a i l a b i l i t y 

of i n f o r m a t i o n . 
PhNMeNO 

H 
1 + 

PhN-NO 
I 

Me 

2Ph NT 
H 

H 

PhN * 

PhMeNH NHPhMe 

NO 

Me 

+ 
eNH 2 NH7M9 === MeNH=< \ = N H M e 

MeNH NHMe P h 7 N H 2 
. / 
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1 . 7 The Mechanism o f - t h e D s n i t r o s a t i o n Reaction 

I t i s s t a t e d i n Section 1.1 of the present work t h a t N-nitrosamines 

r e a c t under a c i d i c c o n d i t i o n s i n the presence of large concentrations of 

an added n i t r i t e t r a p such as urea t o y i e l d mainly the corresponding 
7 

amine . Despite i t s long-acknowledged existence the d e n i t r o s a t i o n 

r e a c t i o n has, u n t i l r e c e n t l y , a t t r a c t e d a t t e n t i o n only i n the wider 

context of i t s r o l e i n the Fischer-Hepp rearrangement and i t ' s d e t a i l e d 

mechanism has remained a mystery. 

I n 1964 Russian workers noted t h a t the d e n i t r o s a t i o n of 

aromatic N-nitrosamines proceeded a t a much higher r a t e i n s o l u t i o n s 

c o n t a i n i n g HCl than i n s o l u t i o n s c o n t a i n i n g HpSO^ a t a comparable a c i d 

s t r e n g t h and attempted t o e x p l a i n t h e i r observations i n terms of the 

operation of two P a r a l l e l r e a c t i o n mechanisms. Thus n u c l e o p h i l i c a t t a c k 

by the anion HSO^ or Cl on a hydrogen bonded complex of the nitrosoamine 

and the a c i d HA was purportedly accompanied by a concurrent unimolecular 

f i s s i o n of the complex t o y i e l d the secondary amine and f r e e McT*. It'was 

f u r t h e r claimed t h a t observation of the r e a c t i o n s of p a r a - s u b s t i t u t e d 

aromatic N~;iitrosainines l e n t support t o the proposed scheme. 
58 

A l a t e r paper by the same authors discussed the d e n i t r o s a t i o n i n 

HpSO^ on the basis of r e a c t i o n v i a mono- and d i - p r o t o n a t e d forms of the 

nitrosamine. 

I t , would now seem t h a t these e a r l y attempts t o provide a. mechanistic 

model f o r the d e n i t r o s a t i o n r e a c t i o n are a t best a l i t t l e u n r e a l i s t i c 

Despite claims r e g a r d i n g the support given by observation of the r e a c t i o n 

of a s e r i e s of aromatic N-nitrosamines i t would appear t h a t no compelling 

evidence e x i s t s i n f a v o u r of the scheme. The u n t e n a b i l i t y of any 

argusment f o r the existence of f r e e NO i n a c i d i c s o l u t i o n s such as those 

empJoyed above bar? been voiced i n o e r t i o n \l . r, of the .fesent work, 
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On the basis of present i n f o r m a t i o n the r e a c t i o n of the aromatic 

N-nitrosamines i s best described i n terms of Willi a m s ' i n t r a m o l e c u l a r 

rearrangement scheme. 

R NO 
\ / 

N 

Q 
® 

+ H 

H 

R — N - N O 

K ® 
k 

R 

-5 ft k> 

V H 

® 
H NO 

S 

R H 
\ / 

N 

Q j + NOV 

N 

+ SH 

NO 

KOY -'• X > Products 
k3 

When the r e a c t i o n i s c a r r i e d out i n the presence of an excess 

concentration of an adcled n i t r i t e t r a p k_.Jc ] becomes small con!fared 

w i t h k^y. ] ;ma the f u l l i n t r a m o l e c u l a r r;;le expressi on may be s i m p l i f i e s 

t o y i e l d the reduced form shown below. 
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I n p h y s i c a l terms the s w i f t i r r e v e r s i b l e removal of the f r e e 

n i t r o s a t i n g agent by r e a c t i o n w i t h the n i t r i t e t r a p precludes the 

p o s s i b i l i t y of reverse N - n i t r o s a t i o n of the secondary aromatic amine. 

Using N-methyl-N-nitrosoaniline under such c o n d i t i o n s i n aqueous KCl 
?9 

s o l u t i o n Williams has found the r a t e of d e n i t r o s a t i o n t o be f a r g r e a t e r 

than t h a t of rearrangement except a t very low c h l o r i d e concentrations 

when small y i e l d s of the rearrangement product are obtained. At 

moderate c h l o r i d e concentrations the system thus provides us w i t h an 

o p p o r t u n i t y t o study the mechanism of the now i r r e v e r s i b l e d e n i t r o s a t i o n ' 

r e a c t i o n w i t h o u t the f u r t h e r c o m p l i c a t i on of a competing rearrangement. 

S i m i l a r r e s u l t s are obtained using aqueous s o l u t i o n s of other mineral 

acids i n the presence of added concentrations of nucleophiles such as 

c h l o r i d e , bromide, i o d i d e and thiocyanate. 

A wide v a r i e t y of n i t r i t e t r a p s have been employed t o produce the 

l i m i t i n g c o n d i t i o n s of k_[x]» and i n a l l cases the r a t e of 

r e a c t i o n i s seen t o become independent of both the nature and concentration 

of the n i t r i t e t r a p once the l i m i t i s reached. I n the presence of an 

excess co n c e n t r a t i o n of the n u d e o p h i l e , Y, the d e n i t r o s a t i o n r e a c t i o n 

becomes f i r s t - o r d e r . I n v e s t i g a t i o n of the observed f i r s t - o r d e r r a t e 

constant, k , as a f u n c t i o n of the. c o n c e n t r a t i o n of added K~methyle.nil.ine 
59 

has enabled Williams t o measure the r e l a t i v e r e a c t i v i t i e s of the various 

n i t r i t e t r a p s towards the f r e e n i t r o s a t i n g agent, NOY, and thus o b t a i n 

•information r e g a r d i n g the e f f i c i e n c y of t h e i r operation as n i t r i t e t r a p s . 

The f o l l o w i n g order of r e a c t i v i t i e s was e v i d e n t . 
Hydraf.;oic a c i d ~ h y d r a z i n e > sul;>hamic a c i d >hydroxy l a i n i n e > u r e a 

Thus, a t l e a s t f o r the r e a c t i o n of N-methy1-N-nitr03oan1line i n aqueous 

s o l u t i o n , the c l a s s i c a l n i t r i t e tra;>, urea, i s shown t o be r e l a t i v e l y 

i n e f f i c i e n t . D i r e c t r e a c t i o n between the n i t r i t e t r a - s , X, and the 

http://K~methyle.nil.ine


protonated form of the nitrosamine i s not thought t o occur. 
+ 

As might be expected from the form of the r a t e expression H 

c a t a l y s i s i s observed. Analysis of the d e t a i l e d form of a c i d c a t a l y s i s 
60 

i n aqueous HGl s o l u t i o n s has shown t h a t c a t a l y s i s i s n o t e x c l u s i v e l y 
+ 

by H or i t s hydrated analogue since a p l o t of l o g k Q vs H Q i s l i n e a r 

w i t h a slope of -1.62. Whil s t p l o t s of k Q vs h Q and [cl ] r e s p e c t i v e l y 

both r e s u l t i n curves a p l o t of k Q vs h Q [ c l ] has proved l i n e a r over t h e 

a c i d i t y range s t u d i e d . 

Experiments have been c a r r i e d out using deuterated solvents and a 

s o l v e n t isotope e f f e c t k ,.:k,_, ... of ̂  3 has been o b s e r v e d ^ f o r the 

r e a c t i o n of N-methyl-N-nitrosoaniline i n aqueous s o l u t i o n a t moderate 

a c i d i t i e s . This r e s u l t r u l e s out the p o s s i b i l i t y of a r a t e determining 

proton t r a n s f e r under these c o n d i t i o n s . 

I t would seem t h a t the experimental observations are best r a t i o n a l i s e d 

on the b a s i s of a r e a c t i o n mechanism i n v o l v i n g f a s t protonation of the 

nitrosamine f o l l o w e d by a. r a t e - d e t e r m i n i n g n u c l e o p h i l i c a t t a c k on the 

protonated. form of the nitrosamine by the n u c l e o p h i l e Y • 

Thus 
PhN (Me )N0 + U~ rhN~H(f4e )N0 

K 
ihKH(Me)N0 '•- Y~ — 1> ihNHMe HOY 

k l 

NOT -i- X «> Products 
f a s t 

I den t i f i cat i on of the s i t e of n.i trosamine protonation has been the 

subje c t of some study^" i n recent years and the i n d i c a t i o n s are t h a t a 

number of d i f f e r e n t species e x i s t i n r e l a t i v e concentrations which are 

dependent on the a c i d i t y of the r e a c t i o n medium. Whilst the assumption 

t h a t the r e a c t i on goes v i a the amino- ..rotonutert sixscies i s almost c e r t a i n l y 

an o v e r - s i m p l i f i c a t i o n an extension of the S'AYAUO to in c l u d e other 
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protonated species i s n o t expected t o b r i n g any changes t o the r a t e 

expression f o r the r e a c t i o n a t moderate a c i d i t i e s . 

Since k i s given by, 

k . k ^ 
k = , i t ~ + k-i[Y~]Kh 
o k, + k 1 L J o 

and h Q i s known a p l o t of k Q vs [Y ] might be expected t o y i e l d a value 

f o r k-̂ K. Values of K are not obtainable by d i r e c t methods f o r the 

N-nitrosamines because of t h e i r r e a c t i o n s i n a c i d i c s o l u t i o n and k-̂ K 

must t h e r e f o r e s u f f i c e as a measure of n u c l e o p h i l e r e a c t i v i t y . Biggs and 

W i l l i a m s ^ have observed the r e a c t i o n of 3, number of nucleo p h i l e s and 

r e p o r t t h a t l i n e a r p l o t s of k Q vs [Y ] were obtained, f o r each and every 

n u c l e o p h i l e i n the moderate concentration ranges employed. Values of k-jK 

f o r the r e a c t i o n of a s e r i e s of nu c l e o p h i l e s w i t h N-methyl-N-nitrosoaniline 

i n aqueous s o l u t i o n are given below. 

Nucleophile k^K 

Gl" 0.42 x 10~ / 4 

Br 22 x 10 

CNS" 0.22 

I ~ O.63 

Values of k-̂ K were found t o be independent of both the nature and 

con c e n t r a t i o n of X i r o v i d i n g the n i t r i t e t r aps were present i n 

concentraticms s u f f i c i e n t t o enforce the l i m i t i n g c o n d i t i o n s . The values 

of k-jK were also found t o be independent of the a c i d i t y . Ihe expected 

tr e n d of n u c l e o p h i l e r e a c t i v i t y was observed. Thus, 

I ~ > CNS~> B r ~ > Gl~ 

w i t h r e l a t i v e r a t e constants f o r the d e n i t r o s a t i o n of N-methyl-N-nitrose-

a n i l i n e of 
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15,000:5,300: rJ\:\ 

The d e n i t r o s a t i o n r e a c t i o n i s t h e r e f o r e seen to be very s e n s i t i v e t o 

the nature of the n u c l e o p h i l e employed. This observation i s i n d i r e c t 

c o n t r a s t t o the r e s u l t s obtained f o r the r e a c t i o n of these n u c l e o x h i l e s 
+ 

w i t h the n i t r o u s acidium i o n , N0 2 > where the r e l a t i v e r a t e s f o r the 

d i f f e r e n t n u c l e o p h i l e s are seen t o change only by a f a c t o r of 1.5 over 

the complete r a n g e ^ . The anomaly i s removed when i t i s r e c o l l e c t e d t h a t 
-)-

the r a t e s f o r the r e a c t i o n w i t h 1L, N0^ l i e close t o the d i f f u s i o n 

c o n t r o l l e d l i m i t . Under such c o n d i t i o n s no g r e a t d i s c r i m i n a t i o n between 

various nucleophiles i s t o be expected. 

A p p l i c a t i o n of the Swain-Scott equation t o the nitrosamine data . 

y i e l d s a, good s t r a i g h t l i n e c o r r e l a t i o n from a p l o t of l o g k-̂ K against n> 

the n u c l e o p h i l i c constants of the r e s p e c t i v e n u c l e o p h i l e s . The value 

of 2.1 obtained f o r s, the s u s c e p t i b i l i t y constant, from the slope of the 

p l o t demonstrates f o r m a l l y the s e n s i t i v i t y of the d e n i t r o s a t i o n r e a c t i o n 

towards n u c l e o p h i l e r e a c t i v i t y . 

The d e n i t r o s a t i o n r e a c t i o n i s also o b s e r v e d ^ i n aqueous H^SO^ i n 

the absence of added n u c l e o p h i l e s , a l b e i t a t a r a t e f a r below t h a t recorded, 

f o r the r e a c t i o n i n aqueous HC'l s o l u t i o n s of comparable a c i d i t y . The 

reduced r a t e of d e n i t r o s a t i o n now allows more e f f e c t i v e competition by the 

rearrangement r e a c t i o n and the y i e l d of the rearrangement product i s 

correspondingly increased. For the r e a c t i o n of W-me/thyl-K-nitrosoaniline^ 

i n a 2.5 M aqueous s o l u t i o n of Ĥ SÔ  the percentage y i e l d of the 

rearrangeioent product i s 20%. Since the rearrangement r e a c t i o n now 

represents a s u b s t a n t i a l f r a c t i o n of the t o t a l r e a c t i o n observed values 

of k r e q u i r e d c o r r e c t i o n t o give k, the r a t e constant f o r the d e n i t r o s a t i o n 

r e a c t i o n , w i t h the degree of c o r r e c t i o n t o be a p p l i e d being p r o p o r t i o n a l 

t o the observed y i e l d of the rearranges:^-::!t j r o d u o t . 
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Biggs and W i l l i a m s ^ have i n v e s t i g a t e d the d e n i t r o s a t i o n of N-methyl 

N - n i t r o s o a n i l i n e i n the absence of added nucleo p h i l e s using aqueous Ĥ SO,̂  

s o l u t i o n s as s o l v e n t s . A p l o t of k vs H i s found t o be l i n e a r w i t h a 
A a 0 

slope of -I.3O demonstrating the r a t e of increase of k^ w i t h i n c r e a s i n g 

a c i d i t y t o be g r e a t e r than t h a t expected on the basis of a simple f i r s t -

order h Q dependence. On the assumption t h a t the hydrogen sulphate anion, 

HSO^ , a c t s as a n u e l e o p h i l e a p l o t of k^ vs h Q + hjHSO^ ] might be 

expected t o be l i n e a r . I n p r a c t i c e no such c o r r e l a t i o n i s found. 

Furthermore a d d i t i o n of l arge concentrations of sodium sulphate has been 

observed t o produce only small, increases i n k^, the magnitudes of the 

increases being such as t o permit t h e i r r a t i o n a l i s a t i o n i n terms of. s a l t 

e f f e c t s . The most ap p r o p r i a t e c o r r e l a t i o n of k^ vs F ( h Q ) would appear to 

take the form given below. 
2 k, = constant x Ii <~ constant' x h„ d o 0 

A p l o t of k,/h vs h thus y i e l d s a s t r a i g h t l i n e . Even here the d o o " 
s i t u a t i o n i s not t o t a l l y s t r a i g h t f o r w a r d since the p l o t i s composed" of 

two s t r a i g h t l i n e s of d i f f e r e n t slopes which i n t e r c e p t a t a p o i n t 

corresponding t o h = 200. I t may be t h a t on reaching a s u l p h u r i c a c i d 

concentration of approximately LJ*\, (h r" 200), a change i n the nature 

and e x t e n t of s o l v a t i o n of Ĥ O takes place. Such a change would r e s u l t . 
+ 

i n an a l t e r a t i o n of the r a t e constant f o r a t t a c k by Ĥ O which would be 

i n f l e c t e d by a corresponding change i n constant' . 

As the e x t e n t of c a t a l y s i s by HSO, has been shown t o be i n s i g n i f i c a 

we must contemplate the p o s s i b i l i t y of n u c l e o p h i l i o a t t a c k by species 
•t-

such as H o0 and 1U0 . The r e a c t i o n scheme i s given below 

JhHH (Me)NO + H ?0 —1> ihNHMe + Ji^NO ' 
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Here two concurrent r e a c t i o n s are proposed i n v o l v i n g a t t a c k of 
+ 

HpO and Ĥ O r e s p e c t i v e l y upon the protonated form of the nitrosamine. 

The l a t t e r r e a c t i o n might reasonably be expected t o become i n c r e a s i n g l y 

important a t higher a c i d i t i e s . W h i l s t the proposed r e a c t i o n between 

•two p o s i t i v e l y charged species may appear a l i t t l e unusual i t should be 

remembered t h a t an analogous r e a c t i o n between the n i t r o u s acidium i o n 

H^C^4 and the protcnated form of an aromatic amine has been d e m o n s t r a t e d ^ 

as forming p a r t of the mechanistic scheme d e s c r i b i n g the n i t r o s a t i o n of 

secondary aromatic amines a t high a c i d i t i e s . 

The r e a l i s a t i o n tha.t the d e n i t r o s a t i o r i r e a c t i o n has an a c i d i t y 

dependence d i f f e r i n g from t h a t obeyed by the rearrangement r e a c t i o n has 

been i n s t r u m e n t a l i n e x p l a i n i n g the observed v a r i a t i o n of the rearrangement 

d e n i t r o s a t i o n product r a t i o w i t h changing a c i d c o n c e n t r a t i o n . 

I t i s s t a t e d e a r l i e r t h a t the observed r a t e constant f o r the 

d e n i t r o s a t i o n of N-methyl-N-nitrosoaniline i n the presence of excess added 

concentrations of a n i t r i t e t r a p , X, i s independent of both the nature and 

conc e n t r a t i o n of the n i t r i t e t r a p p r o v i d i n g t h a t the con c e n t r a t i o n i s 

s u f f i c i e n t t o ensure attainment of the l i m i t i n g c o n d i t i o n s of 

k.^[x]>> k_2[ c]. I t i s perhaps p e r t i n e n t t o p o i n t out t h a t d e v i a t i o n from 

Xj i s observed a t high a c i d i t i e s • For 

the r e a c t i o n i n v o l v i n g aqueous HCl s o l u t i o n s i n the ircsence of excess 

added concentrations of various n i t r i t e t r a p s a p l o t of l o g k va -H 

shows t h a t the sero-order deitsndence of k on [ x] i s obeyed a t a l l a c i d 

concentra.ti.ons below KOl ="• 5.5 M. At hi g h e r a c i d i t i e s the r e a c t i o n 

begins t o lose the :>ero order derendence on [ x ] the e x a c t sha.;>e of the 

curve obtained being dependent on both the nature and concentration of X. 

As the n i t r i t e t r a p species are considered t o be r e l a t i v e l y we,\v: 

n u c l e o p h i l e s when i n aqueous s o l u t i o n the d o v i a i l u i'i i'K^si l i n e a r i t y i s n o t 

e a s i l y explained i n terms of a d i r e c t rcu-oti ;-r tot'/ee": the tx*ap species 

http://concentra.ti.ons
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and the protonated form of the n i t r o s a m i n e . As the a c i d i t y i s increased 

the departure from zero-order behaviour i n X occurs f i r s t f o r urea, then 

hydroxylamine f o l l o w e d by sulphamic a c i d , hydrazine and hydrazoic a c i d i n 

t h a t order. I t i s i n t e r e s t i n g t o note t h a t t h i s s e r i e s p a r a l l e l s the 

s e r i e s constructed e a r l i e r f o r the i n c r e a s i n g order of r e a c t i v i t y of the 

t r a p species towards the f r e e n i t r o s a t i n g agent, NOY. The change of 

behaviour observed a t high a c i d i t i e s i s t h e r e f o r e suggested t o be associated 

w i t h the r e l a t i v e e f f i c i e n c i e s of the d i f f e r e n t t r a p species. For the 

less e f f i c i e n t n i t r i t e traps such as urea, hydroxylamine and sulphamic . 

a c i d the observations are e a s i l y explained i n terms of the extensive 

p r o t o n a t i o n of the t r a p species which i s t o be expected a t high a c i d i t i e s . 

As the protonated forms of the t r a p species might reasonably be expected, 

to be l e s s r e a c t i v e towards NOY than t h e i r unprotonated c o u n t e r - p a r t s , 

r a i s i n g the a c i d i t y of the r e a c t i o n medium w i l l r e s u l t i n a lowering of 

the b u l k r e a c t i v i t y of the added n i t r i t e t r a p . At some stage the degree 

of p r o t o n a t i o n becomes such as t o preclude the operation of the l i m i t i n g 

c o n d i t i o n , k^[x]> > ^_p[o] and the simple r e l a t i o n s h i p between k Q and 

-H no longer obtains. The r e a c t i o n must now be t r e a t e d i n terms of the 

f u l l D.ntramolecular r a t e expression given below. 

k.k cKh k [Y]k [x]Kh 
k o k., + k „ 

o 

For the more r e a c t i v e n i t r i t e t r a p s such as hydrazine and hydrazoic 

a c i d the r e a c t i v e species i n a c i d s o l u t i o n s are considered t o be the 

protonated species, NH^NHg *" and HN^ r e s p e c t i v e l y and f u r t h e r i r o t o n a t i o n 

i s not, thought to occur. I n c o n t r a s t t o the curves obtained f o r the l e s t 

e f f i c i e n t n i t r i t e t r a p s a p l o t of k vs -H a t high, [ x ] f o r hydrazine 

and. hydrasoic a c i d does not e x h i b i t a maximum i n the a c i d i t y range 

stu d i e d . The d e v i a t i o n from l i n e a r i t y must be explained on a d i f f e r e n t , 

basis t o t h a t employed f o r the l e s s r e a c t i v e n i t r i t e t r a i l s and i s 
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a t t r i b u t e d to the extensive p r o t o n a t i o n of. the nitrosoamine a t high 

a c i d i t i e s . Under such c o n d i t i o n s the simple form of the r a t e expression, 

must be m o d i f i e d to y i e l d the expression, 

o " 1 >- Kh 
o 

Ihe l a t t e r expression may be s i m p l i f i e d i f p r o t o n a t i o n of the 

nitrosamine i s assumed to be complete so t h a t we obtain the expression 

given below. 
ko = k J * l 

At very high a r i d concentrations k i s t h e r e f o r e expected t o become 

independent of trie a c i d i t y of the r e a c t i o n medium. I t i s i n t e r e s t i n g t o 

note t h a t measurements a t very high a c i d i t i e s would t h e r e f o r e y i e l d 

a value f o r the i n d i v i d u a l r a t e constant, k^, and thus Permit a c a l c u l a t i o n 

of the value of K, the e q u i l i b r i u m constant f o r the i n i t i a l p r o t o n a t i o n , 

which may n o t be obtained, by d i r e c t methods. For example consider the 

data- of Williams. 

[HHI] = 7-5 M k ^> o.l s~ l 

hus i f 

then 

But 

'Jhus 

H = -2-6 
o 

ko k l M 

_o -1 - ] 
k-, = 1.3 x 10 *" 1 mol s ' f o r Pi 

k,K = 0.42 x ±Q~L'r 

3.2 x 10" 3 
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v i a an a l t e r n a t i v e approach. 

The e f f e c t s of N, meta~ and p a r a - s u b s t i t u e n t s upon the r a t e of 

d e n i t r o s a t i o n of aromatic N-nitrosamines have been examined i n a 
64 

q u a n t i t a t i v e manner by Biggs and Williams • For the r e a c t i o n of a 

•series of N - a l k y l s u b s t i t u t e d N - n i t r o s o a n i l i n e s i n aqueous HCl s o l u t i o n s 

a r a t e sequence as d e picted below was observed.. 

- i — , i ,,n „ t 

> > Et > - r ^ Bu > he 

The r e l a t i v e r a t e constant r a t i o s k Q ( B u t ) :k (Me) of 2-4.5, 2.39, 1-4.5 s..n^. 

0.94 obtained i n s u l p h u r i c a c i d s o l u t i o n w i t h the n u c l e o p h i l e s Gl , ̂ 2^' 

Br and I r e s p e c t i v e l y lend support to the argument t h a t the anomolous 

r e a c t i v i t y of the Bû " compound i s , a t l e a s t t o some e x t e n t , due to a 

s t e r i c hind ranee of the incoming n u c l e o p h i l e . Whilst the general t r e n d , 

excluding the Bu" compound, i s perhaps r e f l e c t i v e of the e f f e c t of 

e l e c t r o n - d o n a t i n g s u b s t i t u e n t s upon the e q u i l i b r i u m constant f o r the i n i t i a l 

p r o t o n a t i o n there e x i s t s also the p o s s i b i l i t y of an e f f e c t upon k-̂ . 'The 

progression along the r e a c t i o n coordinate i s from the . p o s i t i v e l y 

charged, protonated form of the N~n itrosoamine towards, a t l e a s t i n the 

case of n u c l e o p h i l i c a t t a c k by n e g a t i v e l y charged species such as the 

h a l i d e i o n s , a less p o s i t i v e l y charged t r a n s i t i o n - s t a t e . An i n c r e a s i n g 

degree of N - a l k y l s u b s t i t u t i o n might t h e r e f o r e be expected to r a i s e the 

a c t i v a t i o n energy f o r the n u c l e o p h i l i c a t t a c k r e s u l t i n g i n a lowering 

of k-̂ . I f , i s l i k e l y t h a t both e f f e c t s operate. 

For s u b s t i t u t i o n a t the p a r a - p o s i t i o n of the bensene r i n g the 

complications of s t e r i c hinderance e f f e c t s do not, of course, e x i s t . The 

r e l a t i v e l y small magnitude of the observed e f f e c t of s u b s t i t u t i o n upon k 

has been ex plained i n terms of the f i n e balance which e x i s t s , i n the case 

of the r i n g s u b s t i t u t e d compounds, between the separate opposing e f f e c t s 

u'ion K and k, . For the ha..tide catalysed r e a c t i o n the r a t e sequence f o r 
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the d e n i t r o s a t i o n of the p - s u b s t i t u t e d N-methyl-N-nitrosoanilines i s 

as f o l l o w s . 

Cl > H > Me > OMe 

The major e f f e c t i n the case of the h a l i d e catalysed r e a c t i o n i s 

thus shown t o be t h a t upon k n. 

For the uncatalysed r e a c t i o n i n aqueous ti^SO^ s o l u t i o n s a reversed 

sequence i s obtained which i s i n l i n e w i t h the proposal of n u c l e o p h i l i c 

a t t a c k by the p o s i t i v e l y charged hydroxonium i o n , Ĥ O . 

Fur t h e r work i n v o l v i n g the use of r i n g - m e t h y l s u b s t i t u t e d 

N-methyl-N-nitrosoanilines has been c a r r i e d out by the same authors w i t h 

analogous r e s u l t s . Rate constants obtained i n aqueous HCl s o l u t i o n s f o r 

the d e n i t r o s a t i o n of the 2-methyl, 3-methyl, 2,6 dimethyl and 3,5 d i m e t h y l 

compounds show t h a t i n general r i n g - m e t h y l s u b s t i t u t i o n a t the ortho and 

meta p o s i t i o n s a c t i v a t e s the system towards the d e n i t r o s a t i o n r e a c t i o n . 

The r e s u l t s are again explained i n terms of the separate e f f e c t s upon 

K and k-̂  and i t would appear t h a t f o r meta and ortho-methyl s u b s t i t u t i o n 

the e f f e c t on K i s the more dominant. The anomalous low r e a c t i v i t y of 

the 2,6 d i m e t h y l s u b s t i t u t e d compound appears t o be due t o a s t e r i c 
c 

hindrance o f the s o l v a t i o n of the protonated form. A r e l u t a n c e to form 
n 

the high energy protonated form i s r e f l e c t e d i n the low r e a c t i v i t y of the 

s u b s t r a t e . This e f f e c t might also be expected t o y i e l d a low r e a c t i v i t y 

f o r the rearrangement r e a c t i o n and indeed t h i s a c t i o n i s observed. C l e c r l y 

i n the case of the d e n i t r o s a t i o n r e a c t i o n there e x i s t s a l s o the p o s s i b i l i t y 

of s t e r i c hindrance of the incoming n u c l e o p h i l e . I n aqueous H^SO^ the 

increased magnitude of the general a c t i v a t i o n e f f e c t r e f l e c t s the f a c t 

t h a t n u c l e o p h i l i c a t t a c k i s now, a t l e a s t I n p a r t , due t o the p o s i t i v e 

hydroxonium i o n . 

I n the f o r g o i n g discussions n.ucleophilic c a t a l y s i s of the d e n i t r o s a t i o n 

of H-nitrosaraines i s described as being provided v i a the agency of the 
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simple nucleophilic species, I , SCN , Br. , cl and H,-,0 respectively. 

Whilst t h i s does i n f a c t represent the classical case, the l i s t i s by 

no means exhaustive and other p o s s i b i l i t i e s do e x i s t . 
66 

Early work by Storch concerning the reactions of thiourea lead to 

the observation of a reaction between thiourea and nitrous acid which 

i n the presence of moderately strong aqueous solutions of mineral acids 

yields a transient red colouration. This red colouration i s observed to 

fade with time and a f i n a l product may be obtained from solution i n the 

form of colourless crystals. Tne reaction was subsequently recognised 

as representing a nucleophilic- attack by thiourea upon nitrous acid to 
in 

y i e l d the C,G'-dithiodiformamidium ion depicted below. 

A 

( N H 2 ) 2 C = S+ - S~ = C (NH 2) 2 

On the basis of these observations we might expect reaction between 
thiourea and the N-nitrosamines. 

6"? 68 

Williams ' has studied the action of thiourea upon the 

denitrosation reaction of N-methyl-N-nitrosoaniline i n aqueous acid 

solutions and gives the following report. 

In the absence of an added n i t r i t e trap the nitrosamine i s seen t o 

react with thiourea to give a transient yellow colouration. The same 

yellow colouration (X ,. , ~ 400nm) i s also reported by Stedman et a l . ^ ' 

f o r the r e a c t i o n of t h i o u r e a with n i t r o u s a c i d . The apparent c o n t r a d i c t i o n 

which e x i s t s between Stedman's r e s u l t s and those of Storch i s explained 

i n terms of the d i f f e r e n t reagent concentrations employed i n the two 

st u d i e s . I t i s i n t e r e s t i n g to note t h a t w h i l s t Werner^ reports a r e d 

c o l o u r a t i o n f o r the r e a c t i o n of thiourea, w i t h sodium n i t r i t e i n aqueous 

HpSO/ s o l u t i o n s , the r e a c t i o n i n aqueous a c e t i c acid s o l u t i o n s where on 

the basis of the a c i d c a t a l y s i s described l a t e r the equilibrium concentration 

of the n i t r o s a t i o n .product might be expected to be lower was reported t o 
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y i e l d a yellow colouration. Ihe comment regarding the observed 

colouration to be a function of the product concentration would thus 

appear to be v a l i d . The yellow coloura,tion produced by the reaction of 

thiourea with the nitrosamine i s observed to fade with time and good 

.yields of the C,C'-dithioformamidinium cation are obtained from the 

equilibrium- mixture. Ihe observations are interpreted on the basis of 

an i n i t i a l S~nitrosation to give the yellow S-nitrosothiourea intermediate 

which subsequently decomposes to y i e l d the disulphide dication and n i t r i c 

oxide according to the following scheme. 

HiNMeNO + H + lhNH+(Me)NO 
K 

+ HiNHMe 

+ 2N0 

PhNH+(Me)NO + S=c (NH„) 2'2 0=N-S=C V 

-1 

, N H 5 

YELLOW 

+• + 

( N H 2 ) 2 C S S C ( N H 2 ) 2 

COLOURLESS 

I n the absence of a n i t r i t e trap the nitrosamine i s regenerated via 

the reaction of N-methylaniline with the nitrous acid formed from the 

oxidation of dissolved n i t r i c oxide. In deoxygenated solutions the 

regeneration reaction i s not observed- I n the presence of an excess added 

concentration of a n i t r i t e trap, such as hydrazine., the nitroso-thiourea 

adduct i s rapidly removed by i r r e v e r s i b l e reaction vri th the n i t r i t e trap 

with a consequent regeneration of the thiourea. Under these conditions 

the Ci. C -dithiodiforftamidinium ion i s not obtained as a product of the 

reaction. As the rearrangement i s not observed except at very low 

thiourea concentrations the reaction scheme may bo described /•„-, over. 
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HiNMeNO + H =^2= IhNH(Me)NO 
K 

IhNH(He)NO + SC(NH 2) 2 > HiNHMe + 0N-SG(NH2)2 

NO-SC(NH2)2 + X 1> SC(KII 2) 2 + Products 

Hie reaction i s found to be f i r s t - o r d e r i n acid concentration. At 

moderate concentrations of thiourea the reaction i s also found to be 

f i r s t - o r d e r i n thiourea concentration. Assuming a Hammett a c i d i t y 

dependence f o r the i n i t i a l protonation we may w r i t e , 

k o = W*] 
We may now calculate a value of k^K f o r thiourea i n a manner analogous 

to that employed f o r the more usual nucleophiles such as the halide ions. 

From the calculated k-̂ K value of 0.55 thiourea i s shown to be almost as 

reactive as iodide ion as regards i t s nucleophilic attack upon the 

protonated form of the nitrosoamine. 
70 

Values of n, the nucleophilic constant, given by Pearson et a l . 

suggest that thiourea l i e s between thiocyanate ion and iodide ion i n i t s 

nucleophilic r e a c t i v i t y . Acknowlodging that we are now dealing with a 

nucleophilic s u b s t i t u t i o n at a nitrogen s i t e a pl o t of log k-̂ K vs n 

yields a p a r t i c u l a r l y good correlation and serves to confirm Pearson's 

order of r e a c t i v i t i e s . The slope of thi s l i n e i s 1.40, s i g n i f i c a n t l y 

larger than the slopes generally found f o r conventional Ŝ 2 substitutions 

at a carbon centre and shows that the i n a c t i v i t y of the nucleophile ( i . e . 

the bond-making process i n going to the t r a n s i t i o n state) i s p a r t i c u l a r l y 

important-in the present case. 

A sim i l a r correlation (with a smaller slope) i s found " J f o r the 

reactions of the more reactive N~ni t.r csociiphenylam.ine with these nucleophile 
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Whilst the nitroso-thiourea adduct could, i n p r i n c i p l e , act as a 

ni t r o s a t i n g agent i t s action i n t h i s role i s i n e f f i c i e n t compared with 

that of species such as NOCl or HgNO . Addition of N-methylaniline to 

the reaction system does r e s u l t i n a decrease i n k Q, i n d i c a t i v e of the 

r e v e r s a b i l i t y of the second step governed by k-̂ . A plot of l / k Q vs [NMA] 

at constant a c i d i t y , [thioureaj and [ X j leads to values of k_^/k^ f o r each 

of a number of trap species. The data f o r thiourea i s given below 

together with that f o r bromide and thiocyanate so that comparison may 

be made. 

Trap Species 

HN3 " " ~ n" - " " " - " " ~ 

NH2NH3 

NHgSÔ H 
+NH3OH 

C0(NHp) 

k - i A 3 

NOBr N0SC(NH2)2 NOSCN 

3-2 x 10~ 2 5.0 x 10~ 2 4.5 x 10 

4.8 x 10" 2 1.9 x 10" 1 1.8 x 10 

1.8 4.3 4.0 

30 85 88 

1,170 2,670 
2 / 2 

Consideration of the ranked values of k_^/k^ indicates the same 

trends of trap r e a c t i v i t y to be operative i n each of the three cases. 

On the basis of a s e l e c t i v i t y o — r e a c t i v i t y correlation i t would seem 

that w h i l s t the two sulphur containing n i t r o s a t i n g agents NOSCN and 

NOSCCNHp)^ show sim i l a r a b i l i t i e s with respect to th e i r n i t r o s a t i o n 

of the trap species, t h e i r r e a c t i v i t y i n th i s aspect i s substantially 

less than that of NOBr. I t would thus seem that NOSCN ar.d NO-S nC(HH2;? 

are not p a r t i c u l a r l y reactive n i t r o s a t i n g agents. 

Examples of the n i t r o s a t i o n of sulphur-eontaining nucleophil.es are 

by no means l i m i t e d to the reactions of thiourea. Recent work has 

demonstrated the n i t r o s a t i o n of t h i o l s and thioamidcs''" by nitrous 

http://nucleophil.es
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73 
acid and both the alkyl-thioureas and cysteine are believed to undergo a 

sim i l a r S-nitrosation under the action of the same reagent. The reaction 

of N-alkyl-N-nitrosourethane i n the presence of cysteine has been reported 

as y i e l d i n g a "bewildering array of products" . 

Discoveries concerning the actions of n i t r o s a t i n g agents upon 

na t u r a l l y occuring sulphur containing species such as cysteine may w e l l 

have a s i g n i f i c a n t impact upon our consideration of the b i o l o g i c a l action 

of N-nitroso compounds. We s h a l l pursue t h i s point i n some greater d e t a i l 

i n Section 6. 

The present work looks at the reaction of a series of a l k y l 

thioureas with N-methyl-N-nitrosoaniline i n aqueous acid solution. Ihe 

reactions of N-methyl-N-nitrosoaniline with methionine, glutathione, 

cysteine and S-methylcysteine respectively are also considered. 

The aspect of the denitrosation of N~nitroso compounds pertaining to 

catalysis by added metal ions i s currently the cause of much debate. 

Ireussman et a l . have r e p o r t e d ^ that the degradation of N-ethyl-N-

nitrogourea i n aqueous acidic solution may be catalysed by the addition of 

any one of a series of t r a n s i t i o n metal ions. Thompson has pointed 
out that the observed order of r e a c t i v i t y p a r a l l e l s exactly the I r v i n g -

77 

Williams series f o r the s t a b i l i t y constants of complexes of the divalent 

f i r s t row Transition Metal ions-. 

Cu^ > > N i ^ ' > Co^ ̂  Mn^ t / v Fe^ + 

The c a t a l y t i c e f f e c t has therefore been described i n terms of the 

rate determining decomposition of a complex such as that depicted below. 
ON N Et 

Cu 

H2N-
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No such catalysis has been reported f o r the denitrosation reactions 
7 r 78 of N-methyl-N-nitrosourethane , N-methyl-N-nitrosoaniline or 

N-methyl-N-nitrosotoluene-p-sulphonamide. I t i s assumed that these l a t t e r 

compounds are unable to form the chelate complex. 
2+ 

In the present work the action of Fe upon the demtrosa.tion of 

N-methyl-N-nitrosoartiline has been studied. From the r e s u l t s obtained 

i t would seem that the " c a t a l y t i c " action of the low oxidation state 

Transition Metal ions i s , at least i n part, due to th e i r action as 

n i t r i t e traps. 

1.8 The N-nitrosation Reaction 

I t i s ]>erhaps pertinent at t h i s stage of the present introduction 

to discuss a few, selected aspects of the N-nitrosation reaction which 

represents a reversal of the denitrosation reaction discussed above. 

H i s t o r i c a l l y the approach has been to separate the N-nitrosation reaction 

f o r discussion and i n deference a separate treatment i s made here. The 

present work has provoked a common treatment of the n i t r o s a t i o n and 

denitrosation reactions which goes f u r t h e r towards providing a desirable 

portrayal of t h e i r interdependence. This second treatment i s given 

i n Section 2. 

Tne n i t r o s a t i o n reaction has recently been reviewed i n an excellent 

a r t i c l e by Ridd ~. I t i s hoped that the short summary which follows w i l l 

provide a background f o r the l a t e r discussion of the catalysis of ni t r o s a t i o n 

and denitrosation reactions i n general. 

The character of the products obtained from the reaction of an amino-

compound with nitrous acid i s to a large extent dependent on the class of 

amino-compound employed. Thus primary a l i p h a t i c amines react to i n i t i a t e 

a reaction pathway which continues as follows. 
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+ 
RNH RNHNO *> RNNOH -> UN 2 

Unstable Eiazonium Salt 

+ + Deamination Iroducts RN o R •o 

As the diazonium s a l t s of primary aromatic amines are r e l a t i v e l y 

stable reaction of a primary aromatic ajnine with nitrous acid yields 

the corresponding diazonium s a l t . Ihe reaction of secondary amines, 

both a l i p h a t i c and aromatic yields the N-nitrosamine. H i s t o r i c a l l y 

speaking reaction of the t e r t i a r y amines has been considered to occur 

only i n the case of compounds such as N,N'-dimethylaniline where 

e l e c t r o p h i l i c attack by n i t r o s a t i n g agents upon the activated benzene 

r i n g has been invoked i n explaining the production of the observed para-

nitroso derivative. I t i s now clear that t e r t i a r y a l i p h a t i c amines react 

to give the N-nitroso derivative of a corresponding secondary amine. To 

some extent t h i s reaction i s paralleled by the t e r t i a r y aromatic amines 

especially those which possess para-substituents. I n a l l cases the 

expelled group appears i n the reaction products i n the form of an aldehyde 

or ketonic derivative. Ihe amides are observed to follow a similar 

pattern of reaction. 

For the general case the observed reaction kinetics have been 

recognised as being indicative of the existence of a slow, i n i t i a l 

N-nitrosation step which, at low a c i d i t i e s , i s rate determining. Thus 

the observed k i n e t i c complexity i s due to an incursion of the several 

d i f f e r e n t mechanism of N-nitrosation. A number of these mechanisms posses 

two p o t e n t i a l l y rate-determining sub-stages. A study of the kinetics of 

the reaction of the amino-compounds with nitrous acid therefore yields 

information concerning the mechanism of the i n i t i a l , rate-determining, 
r +n 

N-nitrosation reaction. At low a c i d i t i e s , where H > 0, 'j M, three [« 
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d i s t i n c t l y d i f f e r e n t mechanisms are porposed f o r the reaction i n aqueous 

solution. 

The Nitrous Anhydride Mechanism 
79 

In 1928 Taylor demonstrated that the k i n e t i c form observed f o r the 

deamination of methylamine i n d i l u t e aqueous solutions of nitrous acid 

could be described by the rate expression given below. 
Rate = k [amine] [HNOJ 2 ( l ) 

The same k i n e t i c form was observed by Taylor f o r the deamination of 
79 80 81 ammonia and dimethylamine and subsequently by Schmid f o r the 

82 

diazotisation of a n i l i n e i n 0.2 M aqueous sulphuric acid. Hammett 

suggested t h a t the observed third-order rate expression i s the consequence 

of a mechanism which involves n i t r o s a t i o n by nitrous anhydride. The 

following scheme of reaction was proposed. 
H + + HN02 =5=^ H2o'~ - NO 

f a s t 

H 2 0 + - NO + N02~ = ^ N 20 q + H20 
f a s t 

ArNH2 + N 20 1> ArNH2N0+ + N0 2" 
slow 

(ArNH2N0+ > ArN 2
 f ) 

f a s t 

Supporting evidence f o r the proposed scheme i s obtained from the 

results of experiments at very low a c i d i t i e s J . As the a c i d i t y of 

the reaction medium i s reduced the rate of production of the proposed 

n i t r o s a t i n g agent, NgO^, might be expected to f a l l . At low a c i d i t i e s the 

proportion of the amine which exists i n the free form i s increased so 

tha.t there should. a.rise at some stage a s i t u a t i o n i n which a l l Np0^ i s 

removed, as soon as. i t formed, by the amine. The rate of R-nitrosation i s 

now governed by the rate of formation of the n i t r o p a t i n g agent. This rate 
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i s independent of amine concentration. Thus the Hammett scheme implies 

that the rate of N-nitrosation should become independent of the amine 

concentration a t very low a c i d i t i e s . With reactant concentrations of 

10^ M i n 0.002 M perchloric acid Hughes et a l . have found the rate of 

N-nitrosation of a series of amines to be described by the expression shown 

below. ^ 
Rate ^ k[HN0 2] (2) 

Thus the rate of reaction i s found to be independent of the 

concentration of the amine. Over a l i m i t e d range of amine b a s i c i t i e s the 

rate of reaction i s also independent of the nature of the amine. Ihe 

r e s u l t has been taken as supporting the proposals of Hammett. Further . 

support f o r the scheme has been derived from an observation of the rate 
"j Q 

of " 0 exchange between nitrous acid and water i n the absence of 
• 85,86 the amine 

The nitrous anhydride mechanism i s now regarded as having a general 

a p p l i c a b i l i t y i n describing the reaction of a n i l i n e and other pri.inary 

aromatic amines of s i m i l a r b a s i c i t y i n d i l u t e aqueous solutions of 

hydrochloric, perchloric arid sulphuric acid respectively. The d i l u t i o n 

c r i t e r i a axe obeyed by solutions of perchloric and sulphuric acid of less 

than O.5 M concentration and by solutions of hydrochloric acid of less 

than 0.1 H concentration. The lower l i m i t f o r the l a t t e r case i s due to 

the incursion of a halide catalysed mechsjiism at higher a c i d i t i e s . The 

nitrous anhydride mechanism may also be used to describe the f i r s t stage 

of the deamination of a l i p h a t i c amines under s i m i l a r conditions. For a. 

series of p-substituted anilines the values of k defined by equation 1 

are found to ex h i b i t a close correlation with the r e l a t i v e b a s i c i t i e s of 

the respective substrates 0^'. This trend however does not continue upon 

consideration of the a l i p h a t i c amines which are f a r less reactive than t h e i r 

high b a s i c i t i e s would lead us to predict. 



60 

As the equilibrium constant f o r the formation of nitrous anhydride 
87 88 

i s known ' the true rate constant f o r the reaction of the free amine 

with n i t r o u s anhydride may be estimated. For a n i l i n e i t s e l f t h i s value 

of k* defined by, 

Rate = k« [HiNH 2][N 20 3] (3) 

i s found to be of the order of 10" ' mol s 1 at 25 C The reaction of 

nitrous anhydride with the free amines i s therefore thought not to 

represent an example of a d i f f u s i o n controlled process. This r e s u l t i s 

i n marked contrast to that obtained f o r the reaction of the n i t r o s y l 

halide species with the free amine. 

The N i t r o s y l Halide Mechanism 

Although the catalysis of diazotisation by hydrochloric acid had 
89 

previously been reported by a number of authors the exact form of the 

halide catalysis did not become apparent u n t i l i t s elucidation by Schmid 

i n 1 9 3 7 ^ ' ^ * The e f f e c t of ha l i d e catalysis i s to add an extra term 

to the rate expression given as equation 1 to y i e l d equation k. 
Rate = k[amine][ HN0 2] 2 + k"[amine][ H +][ HN0 2][Y~] O) 

where Y represents the halide ion. 

As the value of k" i s found to be several orders of magnitude higher 

than that of k 1 we may generally re-write equation 'f as equation 5-

Rate •= k"[amine] [ H + ] [ H N 0 2 ] [ Y ~ ] (5) 

This approximation may not of course apply at very low halide 
82 

concentrations or at very low a c i d i t i e s . Hammett has pointed out that 

the concentration terms i n the equation are now equivalent to the 

product of the concentrations of the n i t r o s y l hali.de, NOY and the amine. 

On t h i s basis he proposed the fol l o w i n g mechanism f o r the hal i d e 

catalysed reaction 

http://hali.de
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+ + HN02 + H 
f a s t 

H20 - NO 

H.O NO + Y 
fa s t 

NOY + H20 

+ NOY + ArNH. 2 slow 
•o ArNH2N0 + Y 

(ArNH2 NO t> ArN„ ) 
f a s t 

Note that, i n common with the nitrous anhydride mechanism the 

n i t r o s y l halide mechanism possesses as i t s f i r s t stage an inorganic 

reaction step which does not involve the amine. Evidence i n support of 

the proposed mechanism may therefore be collected, i n a manner sim i l a r to 

that employed f o r the case of the nitrous anhydride reaction, by operating 

the reaction under conditions which make the production of the n i t r o s a t i n g 
92 

agent, NOY, the- rate determining step. Thus Hughes and Ridd have 

demonstrated that reaction i n the presence of a large added excess 

of the amine i s governed by a reduced form of the rate expression as 

given below. 

The rate of the reaction i s now independent of the amine concentration, 

the observed form of the rate expression being interpreted i n terms of a 

rate-determining attack by the halide ion upon the nitrous acidium ion, 

Use of rate c o e f f i c i e n t data from Equation k in conjunction with the 

available data concerning the equilibrium constants f o r the formation 

of the n i t r o s y l halides has enabled Schraid and c o - w o r k e r s ^ ' 9 5 t o 

obtain true rate constants, k''', f o r the reaction of the molecular 

n i t r o s y l halides, «0Y, with the free amine. Values of k' " , defined by, 

+ [ H ] [ H N 0 2 ] [ Y - ] Rate 

H-
2, 2 

W 0 * J k amine rtai.e 
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are tabulated below f o r the reaction of a number of substituted a n i l i n e s 

with n i t r o s y l chloride at 25°C 

Amine 1 0" 9k" '/mol" 1 s" 1 1 

o-chloroaniline 1.16 

m-chloroaniline 1.63 

I>-chloroaniline 1.89 

a n i l i n e 2.60 

o-toluidine 2.44 

m-toluidine 2.70 

p-toluidine 3.00 

•The s t r i k i n g feature here i s that although ba s i c i t y i s increased 

by a fa c t o r of 25O on descending the table the recorded values of k''' 

remain approximately constant. Furthermore the values of the rate 

constants l i e close to the value of 1 0 1 0 1 mol ̂  s ]' expected f o r a 
On 

d i f f u s i o n controlled reaction under these same conditions . I t would 

thus appear that the reaction of the free amine with NOGl i s a 

bimolecular encounter controlled process. Support f o r t h i s proposal 

has been derived from calculations of the a c t i v a t i o n energies using the 

observed dependence of k'" upon temperature. The values of I9.O6 k j mol 

and. 20._59 mol obtained f o r the reaction of anil i n e and p-chloroariiline 

respectively are noted to possess a great s i m i l a r i t y with the apparent 

ac t i v a t i o n energy of ̂  .17 k j mol ̂  at 2.5°C calculated f o r the general 

d i f f u s i o n controlled process on the basis of the variation of solvent 

viscosity with temperature. 

To proceed f u r t h e r we must turn to the recent study by Grainpton et a l . ^ 

which represents an application of stopped-flow techniques to the 

ni t r o s a t i o n of a series of substituted anilinos by n i t r o s y l halides. The 
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approach d i f f e r s from e a r l i e r works i n that i t recognises the 

r e v e r s i b i l i t y of the N-nitrosation as being an important f a c t o r 

p a r t i c u l a r l y at high halide ion concentrations and also f o r a n i l i n e 

derivatives containing electron-withdrawing groups. Whilst t h i s 

r e a l i s a t i o n does add t o the complexity of i n t e r p r e t i n g substituent 

effects the idea of a d i f f u s i o n controlled process i s retained f o r 

a n i l i n e derivatives with pK > 4 . 
a 

Acid Catalysed Mechanisms 

For the reaction of a n i l i n e i n aqueous solutions of perchloric and 

sulphuric acids equation 1 i s seen to predict t h a t an increase i n a c i d i t y 

should be accompanied by an corresponding decrease i n the rate of 

reaction due to the reduced a v a i l a b i l i t y of the free amine. As the 

perchlorate and sulphate ions are incapable of forming covalent 

n i t r o s a t i n g agents we may expect that an increase i n a c i d i t y would r e s u l t 

i n an o v e r a l l decrease i n the rate of reaction. Whilst t h i s i s , i n the 

f i r s t instance, true we note that the rate of reaction i s subsequently 

increased due t o the incursion of fu r t h e r acid catalysed mechanisms a t 

these higher a c i d i t i e s . 

The f i r s t of the acid catalysed mechanisms to be i d e n t i f i e d ^ was 

found to be described by the following rate expression. 

Rate = k[ArNH 2][ M 0 2 ] [ H + ] (6) 
8^ 

This r e s u l t has been interpreted i n terms of the existence of a r a t e -

determining reaction between the free amine and the nitrous acidium ion 

HJJCL"1". Thus: 
HH0 2 + H + ==5: H2 N°?/ 

f a s t 
•i- -i-

ArNH2 +• H 2 K ° 2 ^ ArNHoNO 
slow 
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Reaction of the nitrosonium ion, NO , with the free amine which would 

have provided an a l t e r n a t i v e explanation f o r the observed k i n e t i c 
18 

form has been ruled out on the basis of r e s u l t s obtained from O-exchangi 
97 

experiments. Larkworthy has been able to show that the rate of 

.reaction v ia the present mechanism i s much less sensitive t o va r i a t i o n 

i n amine substrate b a s i c i t y than i s the rate of reaction v i a the nit r o u s 

anhydride mechanism and i t i s therefore apparent that the nitrous 

acidium ion i s the more reactive of the two n i t r o s a t i n g agents concerned. 

Reaction a t High A c i d i t i e s 

Analysis of the observed k i n e t i c behaviour of the system i n terms 

of reaction mechanisms becomes increasingly more d i f f i c u l t as the 

a c i d i t y of the aqueous reaction medium i s raised above 0.5 M. I n the 

absence of halide catalysis two main factors would appear to be 

operative i n modifying the observed k i n e t i c form a t high a c i d i t i e s r 

The f i r s t f a c t o r , essentially a rate enhancement by medium effects,- i s 

observed as the only modifying f a c t o r i n the reaction of the less basic 

amines i n solutions of perchloric acid of up t o 3M a c i d i t y . Thus the 

reaction of p~nitro a n i l i n e i n aqueous solutions of perchloric acid , 

with added sodium pcrchlorate to maintain a constant i o n i c strength,is 

observed to fo l l o w equation 6 with the proviso that the H concentration 

term i s replaced by the more appropriate a c i d i t y function, h . Tne 
03 

observed behaviour / of the medium e f f e c t as a function of the added 

concentration of the perchlorate ion and as a function of the nature of 

the metal ion i n added concentrations of metal perchlorates indicates 

that we are not looking at an example of sp e c i f i c perchlorate ion 

catalysis. 

For the reaction of the more basic amines a t those a c i d i t i e o an 

additio n a l modifying f a c t o r operates i n the- forwt of the incursion of a 

new mechanistic pathway. This new pat)way i s characterised, by the 
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98 following expression 

Rate = kfArNH^ ][HN0 2Jh Q 

Whilst the d e t a i l s of t h i s mechanism are as yet uncertain i t would 

appear th a t the observed k i n e t i c form i s best explained by considering 

the manner of the n i t r o s a t i o n of the protonated amine to be such as to 

r e t a i n the "out-going" proton i n the t r a n s i t i o n state. Thus i f ' t h e 

amine exists almost e n t i r e l y i n the protonated form at these a c i d i t i e s 

then a d i r e c t i n t e r a c t i o n between the appropriate n i t r o s a t i n g agent and the 

protonated form of the amine can apparently become s i g n i f i c a n t . 

I n addition to the two factors discussed above a postulated 

reaction involving N-nitrosation by the nitrosonium ion may be expected 

to become an increasingly r e a l i s t i c p o s s i b i l i t y at higher a c i d i t i e s . 

As the nitrosonium ion may reasonably be expected to be the most 

reactive of the n i t r o s a t i n g agents so f a r discussed i t i s l i k e l y to be 

the least susceptible to variations i n amine substrate b a s i c i t y . The 

incursion of the nitrosonium ion mechanism may therefore be most easily 

detected i n the reactions of the less basic amines. The k i n e t i c form 

observed f o r the reaction of benzamide with nitrous acid i n strong sulphuric 
99 

acid solution has recently been explained i n these terms 

I n general the rate of reaction i s seen t o r i s e towards a maximum 

as the a c i d i t y of the reaction medium i s increased. Thus f o r the 

reaction i n aqueous solutions of perchloric acid the rate p r o f i l e i s 

observed to reach a maximum at [HClO^] = 6 M and thereafter to decrease 

with increasing a c i d i t y . I n t e r p r e t a t i o n of the experimental results 

obtained f o r the reaction i n solutions of perchloric and sulphuric acids 

respectively at a c i d i t i e s approaching 10 M and beyond, must be made on an 

independent basis. The rates of reaction of a n i l i n e , p - n i t r o a n i l i n e 
, 100,101 

and p-totuidine respectively at these hx;-;n a c i d i t i e s are reported 

t o follow the expression given over. 
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Rate = k[ArNH 3" )][HN0 2] h~Z 

33 I n view of the large magnitude of the reported solvent isotope 

e f f e c t , kjjA-p, = i t i s d i f f i c u l t to describe the system i n any terms 

compatible with the existence of a rate-determining N-nitrosation. 
102 

Raman studies have shown that a t these very high a c i d i t i e s nitrous 

acid exists almost e n t i r e l y i n the form of the free nitrosonium ion, 

NO , and i t i s therefore believed that the reaction mechanism may be 

represented as follows. 
ArNH + + N0 + =S== ArNH +N0 + H + 

-* k ^ , f a s t c 

+ + ArNHoN0 > ArNHNO + K 
slow 2 

ArNHNO 1> A r N 2 + + 0 H ~ 
f a s t 

I t i s not d i f f i c u l t to understand why the second stage depicted above 

should become rate-determining under such conditions since the transfer 

of a proton from ArNK^NO to a very acidic reaction medium may not be 

expected to occur easily. Furthermore the rate of the backward reaction, 

governed by k^' w i l l be enhanced as a consequence of the high proton 

a c t i v i t y i n such solutions. 

At these very high a c i d i t i e s the reaction of the amine with nitrous 

acid i s not characterised by a rate-determining N-nitrosation and 

information regarding the mechanism of the N-nitrosation can not be 

obtained from observations of the k i n e t i c form of the o v e r a l l reaction. 
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SECTION TWO 

THE ACID CATALYSED REACTIONS OF N-NITROSO COMPOUNDS. 

• A RATIONALE CF THE EXPERIMENTAL 

OBSERVATIONS. 



68 

2.1 The D e n i t r o s a t i o n Reaction 

I t i s perhaps p e r t i n e n t t o note t h a t the preceeding discussion 

r e g a r d i n g the mechanism of the d e n i t r o s a t i o n of N-nitroso compounds 

i n a c i d s o l u t i o n s draws r a t h e r h e a v i l y on our experience of one 

p a r t i c u l a r compound. W h i l s t the r e a c t i o n of t h i s compound, 

N- m e t h y l - N - n i t r o s o a n i l i n e , has been the s u b j e c t of a comprehensive 
103 

study on the p a r t of Williams e t a l . - i t must be s a i d t h a t 

our knowledge or, more p r e c i s e l y , our understanding of the general 

case has been l i m i t e d i n i t s e x t e n t . Our d i f f i c u l t i e s have not 

stemmed from a shortage of data, indeed the present i n t e r e s t i n the 

carcinogenic l?roperties of the N - n i t r o s o compounds has lead t o an 

i n f l u x of r e l e v a n t f a c t u a l m a t e r i a l . Rather we have been faced w i t h 

the absence of a r a t i o n a l e which might encompass the ap p a r e n t l y 

u n r e l a t e d r e s u l t s r e p o r t e d i n the l i t e r a t u r e . A c o n s i d e r a t i o n of the 

r e s u l t s obtained i n t h i s department serves t o i l l u s t r a t e the nature 

of the problem. Thus W i l l i a m s " ^ has r e p o r t e d the denitross/tion of 

N-methyl-N~nitrosoaniline i n aqueous a c i d s o l u t i o n t o be s u b j e c t t o 

c a t a l y s i s by both acids and n u c l e o p h i l e s . On the other hand the 

analogous r e a c t i o n i s etha.nol u s i n g dissolved HGl as the mineral acid 

i s n ot s u b j e c t t o n u c l e o p h i l i c c a t a l y s i s ' ' . Meyer e t a l . ' have 

been able t o demonstrate t h a t t h i s absence of n u c l e o p h i l i c c a t a l y s i s 

may a l s o be observed f o r the r e a c t i o n i n water given the presence 

of l a r g e excess concentrations of the chosen n u c l e o p h i l e . S i m i l a r l y , 
10 5 

w h i l s t Thompson. has shown t h a t the d e n i t r o s a t i o n of 

N-nitrosodiphenylamine i n aqueous a c i d i c s o l u t i o n i s s u b j e c t t o both 

a c i d c a t a l y s i s and c a t a l y s i s by nucleo p h i l e s t h e observation does 

not extend to the r e a c t i o n i n e t h a n o l . 

The absence of nueleophalie cataly:;'j.s f o r the r e a c t i o n using an 
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aqueous medium i n the presence of large excess concentrations of a 

chosen n u c l e o p h i l e has been demonstrated both by Thompson 1 0^ and by 

the present author, (Section 5 -2 ) . I n c o n t r a s t t o the observations 

concerning the r e a c t i o n of the two N-nitrosamines discussed above, 
107 

W i l l i a m s has re p o r t e d t h a t the r a t e of d e n i t r o s a t i o n of N-methyl-N-

nitrosotoluene-p-sulphonamide i n aqueous a c i d i c s o l u t i o n i s not enhanced 

by the a d d i t i o n of n u c l e o p h i l i c species such as the h a l i d e i o n s . S i m i l a r l y 

the r e a c t i o n of N-methyl-N-nitrosourea i n aqueous s o l u t i o n i s n o t catalysed 

by n u c l e o p h i l i c species, (Section 3-2'5)» 

The key t o the f o r m a t i o n of a su c c e s s f u l i - a t i o n a l e l i e s i n the 

r e a l i s a t i o n t h a t the observed behaviour of each system vr i t h r e s p e c t t o 

catalysis depends on the r - e l a t i v e r a t e s of the two component stages of 

the d e n i t r o s a t i o n r e a c t i o n . A g e n e r a l i s a t i o n of the r e a c t i o n scheme 

proposed by W i l l i a m s 1 1 f o r the r e a c t i o n of N-methyl-N-nitrosoaniline i n 

aqueous s o l u t i o n a t moderate a c i d i t i e s leads t o the scheme shown below. 
Av + A v + / N 0 - A s 

N-KO + H JK --c N-H + NOY 
B B . H B 

REARRANGEMENT IROlliCT (where a p p l i c a b l e ) 

N OY ••• X — - * > Products 

N~M0 represents the generalised N~nitroso compound. 

Y~ i s a nucleoplxilf; 

X i n a n i t r i t e t r a p 
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Analogy w i t h the N-met h y l - N - n i t r o s o a n i l i n e system would suggest 

t h a t i f the r e a c t i o n i s c a r r i e d out i n the presence of a s u f f i c i e n t 

c o n c e n t r a t i o n of a s u i t a b l e n i t r i t e t r a p the i>ercentage y i e l d of any 

rearrangement product w i l l be n e g l i g i b l e . I n such circumstances the 

scheme s i m p l i f i e s t o the form shown below. 

A N +
 k 2 A N O Y ~ A 

" ; N - N O + H 5 ^ 1 > ^ N - H + N O Y 

B . k B H 1^ W 

As the deprotonation of the protonated N-nitroso compound t o y i e l d 

the f r e e N - n i t r o s o species must occur v i a the agency of a s o l v e n t 

molecule the r a t e constant, k , i s understood t o i n c l u d e a term 

corresponding t o the s o l v e n t c o n c e n t r a t i o n , [s] . I t i s f u r t h e r 
+ 

understood t h a t the hydrogen i o n , H , e x i s t s i n s o l u t i o n i n the form 
+ 

of the app r o p r i a t e s o l v a t e d i o n , SH . An exiaression f o r the r a t e of 

appearance of the product, ABNH, may be w r i t t e n as f o l l o w s . 
R a t e = cLJMizliL = K [ Y - ] [ A B N ^ H - N O ] 

d t 1 

A p p l i c a t i o n of the steady s t a t e p r i n c i p l e t o [A B N H - N O] y i e l d s , 

k [A B N - N O ] [n] = k_ 0 [A B N H - N O] + k ^ [A B N H - N O ] [ Y ~ ] 

whence, 

[ A B N H - N O ] 2 ̂ bn_n^ i l l 
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S u b s t i t u t i o n f o r [A B N H - N O] i n the r a t e expression y i e l d s , 

k 2 k 1 [ A B N - N O ] [ H + ] [Y~] 
Rate = k _ 2 + k i ["Y-j ~ ~ (7) 

I n the presence of an excess c o n c e n t r a t i o n of the n u c l e o p h i l e we 

may w r i t e an expression f o r the r a t e of disappearance of the N-nitroso 

r e a c t a n t , AM~N0, such t h a t , 

Rate = k Q [ABN-NO] (8) 

where k i s the observed 1st order r a t e constant f o r the disappearance. 

I f l o s s of ABN-NO i s assumed t o be e n t i r e l y on a,ccount of the 

d e n i t r o s a t i o n r e a c t i o n we may equate expressions 7 and 8 t o give 

equation 9-

k l k 2 
k- = (9) o k_ 2 + k x [ Y ~ ] 

F u r t h e r s i m p l i f i c a t i o n of the present expression i s possible 

only on the basis of assumptions concerning the r e l a t i v e magnitudes 

of k and 1 ^ [ Y ~ ] . 

( i ) i f k _ » k^ [Y ] then equation 9 reduces t o , 

. . k l k 2 [ H + ] [ Y " 1 n M k ._ ( 1 0 ) 

"-2 

Acid c a t a l y s i s w i l l be observed. 

C a t a l y s i s by n u c l e o p h i l i c species, Y , w i l l be observed, 

( i i ) i f k j [Y ] » k then equation 9 reduces t o , 

K = K [ H + ] ( i i ) 

A»"-id c a t a l y s i s wi.'n be observer. 

C a t a l y s i s by n u c l e o p h i l i c sponies, Y , w i l l NOT • ><? observed. 
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Thus the behaviour of the system w i t h respect t o added 

c a t a l y t i c agents i s governed by the r e l a t i v e magnitudes of 

and k^[Y ] . I n p h y s i c a l terms we are saying t h a t i f the second 

stage of the d e n i t r o s a t i o n r e a c t i o n i s r a t e determining we should 

observe both a c i d c a t a l y s i s and c a t a l y s i s by n u c l e o p h i l i c species. 

I f the f i r s t stage i s r a t e determining we s h a l l observe only a c i d 

c a t a l y s i s . The f o l l o w i n g discussion demonstrates t h a t w i t h a l i t t l e 

thought i t i s possible t o make c e r t a i n proposals concerning the 

r e l a t i v e magnitudes of k aj\d k-^[Y ] f o r a p a r t i c u l a r r e a c t i o n 

system and thus r a t i o n a l i s e the response of the system t o each of 

the two types of c a t a l y t i c agent described above. 

The r e l a t i v e magnitudes of and k^[Y ] f o r a p a r t i c u l a r 

r e a c t i o n system are seen t o be governed by a combination of three 

separate f a c t o r s which may be described as f o l l o w s . 

• 1. Nature of the N-n i t r o s o compound. 

2. Nature of the s o l v e n t system employed. 

3- Nature and concentration of the p o t e n t i a l n u c l e o p h i l e , Y . 

Consider the energy p r o f i l e f o r the d e n i t r o s a t i o n r e a c t i o n . 

P o t e n t i a l 
Energy 

H 

A B N H N O 

(Y ) 

F K 

A B N N O (+H +Y ) ( N 0 Y + ) A B N H 

E x t e n t of Reaction 
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The term " p o t e n t i a l energy" i s , i n t h i s case, intended t o 

represent a l l energies of the system other than those due t o 

molecula,r t r a n s l a t i o n . Note t h a t the re a c t a n t s and products are 

represented s c h e m a t i c a l l y as having the same p o t e n t i a l energies: 

t h i s w i l l n ot g e n e r a l l y be the case. We may of course s p l i t the 

energy p r o f i l e t o y i e l d two separate energy p r o f i l e s each d e s c r i b i n g 

one stage of the d e n i t r o s a t i o n r e a c t i o n . 

9 + 5 + 

A B M - N O 

H 
3 + 

A 

H 

A B N H 

3+ 

A 
E 2 

P o t e n t i a l 3-
A B N H N O 

Energy 

A B N - N O 

( + H + ) 

Extent of Reaction 

E-j and E,-. represent the a c t i v a t i o n energies f o r the forward 

and backward, r e a c t i o n s r e s p e c t i v e l y . 
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Also, 

0 3+ 
A B N H - t - N Y 

H 

+3+ 
A B N H N O 

o t e n t i a l +Y 
Energy 

K 

A B N H 

N O Y 

•—_ p. 

Extent of Reaction 

E^ and E^ represent the a c t i v a t i o n energies of the forvrard and 

backward r e a c t i o n s r e s p e c t i v e l y . The d e p i c t i o n of the i n h e r e n t 

p o l a r i s a t i o n of the N- n i t r o s o f u n c t i o n i n the form shorn i s j u s t i f i e d 
108 

on the basis of the review by F r i b u s h e t a l . 

We may now use these energy p r o f i l e s t o discuss the manner i n 

which each of the three f a c t o r s described above acts t o c o n t r o l the 

r e l a t i v e magnitudes of k__0 and k-^[y ] • 

1. The Nature of the N- n i t r o s o compound 

(a) The E£topt JLJpon Jc ^ 

Take an N - n i t r o s o compound ABNNO w i t h s u b s t i t u e n t s A and B chosen 

such t h a t the net e f f e c t if?, one of e l e c t r o n donation towards the 
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-N-NO moiety. R e f e r r i n g t o the f i r s t of the two separate energy 

p r o f i l e s ; a c o n s i d e r a t i o n of the charge d i s t r i b u t i o n s upon the 

various species leads us t o note t h a t t h i s e l e c t r o n - d o n a t i n g e f f e c t 

w i l l s t a b i l i s e the product species, H, t o a g r e a t e r e x t e n t than i t 

w i l l the t r a n s i t i o n s t a t e species, G. Use of e l e c t r o n - d o n a t i n g 
-E./RT 

s u b s t i t u e n t s w i l l t h e r e f o r e maximise the value of E,,. As k^e*. e 

the use of el e c t r o n - d o n a t i n g s u b s t i t u e n t s w i l l lead t o a low value 

f o r k . Conversely the use of e l e c t r o n - w i t h d r a w i n g s u b s t i t u e n t s 

w i l l r e s u l t i n a high value f o r k_ ?. 

(b) The E f f e c t upon ^ [ Y " ] . 

Consider the energy p r o f i l e f o r the second stage of the 

d e n i t r o s a t i o n r e a c t i o n . I f s u b s t i t u e n t s A and B are chosen t o be 

el e c t r o n - d o n a t i n g the s t a r t i n g m a t e r i a l , H, w i l l be s t a b i l i s e d by t h e i r 

a c t i o n . The t r a n s i t i o n s t a t e species, J, w i l l be s i m i l a r l y s t a b i l i s e d 

but t o a l e s s e r e x t e n t . Thus the use of e l e c t r o n - d o n a t i n g s u b s t i t u e n t s 

tends t o maximise the value of R and leads t o a low value f o r k^. 

For a s e r i e s of experiments a t constant n u c l e o p h i l e concentrations 

t h i s e f f e c t w i l l be r e f l e c t e d i n low values of k - ^ Y ] . Conversely 

el e c t r o n - w i t h d r a w i n g s u b s t i t u e n t s minimise the value of E^ and favour 

high values of Jc-JY"*]. 

( c ) The E f f e c t on the k :k, [Y"1 Ratio 

As the i n d u c t i v e e f f e c t s of a p a r t i c u l a r combination of s u b s t i t u e n t s 

a c t upon the values of k n and k , [ Y 1 i n the same d i r e c t i o n i t i s n o t 

easy t o a s c e r t a i n the e f f e c t of such a, o u b s t i t u e n t combination upon 

the k _ 0 : l : 1 [ Y ] r a t i o . To proceed, f u r t h e r we need t o make a decision 

concerning the r e l a t i v e magnitudes of the separate e f f e c t s upon 

and k, [ Y ] . I d e a l l y t h i s decision, would bo made on the basis of a 



76 

d e t a i l e d knowledge of the t r a n s i t i o n s t a t e c o n f i g u r a t i o n but, as 

our i n f o r m a t i o n i n t h i s area i s f a r from complete we can proceed 

f u r t h e r , i n the present case, only on the basis of an assumption. 

Let us assume t h a t the e f f e c t of changes i n the nature of the 

N- n i t r o s o compound a c t s predominantly upon the value of k ^ [ y ] . 

W h i l s t t h i s assumption might a t f i r s t s i g h t appear completely a r b i t r a r y 

i t i s a t l e a s t c o n s i s t e n t w i t h the associated experimental evidence. 

Thus an examination of the u l t r a v i o l e t s p e c t r a of N - n i t r o s o compounds 

i n n e u t r a l and a c i d i c s o l u t i o n r e s p e c t i v e l y has shown t h a t a t moderate 

a c i d i t i e s the e x t e n t of p r o t c n a t i o n i s s m a l l . With reference t o the 

energy p r o f i l e f o r the p r o t o n a t i o n i t would appear t h a t Eg i s of a 

considerably lower magnitude than E-j. I n o t h e r words the t r a n s i t i o n 

s t a t e l i e s much c l o s e r t o the product, H , i n terms of energies, than 

t o the s t a r t i n g m a t e r i a l , F. I f we invoke the general p r i n c i p l e due 
TOO 

t o Hammond y, which s t a t e s t h a t immediately succeeding species which 

c l o s e l y resemble each other i n energy terms are also l i k e l y t o have 

s i m i l a r s t r u c t u r e s , then we note t h a t the s t r u c t u r e of the t r a n s i t i o n 

s t a t e species i s l i k e l y t o be c l o s e r t o t h a t of the product, H, than 

to t h a t of the s t a r t i n g m a t e r i a l , F. This r e v i s e d view of the 

t r a n s i t i o n s t a t e f o r the f i r s t stage of the r e a c t i o n leads t o a 

consequent r e d u c t i o n i n the magnitude of the proposed e f f e c t of 
d i f f e r i n g s u b s t i t u e n t combinations upon the value of k_ ?. The proposal 

of an "unsymmetrical" t r a n s i t i o n s t a t e s i e c i e s i n which the t r a n s f e r of 
+ 

H t o the N-nitroso compound i s almost complete has received support 
1 0 7 

from the WOXK of Williams 
JA 0 

A 3 - S f — - S where S represents the s o l v e n t . 
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Working w i t h N-methyl-N-nitrosotoluene-p-sulphonamide i n aqueous 

media he has r e p o r t e d a value of k., :k ~ 1.5 f o r the r e a c t i o n i n 

on the basis of a r a t e - l i m i t i n g proton t r a n s f e r the observed value 

of k :k i s seen t o represent a measure of the primary k i n e t i c isotope H D 
e f f e c t . The observation of low values of k^:k^ f o r r e a c t i o n s i n which 

the k i n e t i c isotope e f f e c t i s known t o be of a primary nature have 

been r a t i o n a l i s e d w i t h i n the confines of the Westheimer t r e a t m e n t 1 1 ^ 

i n terms of the existence of an "unsymmetrical" t r a n s i t i o n s t a t e . 

Urns i t may be seen t h a t cur assumption concerning the r e l a t i v e 

magnitudes of the e f f e c t s of s u b s t i t u e n t s upon and k-^[y ] 

r e s p e c t i v e l y i s i n accordance w i t h the a v a i l a b l e ex]«rimsntal evidence. 

I t i s wise t o p o i n t out t h a t such an observation may n o t be taken as 

conclusive proof of the v a l i d i t y of our assumption: s i m i l a r 

considerations may apply f o r the second stage of the r e a c t i o n . 

J u s t i f i c a t i o n f o r the assumption must be on the basis of i t s a l l o w i n g 

us t o f o r m u l a t e a coherent scheme which r a t i o n a l i s e s the experimental 

observations. The reader may wish t o s a t i s f y himself t h a t the opposite 

assumption does not lead t o a f r u i t f u l conclusion. 

On the basis of our- present assumption i t i s c l e a r t h a t N ~ n i t r o s o 

compounds having e l e c t r o n - d o n a t i n g s u b s t i t u e n t s w i l l tend t o possess 

r e l a t i v e values of k_^ and k-j such t h a t k_^»k^[Y ] • Conversely 

N-nitroso compounds having e l e c t r o n - w i t h d r a w i n g s u b s t i t u e n t s w i l l tend 

to possess r e l a t i v e values of k and such t h a t k-j [Y ] » k__?. 

2 • __The_ Nature _of _ the _5o I j ^ n t 

(a) The E f f e c t upon k_ ? 

Take a - a r t i c u l a r H-nitroco compound, AlSIiO. I f uo consider the 

HgSOy'HgO and B^O^J) 0 r e s p e c t i v e l y As the r e a c t i o n i s r a t i o n a l i s e d 
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energy p r o f i l e .for the p r o t o n a t i o n stage we note t h a t a s o l v e n t of 

moderate i o n i s i n g a b i l i t y w i l l tend t o s t a b i l i s e the product species, 

H, t o a g r e a t e r e x t e n t than the t r a n s i t i o n s t a t e , G, since the charges 

are more l o c a l i s e d i n the former case. Thus the use of a s o l v e n t of 

moderate i o n i s i n g a b i l i t y might be expected t o y i e l d reasonably h i g h 

values of E^. These moderately high values of E^ w i l l be r e f l e c t e d 

i n a moderate value of k . I f we were t o change t o a s o l v e n t of 

much g r e a t e r i o n i s i n g 3 , b i l i t y the d i f f e r e n c e i n degree of s t a b i l i s a t i o n 

of the product, H, and the t r a n s i t i o n s t a t e species, G, would be 

increased and a higher value of E,, might be expected. This increase 

i n E^ would be r e f l e c t e d i n a lowered value of k_£. 

I t i s thus c l e a r t h a t a change t o a s o l v e n t of g r e a t e r i o n i s i n g 

a b i l i t y w i l l r e s u l t i n a lowering of the magnitude of k_^. Conversely 

a change t o a s o l v e n t of lower i o n i s i n g a b i l i t y w i l l r e s u l t i n an 

increase i n the value of k_^. This r e s u l t i s conveniently expressed 

by the q u a l i t a t i v e theorem of Hughes and Ingold^""^ which s t a t e s t h a t 

an increase i n the i o n i s i n g power of the r e a c t i o n medium w i l l i n h i b i t 

processes which i n v o l v e the d e s t r u c t i o n or d i f f u s i o n of charges. 

With reference t o the energy p r o f i l e f o r the second stage of the 

r e a c t i o n we note t h a t a s o l v e n t of moderate i o n i s i n g a b i l i t y w i l l 

s t a b i l i s e the s t a r t i n g m a t e r i a l , H, t o a g r e a t e r extent than the 

t r a n s i t i o n s t a t e s i e c i e s , J, since a d i f f u s i o n of charge occurs as we 

approach the t r a n s i t i o n s t a t e . E^ w i l l t h e r e f o r e appear f a i r l y high 

and k.^ wil'J take a reasonably low value. Changing to a s o l v e n t of 

g r e a t e r i o n i s h i g a b i l i t y w i l l r e i n f o r c e t h i s e f f e c t . Thus E^ v a i l be 

r a i s e d and k, ]oweroci r e l a t i v e t o the above case. 

Changing t o a s o l v e n t of g r e a t e r i o n i s i n g a b i l i t y w h i l s t 

hifl (b) The E f f e c t on 
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m a i n t a i n i n g a constant c o n c e n t r a t i o n of Y t h e r e f o r e r e s u l t s i n a 

lowering of the magnitude of k^Y ] . Conversely changing t o a 

s o l v e n t of lower i o n i s i n g a b i l i t y w h i l s t m a i n t a i n i n g Y constants 

r e s u l t s i n an increase i n the value of k-^Y ] . 

(c) The e f f e c t upon the k i k ^ Y * " ] Ratio 

As an increa.se i n s o l v e n t i o n i s i n g power w i l l a f f e c t k_^ and 

k^[Y ] i n the same d i r e c t i o n we may make p r e d i c t i o n s as t o the e f f e c t 

of such an increase on the k^'k-j^Y J r a t i o only on the basis of an 

assumption concerning the r e l a t i v e magnitudes of the separate e f f e c t s 

on k and k-^[y ] r e s p e c t i v e l y . As the second stage of the r e a c t i o n 

demands a, much more extensive d e l o c a l i s a t i o n of charges than does the 

f i r s t stage i t would n o t seem unreasonable t o expect the e f f e c t of 

s o l v e n t changes t o operate mainly on k^. Thus an increase i n the 

i o n i s i n g a b i l i t y of the s o l v e n t w i l l predispose the system towards the 

possession of values of k__2 and k-^Y"] such t h a t k ? » k-^Y ] . 

Conversely a decrease i n the i o n i s i n g a b i l i t y of the s o l v e n t w i l l tend 

t o predispose the system towards a c o n d i t i o n i n which k-^[y ] > > k_£. 

3- The Nature and Concentration of the P o t e n t i a l N u c l e o p h i l i c 

Reagent, Y . 

At moderate concentrations of Y where Y < ^ 2M we may 

expect media e f f e c t s a t t r i b u t a b l e t o ths jresence of Y t o be of a 

r e l a t i v e l y small magnitude. Under such c o n d i t i o n s the e f f e c t of 

a change i n the nature or concentrate on of the n u c l e o p h i l e may be 

assumed to act s o l e l y upon the term, k-, [ Y ] . Thus the use of "poor" 

n u c l e o p h i l e s ( w i t h a correspondingly low value f o r k-|) a t low 

concentrations i n a p a r t i c u l a r r e a c t i o n r.ystem mi^ht 'be expectnd t o 

predisuose t h a t system towards the pooncssion of vaiu»s of k„._, 

http://increa.se
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and k-^[Y J such t h a t » k-^[Y J. Conversely the use of an 

e f f i c i e n t n u c l e o p h i l e a t high c o n c e n t r a t i o n might be expected t o 

push the system towards the c o n d i t i o n k-^Y ] » k_^. 

I f we r e f e r back t o the e a r l i e r paragraphs which discussed the 

forms of c a t a l y s i s associated w i t h the c o n d i t i o n s k_^» k-^[y ] 

and k-jjY ]•» k_^ r e s p e c t i v e l y we note t h a t we are i n a p o s i t i o n t o 

make c e r t a i n g e n e r a l i s a t i o n s concerning the r o l e of the three f a c t o r s 

described above i n determining the form of c a t a l y s i s observed f o r a 

p a r t i c u l a r d e n i t r o s a t i o n r e a c t i o n . 

1. The Nature of the N-nitroso Compound 

The presence of e l e c t r o n - d o n a t i n g s u b s t i t u e n t s predisposes the 

system towards the c o n d i t i o n ^ [ Y ] . Acid c a t a l y s i s i s t o be 

expected. Catalysis by n u c l e o p h i l i c species i s also t o be expected. 

The presence of el e c t r o n - w i t h d r a w i n g s u b s t i t u e n t s predisposes the 

system towards the c o n d i t i o n Y ] > > k _ ? . Ac i d c a t a l y s i s only may. 

be expected. 

2. The Nature of the Solvent 

The presence of a solvent of r e l a t i v e l y h i g h i o n i s i n g a b i l i t y 

predisposes the system towards the c o n d i t i o n k _ ^ » k^[y ] . Acid 

c a t a l y s i s may be expected. C a t a l y s i s by nu c l e o p h i l e s may a l s o be 

expected. The presence of a s o l v e n t of r e l a t i v e l y low i o n i s i n g a b i l i t y 

predisposes the system towards • the c o n d i t i o n k-^Y ] » k . Acid 

c a t a l y s i s only may be expected. 

2« The Nature and Concentration of the N u c l e o p h i l i c Species 

The use of poor nucle o p h i l e s a t low concentrations i n a p a r t i c u l a r 

system jredisposes t h a t system towards the condition. k_ 2»k- L[Y ] • 

Both a c i d c a t a l y s i s and c a t a l y s i s by nu c l e o p h i l e s i s t o be expected. 
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The use of good nu c l e o p h i l e s a t high concentrations predisposes the 

system towards the c o n d i t i o n k-^[Y ] » k_^. Acid c a t a l y s i s only may 

be expected. 

The exact behaviour of a p a r t i c u l a r d e n i t r o s a t i o n system towards 

various p o t e n t i a l l y c a t a l y t i c reagents i s determined by a combination 

of these three f a c t o r s so t h a t i t i s n o t s t r i c t l y possible t o p r e d i c t 

the exact form of c a t a l y t i c behaviour adopted by each system. 

Nevertheless the present approach would seem t o go a long way towards 

our o b j e c t i v e of p r o v i d i n g a r a t i o n a l e f o r the r e s u l t s of the 

l i t e r a t u r e . The experimental observations r e l e v a n t t o a number of 

studi e s of the d e n i t r o s a t i o n r e a c t i o n s of N - n i t r o s o compounds c o n t a i n i n g 

electron-withdrawing s u b s t i t u e n t s are given below. 

COMPOUND 

Me 
N—NO 

RSO„ 

(N -me thy 1 -N - n i t r os o t o luen e - p-
sulphonaiuide) 

Bu 

HC 
H—NO 

0 
(N -n -bu t y 1 ™N ~-n i t r os oa c e tarn i de) 

0 

N —NO 

( H -n i t r o s o - 7. - py r o l i d i ; ) e) 

SOLVENT CATALYSIS CATALYSIS ^ ' 

H 2 ° 
EtOH 

YES 
YES 

NO 
NO 

107 
30 

H 2 ° YES NO 112 

H 0 2" Y E S N O 113 

Et \ 
NH 

0 = C 
1 i l i O NO 11/*, 11 

(W -et}iyl-If-nitro«ourathane ) 
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I t i s apparent t h a t i n the case of N - n i t r o s o compounds 

c o n t a i n i n g s t r o n g l y e l e c t r o n - w i t h d r a w i n g s u b s t i t u e n t s the observed 

form of c a t a l y t i c behaviour shown by the system i s determined 

e s s e n t i a l l y by the f i r s t f a c t o r concerning the nature of the N - n i t r o s o 

compound. Thus k-^[Yj»k_p and, w h i l s t c a t a l y s i s by acids i s 

observed, c a t a l y s i s by n u c l e o p h i l i c reagents i s not. W i t h i n the bounds 

of the c u r r e n t experimental evidence the e f f e c t s of changes i n e i t h e r 

the nature of the s o l v e n t or the nature and c o n c e n t r a t i o n of the 

n u c l e o p h i l e upon the c a t a l y t i c behaviour of the system are n o t 

observed. I n p r a c t i c a l terms we are d e a l i n g here w i t h compounds 

y i e l d i n g a very high value of k-̂ . Under the c o n d i t i o n s s t u d i e d 

k-j[y ] i s high and the r e l a t i v e r a t e s of the two stages of the r e a c t i o n 

are such as t o make the i n i t i a l p r o t o n a t i o n r a t e - d e t e r m i n i n g . I t i s 

not s u r p r i s i n g , t h e r e f o r e , t h a t primary deuterium isotope e f f e c t s , 
30 .10'"' 112 k :k , of between 1.5 and 1.9 have been observed f o r such reactions.' H D 

As the n u c l e o p h i l i c c a t a l y s t s a c t only upon the second stage of the 

r e a c t i o n c a t a l y s i s by n u c l e o p h i l e s i s n o t observed the r e a c t i o n being 

zero order i n Y i n the ranges studied- I t a.ppears t h a t the r e l a t i v e 

magnitude of k j y ] i s s u f f i c i e n t l y l a r g e as t o preclude any attempt 

on our p a r t t o r e t u r n t o c o n d i t i o n s under which the second stage might 

again become r a t e determining. Thus the use of H ?0 i n place of EtOH 

and the use of aqueous s o l u t i o n s i n the absence of added, nu c l e o p h i l e s 

e f f e c t no change i n the observed, c a t a l y t i c behaviour. 

For the d e n i t r o s a t i o n of N - n i t r o s o compounds c o n t a i n i n g e l e c t r o n -

donating s u b s t i t u c n t s the e f f e c t of each of the three f a c t o r s may 

be demonstrated. Consider the experimental evidence given over. 
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COMPOUND CONDITIONS A C I D 

C A T A L Y S I S CATALYSIS REF. 

Fn 

Me' 
N—NO 

N-methyl-N-nitroso 
a n i l i n e 

Dry EtOH 
solve n t 
HgO s o l v e n t 

Y E S 

Y E S 
Y E S 

NO 

Y E S ( l o w [ Y " ] ) 
NO (High[Y - J ) 

30 

11 
104 

Hi 

Ph 
N—NO 

N-nitrosodiphenylamine 
CH„ 
k 

N-
NO 

4-m e t h y l - I - n i t r o s o • 
piperaaine 

C 5 I3 H CH, 

"•NI­

N O 

Dry EtOH 
sol v e n t 

HO0 s o l v e n t 

50:30 w/v 
Dioxan/H 20 

50=50 w/v 
Di-Oxan/HgO 

Y E S 

Y E S 

Y E S 

Y E S 

Y E S 

NO 

Y E 

Y E S 

30 

YES(1OW[Y1_) 10 5 
NO (High[Y ] ) 106 

116 

116 

3 , 5 " c - i m e t h y l " l ~ n i t r o s o -
p i perazine 

Note: The r e s u l t s f o r the piperazine d e r i v a t i v e s are d e r i v e d from the 

observations of Singer"1" "^ concerning the r a t e of t r a n s ~ n i t r o s a t i o n of 

morpholine. The trans -n i t r 05a t i o n r e a c t i o n i s assumed, t o foj.lo-.-i t h a t 

of denj.trosa.tion and the d e n i t r o s a t i o n r e a c t i o n i s assumed t o be 

r a t e - d e t e r m i n i n g since the o v e r a l l r e a c t i o n i s noted to be r,ero-order 

i n morpholine concentration a t a l l but the very lowest concentrations. 

The observed behaviour of the system towards p o t e n t i a l c a t a l y t i c agents 

w i l l t h e r e f o r e r e f l e c t the c a t a l y t i c behaviour of the d e n i t r o s a t i o n t a c t i o n . 

http://denj.trosa.tion
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On the basis of our s t r u c t u r a l considerations we might expect 

the denitrosation reaction of an N-nitroso compound containing 

electron-donating substituents to obey the condition k_£>;>k-j[Y ] . 

Thus catalysis by both acids and nucleophilic s])ecies i s to be 

expected. I n aqueous solution t h i s i s generally found to be the case. 

However, i n contrast to the s i t u a t i o n that exists f o r N-nitroso 

compounds with electron-withdrawing substituents, the balance of 

vs k^[Y ] appears to be a f i n e one. Thus the use of a solvent 

such as ethanol, which has a lower ionising a b i l i t y than water, a l t e r s 

conditions' such that k^[Y ]»'k_^. In t h i s instance catalysis by 

nucleophilic species i s not observed. Si m i l a r l y the use of aqueous 

solutions containing a high concentration of an e f f i c i e n t nucleophile 

such as thiourea or thiocyanate also serves to ensure that 

k^ [Y ]»k_2' The rate of reaction i s not improved by any f u r t h e r 

increase i n [Y ] . 

In physical terms we are dealing here with compounds f o r which " 

the rates of the f i r s t and second stages of the reaction are of 

similar magnitudes. The c a t a l y t i c behaviour of the system i s therefore 

greatly influenced by changes i n either the nature of the solvent or 

the nature and concentration of the nucleophile, Y • I n aqueous 

solution, at moderate concentrations of Y , the observed solvent isotope 

e f f e c t , k n:k r, of around 0.3-^0. *> i s indi c a t i v e of a f a s t 
. . • ' . 18 reversible protonation of the N-nitroso compound. • Stage two i s rate 

determining and. nucleophilic catalysis i s observed. Whilst t h i s 

s i t u a t i o n obtains at moderate values of [ Y ] subsequent increases i n 

[ i ] may enhance the rate of the second stage to such an extent that i t 

i s no longer rate-determining, the reaction becoming zero-order i n Y. 

The "leveling o f f " of a plot of k. vs ['>'"} at high Y has boon 
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demonstrated f o r a number of n u e l e o p h i l e s ' ' " ^ ' I n ethanolic 

solution the greatly increased solvent isotope e f f e c t , k n :k , 
iijtUi'l HltUjJ 

of around 2.6^3* 8 points towards a rate-determining proton 
30 

transfer . Since the nucleophiles act only upon stage two of the 

reaction the rate of reaction i s found to be zero-order i n Y . The 

gradual change from conditions involving a rate-determining 2nd Stage 
to those involving a rate-determining 1st Stage has been demonstrated 

30 
by Johal et a l . using aqueous ethanolic solutions. As the 

j>ercentage by volume of water i s increased the c a t a l y t i c e f f e c t of 

added thiocyanate becomes increasingly important. 
2 :2 The N~nitro£at3.on Reaction 

I n the preoeeding section an approach based on the scheme of 

Williams'^ was used to provide a rationale f o r the forms of 

c a t a l y t i c behaviour observed f o r a range of N-nitroso denitrosation 

reactions. I t appears that t h i s same approach allows a, r a t i o n a l i s a t i o n 

of the forms of c a t a l y t i c behaviour observed f o r the range of 

N-nitrosation reactions. 

Consider the N-nitrosation of a secondary aromatic amino compound 

using NaNO in the presence of added nucleophiles at low or moderate 

a c i d i t i e s . Refering to Section .1.8 we note that under these 

conditions the nitrous anhydride mechanism may be neglected. At these 

a c i d i t i e s vie may assume that the reaction proceeds via the unprotonated 

form of the amino compound so t h a t we may represent the reaction by 

the scheme shown over. 
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RK02 + Y + H 

NOY + ROH "I " ABNH 
' i i + Klj|H 

ABNH. + 

-1 
ABNHNO + Y" 

ABNNO + HH 

ROH 

ABNH 

Y~ 

PC 

represents the solvent 

represents the generalised a.mino compound, 

represents the nucleophile 

[ R N 0 J [ Y " ] [ H + ] 

As the removal of a proton from the protonated N-nitroso compound 

to y i e l d the free nitroso species must occur via the agency of a 

solvent molecule the rate constant k_p i s understood to include a 

term corresponding to the solvent concentration, [ sj. I t i s f u r t h e r 
+ 

understood, that the hydrogen ion H exists i n solution i n the form 
i-

of the appropriate solvated ion SH . Note that the rate constants 

f o r the i n d i v i d u a l steps of the reaction are defined i n a manner 

i d e n t i c a l to that employed, f o r the preceeding discussion of the 

d.enitrosation reaction. At these a c i d i t i e s the back-reaction k^ w i l l 

be minimal i n i t s extent so that the rate expression f o r the overall 

reaction may be w r i t t e n as follows. 

Rate d j ^ ^ o j j u j r t ^ 
^[ABNHNO 1"] 

Application of the steady state principle to the species ABNHHO y i e l d 
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k-l[AHNH] [NOY] 
ABHNO . | == 

whence, 
K _ 2

K _ ] [ABNH] [NOT] 
Rate 

Substituting f o r [NOY] i n terms of the equilibrium constant, K, 

yields 

fc.^-jABWH] * [ R N 0 J [ Y " ] [ H + ] 
Rate = : (12) 

( k_ 2 + k i C Y ~ ] ) [ R 0 H ] 

'Hie rate expression may be s i m p l i f i e d f u r t h e r by the separate 

consideration of two d i s t i n c t cases. 

(a) For compounds ABNH which i s moderately acidic solution e x i s t 

almost e n t i r e l y i n the form of the protonated species we may wi'ite, 

[ABNH 2
f] ^ [ABNH]T 

where [ABNIi] represents the t o t a l concentration 

of the amino compound. 

Thus, 

K. = LABNH]1H1 
[ABNH2"f] 

[ABI;I] [ H ] 
[ABUM] ,P 

Substitution f o r [ABNH] i n equation 12 now yi e l d * 

K ^ z K [RNOJ [ Y _ ] K' [ABKH]T 

Rate 
[ Y " ] - k ) [: :] 
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Defining k , the observed second order rate constant f o r the 

reaction, such that, 

Rate = k Q [HNO ] [ABNH] 

we have 
k - l k - 2 K K' [ Y ~ ] k 
( k l [ Y _ ] + k - 2 H R 0 H ] 

( i ) i f k_»k-^[y ] the above expression reduces to 

k _ l K K' [ Y ~ ] 
ko = k_ 2 [ROH] ^ 

Acid catalysis w i l l not be observed. 

Catalysis by the nucleophile, Y , w i l l be observed-

( i i ) i f k-j [Y then 

k k K K' 
ko -= iqj^i— w 

Acid catalysis w i l l not be observed. 

Catalysis by the nucleophile, Y, w i l l not be observed, 

(b) f o r compounds ABNH which exist i n moderately acidic 

solution almost e n t i r e l y in the form of the non-protonated species 

we have, 

[ABNH] [ABMK] 

Substitution f o r [ABNH] i n equation 12 i n t h i s instance y i e l d s , 

R a t f t ... k - l k - 2 K [ R N Q
2 ] [ Y " ] [ H + ] [ A B M H ] T 

( k p [ Y " ] K z ) [noH] 



89 

Thus, 
K±K? K [ Y " ] [ H ] 

k ) [ROH] 

( i ) i f k » k, [Y ] then t h i s expression reduces to 

k - i « [ Y " ] [ H + ] 
ko " [ROH] (15) 

Acid catalysis w i l l be observed. 

Catalysis by nucleophilic species w i l l also be observed. 

( i i ) i f k1[Y~]>>k then, 

k - l k - 2
 K L H J k 

k l [ R 0 H ] 
(16) 

Acid catalysis w i l l be observed 

Hucleophilic catalysis w i l l not be observed. 

Note that hers we have a p a r a l l e l with the denitrosation reaction 

i n that the exact form of c a t a l y t i c behaviour shown by a pa r t i c u l a r 

system i s dependent on the r e l a t i v e magnitudes of k_^ and k^[Y ] . 

The three factors which control the c a t a l y t i c behaviour of the 

denitrosation systems are thus expected to be operative here, namely, 

(a) The nature of the secondary amino compound" 

(b) The nature of the solvent. 

(b) The nature and. concentration of the nucleophile, Y • 

The rationale developed to explain the c a t a l y t i c behaviour of the 

denitrosation reaction may therefore be applied to the II-nitrosation 

reaction of secondary aromatic amino comj>ounds. As the kinetics of the 

diasotisation of primary aroma.tic amino compounds i s characterised^ 

by a rate-determining N~nitrosation the rationale may also be applied 

to the diazotisation. 
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Consider the data given below which describes the N-nitrosation, 

at moderate a r i d i t i e s , of a series of amino compounds carrying 

electron-withdrawing substituents. 

COM. our- o nJ VTPWT1 ACXD Y "RVT? 
J , U CATALYSIS CATALYSIS ' 

o=c 
,NH2 

^HCHgCO H 

Hydantoic Acid 

Et' 
N-C02Et 

Ethyl-N-ethyl carbamate 

H20 

H2° 

NO 

NO 

117 

11? 

Me 
VNH 

0=C" 
sNHr 

H2° NO 1.10 

N-methylurea 

Under the reaction conditions employed we might expect amino 

compounds carrying electron-withdrawing substituents to e x i s t mainly 

i n the form of the unprotonated. species. Furthermore our experience 

concerning the analogous N-nitroso compounds has shown us that, on 

the basis of s t r u c t u r a l considerations, we may expect the condition 

k-L[Y ] » k_ ? to hold. Referring to equation 16 we note that acid 

catalysis i s to be expected whilst catalysis by nucleophilic species 

i s not. We can not comment upon the prediction concerning acid 

catalysis but the rationale does adequately describe the behaviour of 

the system with respect to nucleophilic catalysis. The effects of 

changes i n the nature of the solvent and i n the nature of concentration 

of the nucleophile have not been investigated. 
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I n p r a c t i c a l terms we have a reaction i n which the stage 

involving loss of a proton from the protonated form of the N-nitroso 

compound i s rate-determining. 

Hie data f o r the analogous reaction of amino compounds with 

electron-donating substituents are a l i t t l e more abundant. Consider 

the examples given below. 

COMPOUND 

Me^ 
Jl-H 

Me' 

Dimethylamine 

CĤ NHCH,C02H 

Sarcosine 

Aniline 

p-me th oxyani1ine 

p-me thy lard l i n e 

p-n i t r oan i I i n e 

m-nitroaniline 

] y- chl or oani 1 in e 

CONDITIONS ACID y 
CATALYSIS CATALYSIS 

HO solvent, 1OW[Y~] 

H O solvent, low[ Y~] 

H20 solvent, 1OW[Y~] 
H20 solvent, high[Y~] 
MeOH solvent, low[Y~J 
MeOH solvent, high[Y~] 

HO solvent, 1OW[Y~] 

H20 solvent, 1OW[Y~] 

HO solvent, 1OW[Y~] 
HO solvent, high[Y~] 

HO solvent, 1OW[Y"] 
HO solvent, high[Y J 

H?0 solvent, 1OW[Y~] 
H O solvent, high[Y ] 

REP1 

? YES 117 

? YES 117 

NO YES 119 
NO NO 119 
NO YES 120 
NO NO 120 

NO YES 119 

NO YES 119 

NO YES 119 
NO NO 119 

NO YES 119 
NO NO 119 

NO YES 119 
NO NO 119 

Under the conditions employed we nright expect amino com pounds with 

diectron-donating substituents to ex:isc wainly in. the foris of the 
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protonated s.Jecies. As the possession of electron-donating 

substituents w i l l predispose the system towards the condition 

k_2>>k-^[y ] we might expect the reaction at low nucleophile 

concentrations i n solvents of high ionising a b i l i t y to be governed, by 

equation 13- Acid catalysis i s not to be expected. For the reaction 

i n water at low nucleophile concentrations such behaviour i s indeed 

observed.. A change of solvent to one of lower io n i s i n g a b i l i t y or an 

increase i n concentration of the nucleophile might be expected to 

induce the condition k-̂ Y ~\>>^_2' T ^ e r e a c t i o n i s now governed, by 

equation Ify and neither acid catalysis nor nucleophilic catalysis i s to 

be expected. Whilst i t i s not possible on the basis of present 

evidence to demonstrate the e f f e c t of a. change i n solvent the effec t of 

increasing nucleophile concentration i s cl e a r l y shown. iresumeably i n 

the cases studied the k_^»k^[Y ] inequality l i e s too f a r over to the 

l e f t to be reversed by solvent e f f e c t s . 

I n p r a c t i c a l terms the. reaction of amino compounds with electron-

donating substituents i s seen to proceed i n aqueous solution at low 

a c i d i t i e s via a rate-determining stage involving attack by NOY upon the 

free amine. Addition of nucleophilic species serves to increase the 

rate of t h i s stage and therefore t h a t of the overall reaction and 

nucieophilic catalysis i s observed. As [Y ] i s increased t h i s early 

stage eventually becomes so f u s t as to make the loss of a proton from 

the protonated form of the nitrosamine rate-determining. Thus plots of 

k vs [Y ] whilst l i n e a r i n t h e i r lower reaches curve away towards a 

l i m i ting value of k as [ Y ] becomes high. 

I t s-.hould be noted that our rationale applies only i n conditions 

such that attack bv the n i t r o s a t i n g swedes KOY (or HoNO„ where Y = H o0) 

:is upon the free form of the amino compound. Thus tho observation of 
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Kalatzis et a l . concerning the presence of acid catalysis i n the 

reaction of N-methyaniline i s explained i n terms of the incursion of 

a, mechanism involving an attack on the protonated form of the amine. 

Thus we have been able to r a t i o n a l i s e the forms of c a t a l y t i c 

behaviour exhibited by a number of N-nitrosation and denitrosation 

reactions i n terms of the e f f e c t of 3 factors upon the r a t i o 

k_2 vs k-j^Y ] . The three factors are as follovrs, 

1. The nature of the amino/nitroso compound. 

2. The nature of the solvent. 

3. The- nature and concentration of the nucleophile. 

Viewed i n t h i s l i g h t the experimental observations concerning a 

wide variety of rieni t r o s a t i on and N-nitrosation reactions are seen to be 

consistent with the reaction scheme devised by Williams"''"'" f o r the r e a c t i 

of the N-methyl-N-nitrosoaniline/N-methylaniline system i n aqueous 

solution. In the main the postulation of unique reaction mechanisms may 

be avoided. 
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SECTION _ THREE 

THE 1'RESENT WORK 

THE EFFECT OF THE NATURE OF THE 

AMINO/NITROS0 COMrOUND. 

THE REACTIONS OF' N-METHYL-N-NITROSOUREA AND 

N-METHYLUREA IN ACIDIC AQUEOUS SOLUTIONS 
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3.1 An Introduction 

Whilst the preceed.ing section has demonstrated that the k i n e t i c 

behaviour of a number of N-nitrosation/denitrosation systems may be 

adequately explained i n terms of a common reaction scheme and the 

effects of three modifying factors i t i s perhaps v a l i d to c r i t i c i s e a 

general acceptance of such an approach on the basis of a lack of 

relevant experimental data. With t h i s possible c r i t i c i s m i n mind i t 

was decided to extend the spectrum of evidence available i n support of 

the present approach. As the preceeding section was able to demonstrate 

the j o i n t a p p l i c a b i l i t y of the present approach to both the denitrosation 

and the N-nitrosation reaction the subject system was chosen i n such a 

manner as to f a c i l i t a t e the study of both of these reactions- Thus 

the N~methyi-N-nitrosourea/N-methylurea system was deemed suitable f o r 

study. 

3-2 The Itenitrosation of N-methyl-N-nitrosourea 

3-2.1 The Literature 

The results of a study related to the rate of "decomposition" of 
. 12° 

N-inethyl-N-nitrosourea (MNU) are given i n a paper by McCa.Ha et ab­
u s i n g aqueous solutions which contained HCl at various concentrations 
they have been able to show that exposure of the nitroso compound to high 
concentrations of hydrogen ion re s u l t s i n i t s "rapid, destruction". Under 
the conditions employed the rate of disappearance of I-'iNU i s found to 
follow f i r s t - o r d e r kinetics such tha t , 

Rate ^ k [MNU] 

The observation of me thylamine•Hfil amongst the degraded:!on products 

has been explained i n terms of a two-stage reaction scheme i n v-hi ch a 

http://McCa.Ha
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f a s t preliminary, denitrosation of MNU i s followed by a slow hydrolysis 

of the methylurea product to y i e l d ammonia, methylamine and carbon 

dioxide. The e f f e c t of varying degrees of i l l u m i n a t i o n i s also discussed. 

Upon a thorough examination of the paper i t becomes clear that the 

authors maintain a staunch biochemical viewpoint and indeed the aim has 

been that of providing a q u a l i t a t i v e explanation f o r the d i f f e r i n g 

degrees of bi o l o g i c a l a c t i v i t y demonstrated by a series of N-nitrosoamides. 

I n such circumstances the authors omission of a comprehensive k i n e t i c 

study i s perhaps understandable. In par t i c u l a r i t should be noted th a t , 

as the mineral acid employed i n the study was aqueous HCl, i t i s not 

clear from the information given as to whether the rapid destruction of 

MNU observed in the presence of high concentrations of HCl i s in d i c a t i v e 

of acid, catalysis or nucleophilic catalysis or indeed both. I t seems 

to me that a rough extrapolation of McCalla's data might proceed as 

follows. 

Let us assume that reaction i s l i m i t e d to the denitrosation and 

hydrolysis reactions discussed above. As the rate of the hydrolysis 

reaction i s deemed to be very slow compared with that of the denitrosation 

reaction we must assume that the observed rate of disappearance of the 

nitroso compound represents the rate of the denitrosation reaction. Trie 

rate of reaction at zero HCl concentration may be expected to be very 

low and i f this rate i s assumed to be negligible compared with those 

obtained by McCalla at higher a c i d i t i e s we may make an addition to the 

data given. 
C HC'l] A'! 1 

0 0 

0.01 
0-002'; o o.r, lr,~6 

2.3.33 x 10~:' 
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Now k Q may be proportional to either [ H + ] o r [ c l ] but not both 

as a plot of k Q vs [HCl] i s linear with a correlation c o e f f i c i e n t of 

O.998. Our experience i n Section 2.1 would lead us to suppose that 

we are seeing here a rase i n which acid catalysis acts i n i s o l a t i o n . 

"Whilst the procedure i s , at worst, a gross approximation i t does 

demonstrate McCalla's results to be at least indicative of the occurence 

of a denitrosation reaction in which only acid catalysis i s operative. 

The system was subjected to a more rigorous k i n e t i c analysis at the 

hands of the Present author. 

3. 2. 2 The Extent of the Teaniination Reaction 

Let us consider the scheme of the present reaction to represent a 

specific example of the general denitrosation scheme discussed i n 
11? ] ] 3 Section 2 . 1 . Berry et a l . " and Challis et a l . have noted that both 

N-n-butyl-N-nitrosoacetamide and N-nitroso - 2 -pyrrolidine y i e l d 

substantial amounts of the deamination products and we can not at t h i s 

sta.ge discount the p o s s i b i l i t y that a p a r a l l e l deamination may accompany 

the present reaction. An acknowledgement of t h i s p o s s i b i l i t y leads to 

the following reaction scheme. 

Mev 
SN - NO 

/ -r 
O^C H -=~ Peammation products 

N N H 2 

kz\\ k - 2 

^ r 
Me ~N -K0 Y 0 = C \ 

Me 
f" "' " T'i N - I I 

NOY + X • 1> 1-roduots 
f a s t 

where Y represents a nucleophile and X represento a ni tra te trap. 
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The representation of the protonated nitrosoamide i s acknowledged 

as being nominal. The most l i k e l y s i t e of protonation in an N-nitroso 

compound would seem to be the nitroso oxygen atom so that i t i s 

conceivable that the N-protonated form arises v i a an i n t e r n a l 

rearrangement. Such an argument does not materially a f f e c t the k i n e t i c 

analysis and i n the absence of evidence to the contrary the present 

representation i s retained as an outline mechanism. The proposal of 

such a scheme i s supported by the observation of a peak at 200nm in the 

U.V. spectrum of the reaction mixture at equilibrium. A comparison 

with the U.V. spectrum of an authentic sample has shown t h i s peak to be 

due to N-methylurea. With the addition of a f u r t h e r stage involving 

decomposition of the methylurea the scheme becomes compatible with the 
] p2 

conclusions of McCalla et a l . . 

I f we are to consider the k i n e t i c behaviour of such a system i t 

i s advantageous f o r us to carry out the reaction the presence of a high 

concentration of an added n i t r i t e trap, X, so that the reverse step -

governed by may be neglected. Tne choice of p-chloroaniline as the 

n i t r i t e trap leads us to a method of assessing the importance of the 

d eaminati on pathway• 

A number of k i n e t i c s runs were c a r r i e d out under the c o n d i t i o n s 

detailed below. A l i q u o t s removed at various times, t , were neutralised 

i n accordance w i t h the d e t a i l s given i n Section 8.2.2. 

Ihe d.iazo rompouml produced by the reaction of the free n i t r o s a t i n g 

agent, HOY, w i t h the n i t r i t e t r a p , was then coupled w i t h an excess 

concentration of 2-napthol - 3 , 6-disulphonic acid. Measurements of the 

magnitude of the a b s o r p t i o n peak a t jjQOnm, due t o the r e s u l t a n t diaao dye, 

were performed f o r each sample. The r e s u l t s are given over. 
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[H ?SOj ^ 2.155 M [KBr] = 2.504 x lo" 2 M 

[ifeNO ] o = 5.078 x 10 H' M [p-c:hloroaniline] 2 x 10 M 

Volume of 4M NaOH aq. used = 4.70ml 

t/s abs (500) 

0 0.465 

780 0.474 Mean value of 

1920 0.^f70 abs (500) - 0.469 A 

2280 0.467 

[MNU]0 = 5.526 x 10 - Z + M [p-chloroaniline] ^ 2 x 10~ 2 M 

Volume of 1M MaOH aq. used = 2.99ml 

t/s abs (500) 

0 0.016 

.570 0.190 

13^0 O.343 
abs (500) (©©) 

2850 0.503 
= 0.620 A (graphical) 

4710 O.577 

7230 0.607 

12,990 0.620 

[nzs%] " 1 , 0 7 0 M t K B r ] 2 ' 5 0 / 4 x 1 0 _ ? ' M 

[MNU] - .5.010 x 10~ M [p-nhloroaniline] ^ 2 x 10~ 2 M 
Volume of IK Ha OH aq. used ;= 7-14ml 

t/s a.bs (500) 

0 0.027 

553 0.220 
I366 O.3I3 
I792 O.340 a b s (5^0) (00) 
2'!-52 0.3/ia - 0.370 A (gra'tncai ) 
4142 0.362 

4230 ° - 3 6 2 
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[HgSOjJ = 1 .616 M [KBr] = 2 -504 x 1 0 " 2 M 

[M$U] = 4 -944 x 10"^ M [ p-chloroaniline] ^ 2 x 10 

Volume of 2M NaOH aq. used = 6 . 32ml 

t/s abs (500) 

0 O.O59 abs ( 500 ) ( 0 0 ) 

140 0 . 1 7 1 = O .39I A (graphical) 

465 O.3O5 

13.50 O.384 

206? 0 . 4 1 1 

2800 O.387 

3598 0 , 3 9 7 

[HgSO^] = 2 . 1 5 5 M [KBr] = 2 - 5 0 4 x 1 0 ~ 2 M 

[MNU]q = 4 . 9 4 8 x l o " ^ M [ p-chloroaniline] ^ 2 x 10 

Volume of 4M NaOH aq. used = 4 . 70ra l 

t/s abs (500) 

0 0 . 1 0 2 

132 0 . 2 6 9 

302 O .362 

568 0 . 4 4 0 

1122 0 .451 

1797 0.44-2 

2422 0 . 4 4 6 

abs ( j j 0 0)(oo) 

^ 0 . 4 4 8 A (graphical) 
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[ H 2 S < \ ] "= 2 ' 6 9 / + M [ K B r ] " 2 - i > 0 / + x 1 0 ~ 2 M 

[MNU] = 5 . 076 x 10~^ M [p-chloroaniline] ^ 2 x 1 0 ~ 2 

Volume of NaOH aq. used = 5 . 9 6 m l 

t/s abs ( 5 0 0 ) 

0 O.O85 

1 2 ^ 0.245 

2^-5 0 . 3 2 2 abs ( 5 0 0 ) ( 0 0 ) 

377 O.353 -= O.398 A (graphical) 
605 O.382 

915 O.398 

1214 0 -397 

Tne data f o r the reaction mixture involving NaNCL are assumed to 

represent a quantitative conversion of NaKÔ  i n t o the diazo dye so that 

an e x t i n c t i o n c o e f f i c i e n t , £ ( 5 0 0 ) , of value I 9 t 7 1 0 , may be calculated 

f o r the dia?,o dye. Plots of abs ( 5 0 0 ) vs t f o r each of the f i v e 

remaining runs allow us to f i n d abs (500)(©o), the i n f i n i t y value of 

abs ( 5 0 0 ) , by extrapolation. Thus values f o r the percentage y i e l d of 

the dia.?,o-dye from the MNU s t a r t i n g material are obtained. As the diav-.o 

dye i s formed via the agency of the free n i t r o s a t i n g agent, which i s 

formed on the denitrosation l&thway only, t h i s percentage y i e l d rel-resen' 

a measure of the percentage reaction via the denitrosation pathway. The 

results are given below. 

0/~ Reaction v i a J f e n i t r o s a t i c n 
[ H 2 S 0 ; ]/M Pathway 

0 . 3 3 9 100/0 

1.078 97% 
1.616 102# 

9 -i .: •: 9f'& 
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Reaction via the denitrosation pathway i s quantitative there being 

no e f f e c t i v e competition from a p a r a l l e l deamination pathway. 

The results may also be used to give approximate values f o r the 

observed f i r s t - o r d e r rate constant, k Q, defined by, 

Rate = k Q [MNU] 

I f we discount data vrhich refer to the f i n a l 10$ of a reaction we obtain 

the following figures. 

[H 2S 0 / +]/M l o f y s " 1 

O.539 O.56 

1 .078 1.31 

1 .616 2 .90 

2 . 1 5 5 *+-59 

2.69'i 5-78 

Values of k obtained i n t h i s manner, often from only a few data points, 

are noted to agree acceptably with the more accurate values of 

Section 3 - 2 . ^ . A detailed account of the dependence of k upon the 

appropriate a c i d i t y function i s given i n that same section. 

As the deamination juthway has been demonstrated as being of no 

significance i t may be removed from the proposed reaction scheme to 

y i e l d the scheme depicted over. 



103 

MeN / ° k 
SN + 2 Me - N -NO 

0 = c' H = ^ 0 = C 
> N H 2 R-2 " N H2 

k-l\\Y"' k l 

Me 
VN - H I 

SLOW DECOMPOSITION o = C • + NOY 

NOY i- X «> Products 
f a s t 

I f we assume that the denitrosation reaction i s k i n e t i c a l l y independent 

of the slow decomposition we are l e f t with the general scheme of 

Section 2 . 1 . 

For the remainder of the k i n e t i c studies involving MNU hydrazine 

sulphate was used i n place of p-chloroaniline as the n i t r i t e trap. The 

reasons f o r this s u b s t i t u t i o n are two-fold. Hydrazine sulphate apart 

from being a more e f f i c i e n t n i t r i t e trap than p-chloroaniline, has the 

added advantage of being o p t i c a l l y clear at ?k5nm. Adoption of hydrazine 

sulphate as the n i t r i t e trap thus allows us to monitor the disappearance 

of MNU d i r e c t l y by following the decrease in i t s U.V- absorption peak 

at 2^>iro. 

3 . 2 . 3 The Variation of k w i t h [Hydrazine Sulphate] 

With reference t o the r e a c t i o n scheme de p i c t e d above v?e note that 

k may be exacted, t o r i s e w i t h increasing c o n c e n t r a t i o n of the n i t r i t e 

trap as a consequence of the i n c r e a s i n g degree of su impress ion being 

aP>lied t o the back-reaction governed by k •, . I n the iircRonoo of a 
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s u f f i c i e n t concentration of the n i t r i t e trap the reverse reaction may­

be completely suppressed so that k Q attains a l i m i t i n g value. Values 

of k obtained f o r the reaction of MNU in aqueous acid solution i n the 

presence of various concentrations of hydrazine sulphate are given 

below. I n the absence of added nucleophiles the nucleophilic reagent 

i s believed to be H„0. 

[ H 2 S ° 4 - ] = 2 " 1 * 8 M Nucleophile i s H 20 

[NH2NH + HS0^~] /M I 0 3 k o / S ~ L 

0 8 .622 

2 .50 X i o - 5 8-339 

.5.00 X i o - 5 7 . 6 7 3 

7 .50 X i o - 5 6.87.5 

1 .25 x ID"* 4 . 6 6 2 

2 .30 X 1 0 - * 4 .690 

3 -75 x i o " * 4 . 4 3 9 

5 .00 X 10"* 4 . 5 0 3 

7-.50 x 1 0 - * 4-597 

1 .25 X I D " 3 4.680 

1 .75 x i o - 3 4 . 7 2 9 

2-50 X 10-3 4..560 

.5.00 X 10~3 4 .591 

The data are presented as a plot of k c vs [HH ?NH 0' HSO^'j i n 

fig u r e ono. The high values of k recorded at low concentrations of 

hydrazine sulphate are not thought to be s i g n i f i c a n t . At these low 

concentrations the reverse r e a c t i o n governed by h ^ i s able t o mak.e a 

considerable c o n t r i b u t i o n to the k i r e t i c 'behaviour- of the system and 
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deviations from simple f i r s t - o r d e r behaviour are t o be expected. As 

the values of k i n question are derived from an application of the 
123 

f i r s t - o r d e r guggenheim method t h e i r large magnitude i s assumed to 

arise from the application of a simple f i r s t - o r d e r k i n e t i c method to 

a reaction which under the conditions stated does not show simple f i r s t -

order k i n e t i c behaviour. I t should be noted that the i n d i v i d u a l plots 

of -ln(abs ( A ) ( t ) - abs (A)(t ) ) vs t used i n the calculation of 

these "rogue" values of k appeared l i n e a r t o the eye and returned 

values f o r r , the correlation c o e f f i c i e n t , of greater than 0 .999- The 

a b i l i t y of the f i r s t - o r d e r guggenheim method to produce l i n e a r plots 

from data which do not depict a f i r s t - o r d e r k i n e t i c behaviour i s noted 

elsewhere 1 2 3. Values of k Q f o r [NHgNH^HSO^" ] 2s 3 . 7 5 x l o " ^ K were 

calculated by application of the computer program RKISNA t o data which 

r e f l e c t e d good f i r s t - o r d e r k i n e t i c behaviour. I t i s clear that i f we 

discount the early points we are l e f t with a depiction of the expected 

trend which involves an increa.se i n k Q towards a l i m i t i n g value as 

[ NHpNIij H8 0 ^ ] i s increased. I n the present case where [MNU] {) -

2 . 7 ^ x 10 ̂  M the plot i s noted to be f l a t within the l i m i t s of the 
experimental error for a l l values of [NH^NH^'HSO^ ] such that 
r h " i •, -ty 
[NH 9N31^ HSO^ J 5t 2 -75 x 10 M. A hydrazine sulphate concentration of 

greater than 2*75 x 10 M i s therefore assumed to suppress the reverse 

reaction completely. I n general the reaction i s found to be zero-order 

i n hydrazine sulphate f o r a l l values of [ K H ^ I H ^ H S O ^ ] such that 

http://increa.se
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3 - 2 . 4 The Variation of k with a c i d i t y • • • — — • ••»• ̂  •——•—'—o— -•—- • — 
I f we carry out our experiments i n the presence of a concentration 

of hydrazine sulphate larger than the i n i t i a l concentration of MNU 

then we ensure the complete suppression of the reverse reaction governed 

by Under such circumstances we may apply the generalised k i n e t i c 

analysis of Section 2 . 1 . From our e a r l i e r discussion concerning the 

eff e c t of a nitroso compound's structure upon i t s k i n e t i c behaviour 

we would expect the equation f o r the rate of denitrosation of MNU to 

take the form dictated by equation 11 . 

Thus 

Rate = k hv[MNU] 

where h relTesents the appropriate a c i d i t y function. I t i s clear that 

acid catalysis i s to be expected. The results of a series of k i n e t i c 

runs at various a c i d i t i e s are given below. Under the conditions shown, 

where [ H f ] » [WNUj , the reaction i s expected to follow f i r s t - o r d e r 

kinetics such that, 

Rate ;= k Q [MNU] 

Values of k were obtained by application of the computer program 
o 

RKISM.A to data which re f l e c t e d good f i r s t - o r d e r behaviour. 

[H 2 S 0 j/M ' l o V 3 " 1 

0-539 O.56 

1 .072 1.40 

1 .613 2 .91 

2 .143 /p. 64 

2.6Q4 7 . 4 9 

C l e a r l y the r e a c t i o n i s a c i d catalysed. I t should not surprise 

us t o f i n d t h a t the variation of k i s non-linear with changing[ H ] ; 

clearly a t these a c i d i t i e s some a l t e r n a t i v e a c i d i t y f u n c t i o n must he 
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sought. Figure 2 depicts the var i a t i o n of log k against log h. and 

log h Q. The plot of log k Q vs log h^ yields a slope of O.93 together 

with a correlation c o e f f i c i e n t of O.999 arid shows the a c i d i t y function 

to be the more appropriate i n the present case. That t h i s r e s u l t should 

be d i f f e r e n t from that obtained f o r the reaction of N-methyl-N-

n i t r o s o a n i l i n e 1 1 i s to be expected. Trie a c i d i t y function i s derived 
-, . 12^ from measurements involving amide indicators ' and i s predictably the 

more appropriate here. The value of O.93 observed f o r the slope of the 

graph i s taken as being consistent with the t h e o r e t i c a l value of u n i t y 

expected f o r reaction via the singly protonated nitrosoamide. A s i m i l a r 

correlation vs i s observed f o r the reaction of N-butyl-N-nitroso-

acetamxde i n perchloric acid 

Under the present conditions the denitrosation of MNU appears to 

be governed by the rate law, 

the genera,! behaviour of the reaction being consistent with the reaction 

scheme of Section 3 - 2 - 2 . 

A series of k i n e t i c runs were carried out i n the presence of 

various concentrations of addod nucleophiles so that the absence of the 

nucle.ophile concentration f r ^ r , the rate law of Section 3 - 2 - 4 might be 

confirmed. The d e t a i l s are given over. 

Rate k h [MNU] 

3 . 2 . 5 The Variation of kn with [l-Iucleophile] 
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[HgSOjJ = 2.148 M [N2H HSÔ ~ ] = 1 x 10~ 3 M 

Added Nucleophile 1 0 J k^/s 

0 4-64 

0.1 M KBr " 4.?3 

1.0 M KBr 4.88 

0.02 M KSCN 4.70 

0.04 M KSCN 4.90 

0.002 M SC(NH2) 4.64 

0.004 M SC(NK ?) 2 4.83 

The small changes i n k depicted by the t a b l e are, i n many cases, 

w i t h i n the experimental error of - 5$. I f these changes are " r e a l " 

i t seems l i k e l y t h a t t h e i r cause l i e s i n a genera l s a l t e f f e c t rather 

than i n a specific nucleophile/nitroso-amide i n t e r a c t i o n . C e r t a i n l y we 

do not observe the l a r g e k i n e t i c e f f e c t s brought about by s i m i l a r 

concentrations of these same nucleophiles i n the denitrosations of 

N- m e t h y l - N - n i t r o s o a n i l i n e ^ and N -n i t r os odi pheny lamin e^J. As a 

comparison consider the hundred, f o l d increase i n k f o r the N-methyl-N-

n i t r os oani l i n e r e a c t i o n which i s brought about by the a d d i t i o n of a 

0.001 M concentration of thiocyanate i o n . I t i s apparent that nucleop} 

c a t a l y s i s by such ions i s not operative f o r the tienitrocation of KNU. 

This i s i n agreement w i t h the proposed r a t e lav;, the observation being 

rationalised, i n terms of the arguments of Section 2.1. The e l e c t r o n -

withdrawing character of the B-n i t r o s o substitusxi-ts causes-, the i n i t i a l 

protonati on t o become r a t e determining so t h a t the co.'c a c t i o n of actoe< 

nudeopbilen upon the o v e r a l l r a t e of r e a c t i o n - j ; - ; of the form of minor 

s a l t . e f f e c t s . 
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3.2.6 The Variation of k with [MU] (added). 

The overall r e v e r s a b i l i t y of the reaction was investigated 

b r i e f l y by noting the varia t i o n of k as a function of added MU. 

The results of th i s investigation are given below. 

[HgSOjJ = 2.1A8 M t N 2 H 5 + H S 0 4 ™ ] " 1 x 1 0 - 3 M 

[ M U I added/M 1 0 3 k o / s _ 1 

0.002 ^.4.5 

0.010 4.35 

0.020 - 4.17 

0.101 2.93 

0.201 2.26 

O.3O2 1.67 

As k i s appreciably decreased by the addition of MU i t i s clear 

that the reverse N-nitrosation stage governed by k_^ i s of some 

significance. At high concentrations of MU the rate law of Section 3.2.4-

has no application since i t s derivation requires that the rate of the 

reverse reaction be ne g l i g i b l e . A f u l l rate expression may be 

derived via the application of steady state treatments to the two 

intermediates, 

NH2CCKH(Me)H0 and NOY whence, 

0 
1. The expression has been t e s t e d at l e a s t i n .'-'art by p l o t t i n g k 

against [MU] . The l i n e a r r e l a t i o n s h i p i s presenter- as Figure 3 wi t h a 
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3»3 The N-nitrosation of N-methylurea 

3-3-1 The L i terature 

I t i s well known tha t i n aqueous solution the n i t r o s a t i o n reactions 

of amines (diazotisation f o r primary amines) are generally strongly 

catalysed by nucleophilic species such as halide ions and thiocyanate 

i o n ^ 2 . This c a t a l y t i c e f f e c t i s thought to arise from a rapid ' 

equilibrium formation of the corresponding n i t r o s y l halide, etc., which 

acts as a more powerful nucleophile than does nitrous acid i t s e l f . For 

some of the more reactive amines (eg. some a n i l i n e derivatives) the 

rate constants approach those values expected f o r a d i f f u s i o n - c o n t r o l l e d 
11Q 

process ' '. Whilst there i s one report which concludes that t h i s state' 

of a f f a i r s exists also i n the reaction of amides'"2^'"^^ there are a 

number which report that n1.2cleophi.lic catalysis of the amide N-nitrosation 
11? 

reaction i s not observed. Thus Berry and Challis report the absence • . 128 of halide catalysis from the reaction of acetamide? Stedman 
reached a s i m i l a r conclusion. The absence of halide catalysis has also 

been reported f o r the reactions of hydantoic acid and ethyl-N-ethyl 
117 

carbamate . In the face of the dilemma additio n a l data would seem to 
be necessary. Whilst the N-nitrosation of N-methylurea (Mil) had been 

1.18 
studied t o yome extent by Yamamoto et a l . " ' with the conclusion that 

nucleophilic catalysis was absent, there are areas of t h e i r approach 

which le n d themselves t o c r i t i c i s m ; i n p a r t i c u l a r t h e i r data are 

based on measurements of the i n i t i a l r a t e of reaction. The system was 

subjected t o a nore r i g c reus k i n e t i c a n a l y s i s a t the hands of the 

^resent author. 

http://n1.2cleophi.lic
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3.3-2 _ The Extent of the Side-Reactions 

Vfe might suppose that the N-nitrosation of MU would proceed along 

the lines of the reaction scheme shown below. 

k + 

H90 + NOY + NH CQNHMe - ^ f - NH COW (NO )Me + Y~ 
d k-, 1 

k 2 

HNO -i- Y" + H + NH CCW (NO >le + H* 

The y i e l d of MU was established by comparing the U.Y. absorption 

at 2.6 5nm, obtained a f t e r ten h a l f - l i v e s with that obtained from a 

standard solution of MNU. Values f o r the percentage y i e l d of between 

96% and 100;2 indicate that the N-nitrosation reaction i s quantitative. 

Clearly the deamination pathway i s not operative here. From the results 

i n Section 3-2.4 i t i s f u r t h e r clear that the reverse reaction governed 

by k i s of l i t t l e significance a t these low a c i d i t i e s so that the 

rate equation f o r the disappearance of KU takes the form shown below. 

(Section 2-2). 

( k x [*'"] '-k_ ?) [H 2O] 

However, since our e a r l i e r experience of amines with e l e c t r orr-withdrairin 
r r-
^11-groups l e a d us t o exoect t h a t k , [ l ] > > k_ o f the expression 

s i m p l i f i e s t c the form of eqn. 

•2_ 
k l 

Given rm excess c o n c e n t r a t i o n of both H and MU the r e a c t i o n i t 

e x a c t e d t o f o l l o w f i r s t - o r d e r k i n e t i c s . This oehaviour i s duly 

observed- I t should be noted t h a t those observations preclude the 
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operation of the "NpO " n i t r o s a t i o n mechanism. 

3 V3 V3 The Variation of k n with [ Mu] n 

A series of k i n e t i c runs were carried out at various i n i t i a l 

concentrations of MU so that the order of the reaction with respect 

to [MU] might he determined. Under the conditions employed good f i r s t -

order behaviour* was observed i n a l l cases. The values of k Q > defined 

such that 

Rate [MNU]_ 
~dt dt k o[HN0 2] 

are given below. 

[H 2S0;J : 0.020 M 

10* [MU] 

1.20 

2.40 

3- 59 

4- 78 

[NaNO ] = 6.026 x 1 0 M 

10 2k / s " 1 

o' 
• 1.21 

2.38 

3.53 

4.61 

From the plot of k Q vs [MU]0> presented as Figure 4, i t i s clear 

that the reaction i s f i r s t order i n [ MU] as i s predicted by equation 16. 

3.3.4 The V a r i a t i o n of k w i t h Acidity 

A s e r i e s of N-nitrosationo were c a r r i e d out i n the presence of 

various concentration'- of aqueous s u l p h u r i c acid. Values of k defined 

as above, wore obtained from good f i r s t - o r d e r data and are tabulated 

over • 
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[MU] = 1.198 x 10 M 

1 O 3[H 2SOJA 
1.00 

2.00 

3.00 

4.00 

[NaNOj = 6.026 x 10 M 

10 2 k J s ' 1 

0.50 

1.23 

1.8/+ 

2Ak 

The da ta are presented g r a p h i c a l l y i n F i g u r e 5 as a p l o t of 

k Q v s [ H ] . At these a c i d i t i e s the r e a c t i o n appears t o be f i r s t - o r d e r 

i n [H ] which i s t o be expected i f the r e a c t i o n i n v o l v e s the a t t a c k 

of the n i t r o u s ac id ium i o n , t h e n i t r o s y l h a l i d e or the n i t rosoniura 

i o n upon the unprotonated fo rm of the amide. At these a c i d i t i e s the 

l a t t e r p o s s i b i l i t y appears remote as n i t r o s a t i o n v i a the f r e e n i t r o s o n i u w 

i o n i s thought t o occur only a t a c i d i t i e s i n excess of 9M H oS0.. ^3, Thus 

the r a t e law of eqn. 16 i s e s t a b l i s h e d . I t i s p e r t i n e n t t o note t h a t 

the same r a t e law lias r e c e n t l y teen e s t a b l i s h e d by M i r v i s h i n a s tudy 

(by i n i t i a l r a t e measurements; concerned w i t h the poss ib le involvement 

of n i t r o s o u r e a s i n human g a s t r i c c a n c e r 1 ' ^ . 

3 . 3 . 5 The V a r i a t i o n of k w i t h [Nue leoph i lo ] 

A s e r i e s o f k i n e t i c runs were c a r r i e d cu t i n the ]9"esenoe of 

va r ious concen t ra t ions of added nucleophxles so the absence of the 

nue ' leophi le concen t ra t ion term f r o m the- r a t e law might be con f i rmed . The 

values of k are tabulator ; over. 
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[H^S'OjJ = 0.020 M [ N a N 0 2 ] = 6.026 x 10 M 

[MU] = 1.198 x 1 0 - 2 M 

Added S a l t 10 2 k / s " 1 

0 1.21 

0 . 1 M KBr 1.14 

0.2 M KBr 1.28 

O.3 M KBr 1.30 

0 . 1 M KSCN 1 .13 

0.2 M KSCN 1.10 

O.3 M KSCN 1.11 

0./+ M KSCN 0.98 

I n c o n t r a s t t o the amine r e a c t i o n the N - n i t r o s a t i o n of MU i s v i r t u a l l y 

u n a f f e c t e d by the a d d i t i o n of q u i t e s u b s t a n t i a l concen t ra t ions of 

n u c l e o p h i l e s . I f we assume t h a t the sma l l increase i n k observed w i t h 

the a d d i t i o n of KBr i s due t o a s a l t e f f e c t then t h i s e f f e c t might a l s o 

be expected t o be ope ra t i ve i n the case of the t h i o c y a n a t e . I t shou ld 

be remembered however t h a t the p r o t o n a t i o n of the th iocyana te Ion a c t s 

t o lower the e f f e c t i v e a c i d i t y of the s o l u t i o n . This l a t t e r a f f e c t would 

seem t o be s t ronge r than the s a l t e f f e c t , which i t opposes, s ince a smal l 

r e d u c t i o n i n k i s no ted w i t h the a d d i t i o n of KS.CN. Our obse rva t ion 
o 

concerning the absence of n u c l e o p h i l i c c a t a l y s i s i s i n l i n e w i t h the 
118 12'°-

r e s u l t s o f Yararjaoto e t a l . and Marvxsh ' and should n o t s u r p r i s e us 

g r e a t l y . R e f e r r i n g to s « c t i o n 2 .2 we note t h a t the amides e l e c t r o n — 

with;1ra.vfir:;; H-tr.ubsti t t ion t s are expected to cause a s i t u a t i o n to a r i s e i n 

which the "tecton t r an r s fc r t o the s o l v e n t becomes the r a t e d e t e r m i n i n g 

s tep . Tti'i n u c l e o l i l e " lays no p a r t i n t h i s starve and may n o t t h e r e f o r e 

a f f e c t - tbn o v e r a l l rate- cf the r e a c t i o n -
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However t h i s i s n o t a f u l l e x p l a n a t i o n of the observed f a c t s . 

Consider the express ion f o r k 
o 

h, 
k - l k - 2

K T H ] [ M U ] 
k o ^ k : L [ H ? 0 ] 

W h i l s t i t i s t r u e t h a t the n u c l e o p h i l e c o n c e n t r a t i o n term i s miss ing f r o m 

t h i s express ion we should no t expect the same value of k f o r a l l 

n u c l e o p h i l e s s ince the values of k ^ , k-̂  and K w i l l d i f f e r f r o m 

n u c l e o p h i l e t o n u c l e o p h i l e . I t shou ld be remembered t h a t i f k-j[Y ] i s 

l a r g e , as we are indeed say ing , then the path-way f o r r e a c t i o n v i a the 

n i t r o s y l ha-lide must be reduced i n r a t e c o n s i d e r a b l y . Such circumstances 

as these w i l l pe rmi t r e a c t i o n v i a the n i t r o u s a c i d spec ies , 

(NO or HpNO ) t o compete f a v o u r a b l y . I t seems c l e a r , bea r ing i n mind 

the low a c i d i t e s employed, t h a t the r e a c t i o n of MU Proceeds v i a the 
f 

a t t a c k of HpNO^ upon the unpro tona ted f o r m of the amide. 

Thus 

H NO + NH„CCNHMe =^=" NH CONK(NO)Me -f- H 9 0 
k i 

H
+ r KNO NH2C0N(N0)Me + H' 

I t may w e l l be t h a t the f i n a l p ro ton t r a n s f e r botween the amide and 

the s o l v e n t i s no t the simple- one-stage process dep ic ted above. Ihe 

most l i k e l y s i t e of p r o t o n a t i o n i n the N - n i t r o s o compound i s the n i t r o s o 

oxygen atom so t h a t some Jdnd of Q*s>—-c^N t r a n s i t i o n may be I n y o l v o d . 

I n the absence of d e t a i l e d evidence the above o u t l i n e i s rots , i r -ed« 

3_Jf n<^IiunxjiR 

I t i s c l e a r t h a t n u c l e o p h i l i c c a t a l y s i s i s n o t »ir;<ivv< 
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the N - n i t r o s a t i o n of N-methylurea or f o r the reverse d e n i t r o s a t i o n 

r e a c t i o n . Furthermore a c o n s u l t a t i o n of the r e s u l t s of o ther au tho r s , 

(Sect ions 2-1 and 2 . 2 ) , leads us t o be l i eve t h a t t h i s i s the normal s t a t e 

of a f f a i r s f o r a m i n o / n i t r o s o compounds which possess e l e c t r o n - w i t h d r a w i n g 
r 

• s u b s t i t u e n t s . R e f e r i n g t o these e a r l i e r s ec t i ons we note t h a t the e f f e c t 

of these e l e c t r o n - w i t h d r a w i n g s u b s t i t u e n t s i s t o make the Pro ton-

t r a n s f e r stage governed by k_^, r a t e - d e t e r m i n i n g w i t h the p roduc t ion o f 

the r e l e v e n t l i m i t i n g forms of the r a t e express ions . 

This proposal of a r a t e - d e t e r m i n i n g p r o t o n - t r a n s f e r i s n o t 

unsuppor ted . Thus b o t h C h a l l i s e t a l . and W i l l i a m s r e p o r t t h a t the 

k i n e t i c i so tope e f f e c t s k^ q-'̂ -q q observed f o r these systems l i e i n 

the range 1.5 t o 1.9. 
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SECTION FOUR 

THE EFFECT OF THE NATURE OF 

THE SOLVENT 

THE REACTIONS OF A SERIES CF 

-SUBSTT TUTED N-METHYL-N-NTTROSOANILINES 

IN ACIDIC ETHANOLIC SOLUTIONS 
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£p. 3- ___Ari_ I n t r o d u c t i o n 

I n the preceeding sec t ions we have considered the e f f e c t o f changes 

i n the a m i n o / n i t r o s o compound s t r u c t u r e upon the k i n e t i c behaviour 

of a s e r i e s of N - n i t r o s a t i o n / d e n i t r o s a t i o n r e a c t i o n s . Ment ion has a l s o 

been made of the e f f e c t of the na tu re of the s o l v e n t and i n t h i s 

s e c t i o n we w i l l cons ide r t h i s aspect i n a l i t t l e more d e t a i l . 

I n the case of N - n i t r o s o systems possessing e l e c t r o n - w i t h d r a w i n g 

s u b s t i t u e n t s the o v e r - r i d i n g d i c t a t e over the k i n e t i c behaviour 

appears t o be the na tu re of the N - n i t r o s o compound and i t has n o t been 

poss ib le to 'demons t ra te the e f f e c t of s o l v e n t changes i n t h i s sphere. 

To f i n d examples of t h i s e f f e c t we must c o n f i n e ourselves t o species 

such as the N-n i t ro samines . Consider the c l e n i t r o s a t i o n of N-me thy l -N-

11 
n i t r o s o a n x l i n e . W i l l i a m s has no ted t h a t the r e a c t i o n i n aqueous H^SO^ 

't­
i s c h a r a c t e r i s e d by the ope ra t ion of both II and n u c l e o p h i l i c c a t a l y s i s . 

The. k i n e t i c i so tope e f f e c t (k^ q ) of between 2.0 and 2-9 c o n f i r m s 

t h a t we have a f a s t i n i t i a l p r o t o n a t i o n which i s f o l l o w e d by the r a t e -

de t e rmin ing a t t a c k of the n u c l e o p h i l e upon the p ro tona ted f o r m of the 

N - n i t r o s a m i n e . I n moving t o a s o l v e n t of lower i o n i s i n g power we migh t 

expect f r o m our d i s cus s ion of Sec t ion 2.1 t h a t we would predispose the 

system towards the c o n d i t i o n k ^ Y ] » k_0. I f t h i s e f f e c t i s l a rge 

enough we may expect t o reach a p o s i t i o n i n which the i n i t i a l p r o t o n a t i o n 

30 

becomes the r a t e - d e t e r m i n i n g s t ep . Johal e t a l . have examined the 

r e a c t i o n of N - m e t h y l " N - n i t r o s o a n i l i n e , (HMNA), i n e t h a n o l i c HCl s o l u t i o n s 

and r e p o r t t h a t the a d d i t i o n of a '1.6 x 10 J M concen t r a t i on of sodium 

bromide has no e f f e c t upon the r a t e of r e a c t i o n . I n c o n t r a s t the a d d i t i o n 

of t h i s same concen t r a t ion of soda urn bromide b r i n g s about a f i v e - f o l d 

increase i n the r a t e :>f the r e a c t i o n i n aqueous s o l u t i o n . S i m i l a r l y 

the a d d i t i o n of s u h ^ A n t i a l concen t ra t ions o f sodium th ioeyana te e f f e c t s 
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no increase i n the r a t e of the e t h a n o l i e r e a c t i o n . C l e a r l y the 
n u c l e o p h i l i c species p lays no p a r t i n de t e rmin ing the r a t e of the 
r e a c t i o n i n e t h a n o l . This suggests t h a t e i t h e r (a) the l o s s of NO^ 
i s now an unaided un imolecu la r Process or (b ) the r a t e de t e rmin ing 
stage i s now the p r o t o n a t i o n . I t i s d i f f i c u l t t o imagine a reason as 
t o why e x p l a n a t i o n (a) should occur and so we p r e f e r the second 
p o s s i b i l i t y , a conc lus ion which i s supported by the observed k i n e t i c 

i so tope e f f e c t ( ^ ^ Q H : k E t O r ^ ° f G l s a r l y t h e e f f e c t o f the change 

t o a s o l v e n t o f low i o n i s i n g power has been t o make the i n i t i a l 

p r o t o n a t i o n the r a t e - d e t e r m i n i n g s tage. 

A s i m i l a r s i t u a t i o n e x i s t s f o r the d e n i t r o s a t i o n of N - n i t r o s o d i p h e n y l -

amine, ( N D A ) ^ . Thus w h i l s t Thompson"1'0' has r e p o r t e d t h a t the 

d e n i t r o s a t i o n i n RV,0 i s s u b j e c t t o n u c l e o p h i l i c c a t a l y s i s the r e a c t i o n 

30 

i n EtOH i s n o t . . I n t h i s present work the s tudy i s extended t o i n c l u d e 

the e f f e c t of s o l v e n t change upon a s e r i e s o f , p - s u b s t i t u t e d N - m e t h y l -

N - n i t r o s o a n i l i n e s . 

4 . 2 The Den i t rosa t ion^Reac t ions of a Ser ies o f p - s u b s t i t u t e d 

N ~me t h y 1_~N - n i t r os pan i l i n e s 

64 

A study has been made, by Biggs e t a l . , of the r e a c t i o n s of a 

s e r i e s o f p - s u b s t i t u t e d NNNA's i n aqueous a c i d s o l u t i o n . I n each case 

n u c l e o p h i l i c c a t a l y s i s was f o u n d t o be o p e r a t i v e . I t i s thus c l e a r 

t h a t they were d e a l i n g w i t h a s e r i e s of d e n i t r o s a t i o n r e a c t i o n s f o r 

which the n u c l e o p h i l i c a t t a c k i s the r a t e - d e t e r m i n i n g s tage; a r e s u l t 

which we might have p r e d i c t e d on s t r u c t u r a l grounds. Values r.f k , the 

observed f i r s t order r a t e constant f o r the disappearance of the 

n i t r o samine are g iven below f o r the bromide ca ta lysed reac t ion , i n the 

presence of a 2 x IU M concen t r a t i on of the n i t r i t e t r •:>..> snl-phamie acie' . 
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[H2S0^] = 2.1.5 M 

s u b s t i t u e n t 

H 
p-Me 

p-OMe 

P"Cl 

P-KO. 

[ B r ~ ] = 0 .2 M 

10 V A T 1 

O ' 

39 

23-7 

13.7 

63.7 

50.8 

S i m i l a r , a l though n o t i d e n t i c a l , r e s u l t s are obta ined f o r the 

c h l o r i d e ca t a lysed r e a c t i o n . Le t us consider the range of 

r e a c t i v i t i e s which w h i l s t s m a l l does demonstrate t h a t e l e c t r o n -

donat ing p~subs t i tuen t s serve t o reduce the r e a c t i v i t y of NMNA. W h i l s t 

the e f f e c t i s e a s i l y observed i t i s l e ss e a s i l y r a t i o n a l i s e d . Consider 

the r e a c t i o n scheme shown below. 

J L + 
P-X NKNA H p-X NMNA H 

/ ''1' ^ 

p-X N - m e t h y l a n i l i n e + NOT 

NO? + n i t r i t e t r a p — P r o d u c t s 

F o l l o w i n g the example of Sec t ion ! , /(• and r e a l i s i n g t h a t the e x t e n t 

of the rearrangement r e a c t i o n i s n e g l i g i b l e under these c o n d i t i o n s we 

may w r i t e , 

K " h i > " l K h o 

W h i l s t i t i s ear t ha t the na ture of the n - s u b s t i t u e n t must a f f e c t 

the value of.' K' the na tu re of t h i s v a r i a t i o n i s n o t toewn f o r the 

lp-me'!,hv ! . ' - r ' -n i f r r : sxui iJ . ine;- ; and we can only assume tha t the v a r i a t i o n 
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i n pK p a r a l l e l s t h a t of the a n i l i n e s . Values of pK f o r the a n i l i n e a • a 

are g iven below. 

s u b s t i t u e n t pK 

a 

p-Me 5-10 

p-OMe 5-3'+ 
P - c i 3.98 

p-N0 o 1.11 

As pK . i s inc reased by e l e c t r o n - d o n a t i n g s u b s t i t u e n t s the a 

i n s e r t i o n of such s u b s t i t u e n t s i n t o the p - p o s i t i o n of the n i t ro samine 

should r e s u l t i n an increase i n k . Such an increase i s n o t observed 

and we conclude t h a t the e f f e c t o f s u b s t i t u t i o n ac t s a l s o upon k^ . 

Note t h a t we now have an example of the e f f e c t of s u b s t i t u e n t upon t h 

l e a v i n g group i n a m i e l e o p h i l i c s u b s t i t u t i o n a t a n i t r o g e n cen t r e . 

V i z . 

0 1 
3 > 

N H - N B r 

C H 
3 \ k 

\ 

N H 
\ 

C H 

N O B r 
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I n such circumstances we would expect the i n s e r t i o n of an 

e l e c t r o n - d o n a t i n g p - s u b s t i t u e n t t o decrease the value of k^ . I n the 

case of the bromide ca t a ly sed r e a c t i o n the e f f e c t upon k-̂  would appear 

t o outweigh the e f f e c t upon K so t h a t e l e c t r o n - d o n a t i n g s u b s t i t u e n t s 

'produce a decrease i n k . As t h i s decrease represents the d i f f e r e n c e 

of the two opposing s u b s t i t u e n t e f f e c t s i t i s unders tandably of a 

sma l l magnitude. 

Now l e t us go on t o cons ider the corresponding r e a c t i o n i n an 

e thano l s o l v e n t which proceeds as f o l l o w s : 

+ k ? + 
P-X NMNA + H - j - p-X NMNAH 

k - 2 

k l ' Y | f k - l 

p-X N - m e t h y l a n i l i n e + NOY 

NOY + n i t r i t e t rap 1 > Products 

From our e a r l i e r d i scuss ion we are aware t h a t a change of s o l v e n t 

t o e thano l may s u f f i c e to make the i n i t i a l p r o t o n a t i o n r a t e - d e t e r m i n i n g 

so t h a t 

k = k_ h o 2 x 

I n such circumstances the e f f e c t of the p - s u b s t i t u e n t s upon 

w i l l no t be t r a n s m i t t e d t o k . I f our e a r l i e r c o n s i d e r a t i o n of 
o 

s u b s t i t u e n t e f f e c t s i s c o r r e c t then the e f f e c t upon k shou ld take the 

form of the unopposed e f f e c t upon K or i n the present case upon the 

f o r w a r d component of K, k . w i t h the removal o f the o\i:;osing e f f e c t 

on k.. the v a r i a t i o n i n k, might be e x a c t e d t o be of a moderately l a r g e 

ma.gnitude. 

Values of k ob ta ined f o r the r e a c t i o n s of a s e r i e s of ;>~substitute 
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t r a p are g iven below. 

p-H NMNA 

[]inl]/M 
0.21? 

o. 

0.651 

0 .860 

JJ-NOo NMNA 

[ HCl] /M 

0 .216 

0./V47 

0.678 

0 .909 

p-C'l NMNA 

[HCI]/M 
0.213 

0.1m 

0.675 

0.906 

[ HCi] M 

0.213 

0.-'+08 

0.606 

0.020 

10^ k ^ s 

3-839 

9.231 

15.1'4 

22.24-

10 3 k ^ s ' 

1.200 

2.950 

l-h&i-O 

5-5^6 

1 0 3 k 

3.097 

7 .W4 

11,67 

16.62 

10 3 k f v ' 1 

<y ' 
2.6 56 

6.99-4-

12-65 

17.26 
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p-OMe, NMNA 

[HGI] /M 

0.194 

0.414 

0.6-14 

0.826 

A c o n s i d e r a t i o n of the express ion f o r k g iven above demonstrates 

t h a t a p l o t of k vs h , an a p p r o p r i a t e a c i d i t y f u n c t i o n , should, l ead o x 

t o a s t r a i g h t l i n e of s lope k 0 . We expect t h i s value of k„ t o be 

increased by the presence of e l e c t r o n - d o n a t i n g s u b s t i t u e n t s . F u r t h e r 

we expect t h i s e f f e c t t o be t r a n s m i t t e d , unopposed, t o k . 
130 

P l o t s of k vs h Q u s ing the h Q values of Braude are g iven 

below. A comparison of these p l o t s w i t h the accompanying p l o t s of 

k Q vs h [ol ] does serve t o i l l u s t r a t e the absence of n u c l e o p h i l i c 

c a t a l y s i s . C l e a r l y our change of s o l v e n t t o e thano l has had the 

expected e f f e c t of making the i n i t i a l , p r o t © n a t i o n , stage r a t e - d e t e r m i n i n g . 

However on i n v e s t i g a t i n g the r e s u l t s i n a l i t t l e more depth i t becomes 

c l e a r t h a t our f o r e g o i n g r a t i o n a l e does n o t r e f l e c t the whole t r u t h . I n 

the f i r s t ins tance conrcent must be made concerning the apparent depar ture 

f ro iu l i n e a r i t y dep ic ted by a number of the k vs h p l o t s ; c l e a r l y 

the Brando a c i d i t y f u n c t i o n does n o t represent the a c i d i t y dependence of 

the r e a c t i o n w i t h any g r ea t accuracy. As no more an a p p r o p r i a t e 

f u n c t i o n has been feme! we must ••crsevere. Wit); the accepted curva tu re 

of the k vs h .'lot?. 31 i s agreed t h a t I lav myself o -en t o c r i t i c i s m 

i n [ r e s e n t i n g values of k... de r ived f r o m them via. a. l eas t - souares 

t r ea tmen t . Ncn'ox'the-lees t h i s c a l cu l a t eon has boon made s ince I b e l i e v e 

tnax ' ' - 1 C reou.1;.'-: x.L.vv; :.ratc fa; , t who oh das .Lain i n trie shadows f o r 

10J k j s 

2.800 

7.246 

11.19 

.17.33 
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some whi le . 

Consider the values below 

p-substi tuent 10 J k / : - 1 
s 

-H 10.8 

-NO, 2 2-33 

- c i 7-'40 

-Me 9-24 

-OMe 8.70 

The f i r s t point of note i s tha t the subst i tuent e f f e c t upon 

i s small , perhaps smaller, than we would, have expected f o r our 

postulated "unopposed" e f f e c t . The values of k ? wh i l s t agreeing with 
1°1 

those of Meyer" J J~ l i e we l l below those values expected f o r the rate 

constant of a simple proton t ransfer reac t ion . I t i s also in t e re s t ing 

to note t ha t , wh i l s t the subst i tuent e f f ec t s act upon k^ f o r the 

p-subst i tuted NMNA's, NMNA i t s e l f possesses an "anomalously" high 

r e a c t i v i t y . Continuing our inves t iga t ion we p lo t log k_ vs H f o r 

each analogue and a r r i v e at f i g u r e 11. Clearly values of log k 

r i s e towards a maximum value f o r each analogue. I t would seem appropriate 

to conduct an explanation along the f o l l o w i n g l i n e s . 

I t i s acknowledged i n e a r l i e r discussion that our portrayal of the 

i n i t i a l Pro conation of the nitrosamine as a simple one-stage process 

may be a t f a u l t . A possible a l t e rna t ive rejcesentat ion would seem to 

require a protonatlon at the n i t r e so- oxygen s i t e fol lowed by a 

rearrangement to pp. ve the H-i^rotonated species. 
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Q k i . LY"] 
Products 

Note that under t h i s scheme the derived rate-constant represents 

composite rate constant f o r the protonation stage. I t should not now 

be too surpr i s ing to r e c a l l that the measured values of f o r the 

^subs t i tu ted . NMNA's f a l l short of the values expected f o r a proton-

t ranefer react ion. Clearly the rearrangement stage governed "by k.3 

represents the rate-de 'to .training stage of the N-protonation. In the high 

ac id i t y region of our series of tests i t would appear tha t the KMHA' s 

are tending towards f u l l O-protonation so that the rate of reaction i s 

l imi ted only };y the rate of the rearrangement reac t ion . As the rate of 

th i s reaction i s independent, of the ac id i t y of the medium valuer; cf 

log fc are seen to r i se to a maximum with increasing ~U A thereaf ter 

becoming ;-::im.ari l.y independent of the a c i d i t y . 
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Although the ^ s u b s t i t u t e d N-methyl--N-nitrosoanilines a f f o r d 

confirmation of the e f f e c t of solvent changes upon the c a t a l y t i c 

behaviour of the deni t rosat ion react ion i t must be reported that t he i r 

de ta i led behaviour i s not r ead i ly understood. I t would appear that 

the experimental r e su l t s are not eas i ly r a t iona l i sed except on the 

basis of a postulated two-stage protonation reac t ion . I t i s .1 Perhaps 

pert inent to suggest that any new study might s t a r t wi th a reappraisal 

of the vaxia t ion of h Q i n ethanolic solut ions of HCl since i t i s 

acknowledged that some inaccuracy may derive from the use of the 

spec i f i c values presented by Braude. In the l i g h t of t h i s acknowledgement 

i t would seem unwise to place too much s igni f icance upon the unresolved, 

anomaly concerning the r e a c t i v i t y of N-methy1-N-nitrosoaniline i t s e l f . 
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SECTION FIVE 

THE EFFECT OF THE NATURE AND 

CONCENTRATION OF THE NUCLEOi'HILE 

THE REACTIONS OF A SERIES OF 

N-NITROSAMINES IN AQUEOUS ACIDIC 

SOLUTION IN THE rRESENCE OF HIGH 

CONCENTRATIONS OF NUCLEOrHILES 



mo 

^ .1 An Int roduct ion 

I n e a r l i e r sections of th is work we have discussed, the e f f e c t 

of both nitroso-compound s t ructure and choice of solvent upon the 

k ine t i c behaviour of the denitrosat ion reac t ion . We have also made 

mention of the e f f e c t of the nature and concentration of the nucleophile 

and i n t h i s present section we s h a l l pursue t h i s as]>ect i n a l i t t l e 

more d e t a i l . 

Consider the denitrosat ion of an N-nitrosainine i n an aqueous 

medium. S t ruc tura l considerations would lead us to expect the ra te -

determining sta.ge of the reaction to be represented by the attack of 

the nucleophile upon the protonated form of the nitrosamine. and our 

choice of water as the solvent would re inforce th i s expectation. Such 

a react ion would be characterised as being subject to both acid and 

nucleophi l ic ca ta lys i s . The k i n e t i c isotope e f f e c t demonstrated by 

the react ion may be expected to be of a f a i r l y low magnitude. At low 

nucleophile concentrations these conditions are genera,lly found to 

obtain and indeed the spec i f i c evidence of Thornpson'^ J and Williams"1'"*"' "^ 

concerning the deni t rosat ions of N-nitrosodiphenylamine and N-inethyl-

N-ni t rosoani l ine respect ively has already been discussed. As the 

concentration of the nucleophil ic- species i s increased we expect t h i s 

s i t ua t i on to a l t e r . 

The disappearance of rmcleophi l ie ca ta lys is at high nucle op-bile 

concentrations which i s so ind ica t ive of the change towarrls a r a t a -
. . , i r]2. determining protonation war; f i r s t re ported by Chail is and Osborne 

f o r the react ion of N-nitrosodiphenylawine wi th HC3 in mixed BU)!i/Ho0 

solvent. The range of K-rs5troso compounds studied at high nuclw v h i i e 

concentrations has increased s tead i ly wi th s i m i l a r resul t s being 

obtained an each case. Thus w h i l s t Thompson has been able to c ^ n f i r n 
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the observations of Chal l i s and Osborne f o r a lOO/S aqueous solvent 

Meyer"*"^ has moved on to study the reaction of N-methyl-N-nitroso-

a n i l i n e . Using a 0.47 M aqueous HoS0^ solvent i n the presence of an 

added excess of sodium azide the react ion was found to become 

independent of the concentration of the three nucleophiles Br , SCN 

and SCCNHgJo respect ively a t high nucleophile concentrations. The 

measured k ine t i c isotope e f f e c t k^ ^ :k Q of 1.7 measured f o r 

IbNMeNO a t a thiourea concentration of 0.42 M i s ta.ken as being 

ind ica t ive of a move towards a s i t u a t i o n i n which the protonation of 

the nitrosamine i s the rate-determining step. Under such conditions 

we may r e f e r to Section 2.1 and wr i t e the f o l l o w i n g expression f o r k , 

the observed f i r s t - o r d e r rate constant f o r the disappearance of the 

nitrosamine. 

k = k 0 h o 2 x 

As k Q i s dependent only upon k^ and h^, the appropriate a c i d i t y 

f u n c t i o n , the l i m i t i n g value of k a t high nucleophile concentrations 

should be the same f o r any one nitrosamine i r respect ive of the nature 

of the associated nucleophile. Meyer's resu l t s confirm t h i s expectation 
-4 - I 

wi th a, l i m i t i n g value of 200 x 10 S being observed f o r both 

thiourea and the thiocyanate i o n . As these two species do not possess 

i d e n t i c a l nucleophi l ic r e a c t i v i t i e s we should not expect to reach the 

l i m i t i n g value of k a t the same concentration f o r each nucleophile and, 

indeed, w h i l s t a 0.5 M concentration of thiourea i s required to reach 

th is l i m i t i n g area a O.^ H concentration of thiocyanate ion i s required • 

to br ing about t h i s same e f f e c t . We may f u r t h e r demonstrate th i s 

d i f fe rence i n riurleophi:!ic r e a c t i v i t i e s as f o l l o w s . 
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Consider the react ion scheme 

4 \ NNO + H 

-2 
B NO 

N—H + NOY 

Reference to eqn. .10 of Section 2 .1 leads us to presume that the 

reaction of NMNA a t low nucleophile concentrations i n an aqueous 

solvent proceeds according to the expression given below. 

k 
k - 2 

when k i s defined by o J 

Rate - k Q [ N-methyl-N-nitrosoanil ine] 

At high concentrations of the nucleophi l ic species th i s same reaction 

i s governed by the expression, 

k o = kZ [H 1"] 

At intermediate concentrations of the nucleophile we must r e f e r to 

Section 2.1 f o r the f u l l rate expression given by equation 9 whence, 

k - 2

 f k l t Y ' l 

I t i s r-lear that i f we -take values of k obtained at these o „ •) 
- 1 r -i < 

intermediate nur\UiOphile concentrations then a ;>lot of k vs [ Y J 
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w i l l lead to a s t r a i g h t l i n e wi th an in tercept equal to the value 

l / k g [ H ] • '•'lots f o r the three nucleophiles employed by Meyer y i e l d 
-? - 1 • 

a common intercept of 5O s which leads to a value of 3.2 x 10 " 1 mol ' s 

f o r kp. The slopes °f the three l ines give an invai-se measure of the 

r e a c t i v i t i e s of the nucleophiles so that Meyer was able to calculate 

the f o l l o w i n g r e l a t i v e r e a c t i v i t i e s . 

Thiourea :Thioryanate 2.2 

Thioryanate:Bromide 124 

These f i gu re s compare we l l wi th the values of 2. 5 and 100 respect ively 

calculated, by Biggs et a l . ^ ' ^ ° from date obtained at low nuoleophile 

concentrations. I t should be noted i n passing that Meyer's value f o r 

kp although lower than the value to be expected f o r a simple proton 

t ransfer react ion agrees favourably with the value calculated by the 

present author f o r the react ion i n ethanol. . I t would seem that the 

two-stage protonation proposed f o r the ethanol reaction i s also 

operative i n aqueous solvents. 

5.2 The Penitroseition of N-nitrosodiphenylamine a t High Nuclenphile 

Ton cen t r a t i ens 

lOtS 

Although Thompson" has demonstrated the removal of bromide 

cata lys is f o r the react ion of N-nitrosodicheirylamine (NDPA) i n aqueous 

HpSO/j a t high nurleophi le concentrations the existence of a common 

l i m i t i n g value of k f o r a l l nucleoybiles has not been proven. As the 

existence of t h i s common l i m i t i s charac te r i s t ic of the present 

ra t iona le a series of exploratory K i n e t i c ex periments were carr ied out 

in the prescribe of various added concentrations of bromide ion and 

thioeyanate ion res a c t i v e l y - The data arc g iven over, these same 

data being represented graphica l ly i n Figure 12. 
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[ H 2 S O J = 0.277 M 

[NaN^] = 0 .16 M 

[N.DPA] q = 2.936 x 10*^ M 

[l(Br]/M 
I D 2 Vs" 

4 1.050 

8 1.639 

12 1.839 

16 2.O5I 

20 2.216 

24 2.347 

28 2.44-7 

32 2.708 

36 2.770 

40 2.887 

50 2.981 

[XSCN] / M 102Vs" 
4 O.568 

8 O.973 

12 1-279 

16 I.5O8 

20 I . 7 3 I 

24 1.822 

28 1.973 

32 2 . I75 

36 2.275 

40 2.283 

5° 2.4-90 

1 

1 



145 

32 

KBr Figure 12 

1 1CK k / 

KSCN 

24 
0 

16 

[nucleophile] k vs 

f o r deriitroB.a.t:lon 

of NDPA 

+ 

/ 8 

7 
2 0'' [.'CBr]/M i 

or 

3r 
T 

10 0 40 0 0 
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Clearly k Q tends to become independent of the nucleophile 

concentration a t high nucleophile concentrations. We may perform a 

simple extrapolat ion to obtain the f o l l o w i n g l i m i t i n g values f o r k . 

k = 3-02 x 10~2 s" 1 at [KBr] = 60 x 10~2 M 

k Q = 2.5B x 10~2 s" 1 a t [KSCN] = 65 x 10~̂  M 

At f i r s t s ight these l i m i t i n g values of k Q do not seem to be i n 

too good an agreement but i t should be remembered that other fac to rs 

operate. I n p a r t i c u l a r we must correct the nominal a c i d i t y of the 

react ion medium to al low f o r the protonation of the azide anion and i n 

the case of the thiocyanate anion to allow also f o r the protonation of 

the nucleophile. Assuming complete protonation of the azide we may 

w r i t e , to a close approximation, 

[NaN ] 
[ I - I ^ l = [ H 2 S 0 4 ] -

Ocrr 

whence from tables we obtain 

[ II ] f o r Br experiment a t l i m i t i n g [Br ] " 0.2.59 M 

Ilk 

For the thiocyanate case we have a value ' of pKa f o r the anion of 

-0.'/01 so that we may calculate the extent of protenation. Using th i s 

knowledge we may then a r r ive a t a value f o r [ 1! ] f o r the thiocyanate 

experiment such tha t , 
[ ] ] ' ] f o r SCR" experiment a t l i m i t i n g [sCN ] * 0.23ft M 

On the assumption that 

Hate ^ k [ N H [ J A ] o J 

an d 

k -~ k 2 [ H ] a t these high nucleophile concentrations 
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then we may correct f o r the d i f ferences i n a c i d i t y such that 

k Q (KBr) (at [ H H ] •= 0.295 M) - 3-02 x 1 0 _ 2 s" 1 

-2 
kQ(KSCSO (at [ H + ] -•= 0.295 M) = ^ ^ f i ' — x 0.295 = 3-J-9 x 10" 2 s" 1 

Clearly the l i m i t i n g value of k Q a t high nucleophile concentrations i s 

independent of the nature of the nucleophile. 

Proceeding f u r t h e r we note that a t moderate nucleophile 

concentrations k Q i s given by 

. k i k

2 r t Y ~ ] k o 

A plot of l / k vs 1 / [Y ] should thus be l inear w i th an in te rcept 

of l / k ? [ ] f ] . 

Such a p l o t , given as f i g u r e 13 y ie lds the f o l l o w i n g values f o r 

k which should be dependent only upon the nature of the nitrosoamine. 

k (KBr) = 1-5 x 10~'L 1 mo l " 1 s _ 1 

k (KSCN) = 1.4 x 10" 1 1 mo l " 1 s" 1 

The slopes of the l ines represent the values of 

k - 2 

k ^ t H 1 ] 

Since k„ and k „ are i d e n t i c a l f o r a par t icu la r nitrosoamine we 2 "" ~c 

may use the slopes to y i e l d a value f o r the r a t i o k^(sCN)A-j (Br ) 

(which represents the r a t i o of the r e a c t i v i t i e s of the two nuoleophiles 

i n t h i s react ion) by assuming that [ H ' ] i s equal in each case. 

On t h i s basis we have k-^SCN )/k-j (Br ) - jM. Considering our 

assumption concerning the a c i d i t i e s th i s value compares acceptably wi th 
. , 140 „ , , , .. cert oi / ;r"i:'-'"i;;.o'i oy lb '"'P oon f o r one I'cacx.'ion :> t low mi" ..o p nu.c 

concentrations. The low value of the present r a t i o com tared with that 
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16 -4 

l c f 1 k ' 1 
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10 
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Figure 13 

k ^ vs [nucleophile] ^ 

f o r deni t rosat ion of 

NDPA KSCN 

J0 
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20 [fir 
200 [ ; ;• ' ; ;•] 



1'49 

obtained, by Meyer f o r the react ion of NfflA c lea r ly r e f l e c t s the 

higher r e a c t i v i t y of NDi'A which causes i t to be less d i sc r imina t ing 

between the various nucleophiles. 

5-3 The Denitrosation of a Series of j aga - subs t i tu t ed N-methy1-N-

n i t rosoan i l ines 

I n order to substantiate the genera l i ty of th i s behaviour a t high 

nudeoyhi le concentrations an inves t iga t ion was carr ied out i n t o the 

react ion of a series of p-substi tuted N-methyl-N~nitrosoanilines. 

The resu l t s of th i s inves t iga t ion are given below. 

[HgSOjJ = 0.^07 M 

[Thiourea] = O.792 M 

[Hydrazine Sulphate] (as n i t r i t e t r ay ) = I.OO3 x 10~ 2 M 

p~substituted NMNA 10 / + b ^ s ' 1 

-H 100 

-C-l lb5 

~ N 0 2 7 1 

-Me 209 

-OMe 21'+ 

I n each case a 20$ increase i s the thiourea concentration caused 

l i t t l e or no increase i n the value 01 k_. The largest increase 

recorded, wi th an a proximate value of 8/:' i s comparable wi th the 

experimental error of J ; ; :p and re j.resen Is , a t best a s a l t e f f e c t . I t i s 

clear tha t under the spec i f i ed condition.? the rcac'.-.ion i s not subject 

to nucle v . n i l i c catad vsn:-,. In comm"! \r- th the e f f e c t "n b-jl.h N'!i'A and 
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NMNA the act ion of high nucleophile concentrations on the 

deni t rosat ion of the p-subst i tuted NMNA's i s such as to render the 

i n i t i a l protonation stage rate-determining so tha t , 

where h represents an appropriate a c i d i t y f u n c t i o n . 

I t i s i n t e r e s t i ng to probe s l i g h t l y deeper i n t o the behaviour 

of the p-subst i tuted analogues. Noting that the use of high 

nucleophile concentrations i n an aqueous solvent brings about the same 

l i m i t i n g condit ion as does the use of an ethanolic solvent, i t should 

be possible to r a t i o n a l i s e the e f f e c t s of subs t i tu t ion i n a manner 

analogous to that employed i n Section 4. With the opposing e f f e c t upon 

k-j removed we might expect to see the subst i tuent e f f ec t s upon k^ 

r e f l e c t e d by a wide va r i a t ion i n k across the various analogues. 

Whilst t h i s va r i a t ion does operate i n the expected d i r ec t i on i t 

shares a common feature wi th that observed f o r the ethanol reaction . 

i n that i t i s of a low magnitude. The explanation i s almost ce r t a in ly 

as per Section 11 i n that we are seeing evidence of a two-stage 

protonation. A f t e r a l lowing f o r the protonation of the thiourea 

(pKa = - I . I 9 ) we may calculate values of k 

k 
o k .h 2 x 

P-substituted NMNA 10 k / s " x l " mol 
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Clearly these values l i e f a r below those expected f o r a simple 

single-stage protonation reac t ion . 

5-4 Con clusion 

At high concentrations of added nucleophiles we expect the 

deni t rosat ion of the N-nitrosamines i n aqueous solu t ion to proceed wi th 

a charac te r i s t ic independence of both the nature and the concentration 

of the nuoleophile. Certainly I f i n d no exception amongst the 

compounds studied here and our proposal of t h i s e f f e c t as being general 

f o r a l l N-nitrosainines gains support. 

I t i s i n t e r e s t i ng to note tha t here again we have evidence of the 

existence of a two-stage protonation process so that we are drawn 
132 

towards the views of Chall is and Osborne who propose that an i n i t i a l 

o-]jrotonation at the nitroso-oxygen s i t e i s fol lowed by a 

rearrangement to give the N-jrotonated f o n a . ' As of now however no 

conclusive evidence concerning t h i s point ex i s t s . 
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SECTION SIX 

THE REACTION OF N-METHYL-N-NITROSOANILINE 

WITH SULFHUR-CONTAINING NUCLEOHflLES 

IN AClrlC SOLUTION 
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6.1 An Int roduct ion 

I t has been apparent f o r some time that the denitrosat ion of 

N-nitrosamines i n aqueous acid so lu t ion may be catalysed by the 

addi t ion of moderate concentrations of various nucleophi l ic agents. 

Whilst these nucleophi l ic agents have c l a s s i ca l l y taken the form of 

the halide ions th i s l i s t i s by no means exhaustive and. Section 1.7 

of the present work has allowed us to consider one a l t e rna t ive 

series of nucleophiles; the sulphur nucleophiles. With the current 

in te res t i n the b i o l o g i c a l action of the N-nitrosamines and. given the 

abundant supply of sulphur nucleophiles i n the body, the in te rac t ion 

of the two takes on a high b i o l o g i c a l s ign i f i cance . With th is 

s igni f icance i n mind we sha l l develop the subject f u r t h e r . 

E a r l i e r , i n Section 1.7, we made mention of a study by Williams 

which centered around the react ion of thiourea, lhe f o l l o w i n g scheme 

i s ]JTOposed f o r react ion i n the presence of a n i t r i t e t rap . 

PhNMeNO + H *" 

K 

PhN(l<Se)hNO — r — f PhNMeH + CN-S=r 
1 HH., 

i- /NH ? 

ON-S=r c' '• n i t r i t e t rap *» Products 
K H 2 

I t i s clear from the resul t s of the k i n e t i c and product studies 

that the rate determining stage of th i s react ion under the conditions 

stated i s reprecented by the nuc leo^hi l i c attack of the thiourea upon 

the protonated form of the nitrosamine. Given tha t . 
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Kate 
d[ KMN.AJ 

k [NMNA] 
dt 

we may wr i t e 

k k,Kh f y ~ l o 1 oL -l 

A p l o t of k Q vs [Thiourea] thus leads to a value of k-̂ K which 

demonstrates the nucieophi l ic r e a c t i v i t y of thiourea to be 

comjarable with that of the iodide i o n . 

S imi lar resul ts have been obtained f o r the reaction of thiourea 
, . 12^ wi th N~nitrosodiphenylamine 

6.2 ai Tn®. Reaction of N-methyl-N-nitros oani l ine with Thiourea, and 

the N3ikyi_2-ll^ L2>i1^32. 

6-2-1 An In t roduct ion 

I n examining the reactions of the N-nitrosamines i n acidic 

solut ion i t io advantageous to carry out a l l invest igat ions i n the 

presence of an excess concentration of an added n i t r i t e t rap such 

as sodium aside or hydrazine sulphate. In such circumstances the 

inherent r e v e r s i b i l i t y of the deni t rosat ion react ion i s removed 

so that the k ine t i c behaviour of the system i s considerably s i m p l i f i e d -

I n the case of react ion i n the presence of the thioureas i t appears 

that the choice of the n i t r i t e t rap must be a judicious one. 

Whilst hydrazine su'.l phate behaved s a t i s f a c t o r i l y over the ent i re range 

of thio-substrjvto:-. there was evidence of extensive side reactions 

wi th some of the traps examined and in <-articular the combination of 

suljhamic acid and te bramethylthiourea lead to a reproducible s~sha;ed 

curve f o r a pl-->t of k vs | te tramethy'J thioureal . C consequently 

hy--lra:,',inc rail; bate v;as eni ';yed Lhr^uphcub the present invc-.v, bp piticnr;. 
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I n such circumstances we expect the reaction scheme due to Williams, 

which i s depicted, above to apply. Whilst t h i s scheme has been 

proven f o r the react ion of thiourea, (Section l -7)» i t would be 

unwise to apply i t b l i n d l y to the reaction of the a lky l - subs t i t u t ed 

analogues without some previous analysis of the products. I have 

carried out such a series of invest igat ions whose resu l t s are 

described f u l l y i n Section 8. Su f f i ce i t to say that I f i n d no 

evidence i n these re su l t s to suggest any react ion which l i e s outside 

of the scheme proposed by Will iams; neither do I f i n d evidence 

amongst the resul ts of the k i n e t i c inves t igat ions save i n the one 

instance noted above. I t i s clear that thioureas react wi th NMNA 

according to the f o l l o w i n g scheme. 

NMNA + H NMNAH r r - -*» NMA QN-Ŝ C 
K thiourea 

+ / N R 2 
ON-S"C + n i t r i t e t rap —t> products 

NH2 

I f we assume tha/t the concentration of the thiourea remains constant 

during any one k i n e t i c run then we may define the value k , which 

represents the observed f i r s t - o r d e r ra te constant f o r the react ion, 
68 

as above. Referring to the work of Williams and act ing on the 

assum.ption that the i n i t i a l protonation has some dependence upon the 

Hammett a c i d i t y f u n c t i o n , h , vre may wri te 

k o = k l ^ o : [ Y ~ l 

where x represents the exier imental ly determined order in hQ expected 

to bo close l,o u n i t y . 

http://assum.pt
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6 • 2 • 2 The _Variation of wi th [ Hydrazine^ sulphate] 

A series of invest igat ions were carr ied out to ascertain the 

concentration of hydrazine sulphate which must be added to the 

react ion system to br ing about the complete subjugation of the 

reverse react ion described above. Basical ly the reaction of each system 

to increasing concentrations of hydrazine sulphate i s i d e n t i c a l so that 

we w i l l not dwell upon a deta i led discussion of each. Nevertheless 

the resu l t s obtained wi th each thiourea a t each of two a c i d i t i e s are 

given below f o r reference. 

Thiourea 

[Thiourea] = 1.801 x 10~ 3 M 

[NMNA] = 1-348 x 10~'4' M 

[H 2SOJ = 0.78 M 

W +[N H .HSO ~ ] /M 1 0 3 k o / s _ 1 

0 13.10 

0.25 5. ho 

1.25 1.52 

2.50 1.70 

7.50 1.82 

12.7 5 1.90 

2p.00 1.87 

50.00 1. 00 

00.00 2.00 
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[ H 2 S 0 / J = 3-9''+ M 

N2H/HSV]</M 

0 2.75 

0.2.5 2.28 

1.25 2.16 

2.50 2.30 

7.5O 2.76 

12.50 2.72 

25.00 2.88 

50.00 2.92 

100.00 2.86 

N-Methylthiourea 

[N-methylthiourea] 1.802 x 10 

[NMNA] 0 = 1.297 x id"1* K 

[BzSOl4] = 0.78 M 

IO / 4[N 2H 5'HSO 4"]/M 1 0 3 k o / s " 

0 7.71 

0.25 3-35 

1.25 1.49 

2.50 l . 57 

7.50 1.66 

12.50 1.76 

25.00 1.78 

/•;o. 00 1.82 

100.00 1.81 
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-= 3-9^ M 

IO' +[N 2H 5 HSO^/M 

0 

0.25 

1.25 

2.50 

7.50 

12.50 

17.50 

<S0.00 

10 2 k Q / s 

2.36 

2.01 

1.72 

1.01 

2.30 

2.34 

2.3^ 

2.53 

K ,N ' — ' j . me t hy 1t h i ou re a 

[N,N'-dimethylthiourea] = 1.187 x 10 

[NMNA] = 1.297 x 10~'4' M 

[H 2 S0 ;J - 0.78 M 

10 + k Q / s 

0 95-10 

0.25 17.10 

1 • 25 8.68 

2.50 9-64 

7.50 10.20 

12. 50 10.3/+ 

25.00 to . 56 

.50. 00 10. 

100.00 j'-0./j'3 
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[H 2S0,J = 3 . 9 4 M 

10 4 [N 2 H 5

r HS0 4 " ] /M 

0 

0.25 

1.25 

2 • 5'0 

7 • 50 

12.50 

25-00 

50.00 

1 0 2 k o / s 

1.85 

2.51 

1.57 

l . i H 

1.72 

1.77 

1.82 

I . 8 3 

Trimethylthiourea 

[Trimethylthiourea] 

[NMNA] = 1.297 x 10 " M 

[H SO/+] = 0.78 H 

N 2 H 5 HS0^"]/h 4 , ~ 
10 \ / s 

0 127.90 

0.25 21.71 

1.25 8.83 

2.50 8.08 

7.51 8.60 

12 • 52 8.00 

25.04 8.60 

50.08 8.60 

100.20 8.40 

1 

= 1.210 X 10 
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[H 2 S0 / f ] -= 3.94 M 

0 

0.2.5 

1.25 

2..50 

7.51 

12.52 

25-04 

50.08 

10 2 k 0 / s 

3-72 

I .63 

I .36 

1.76 

2.10 

2.10 

2.12 

2.13 

Te tra'j ' e thy 1 t h i ourea 

[Tetramethy 1 thiourea] -_- 1.206 x 10~ 3 M 

[NMNA] = 1.297 x 10"^ M 

[H so ] 0.78 M 

2 H 5 HS0^-]/N l O ^ k ^ s 

0 126.30 

0.25 15.50 

1.25 7 • 82 

2. ^0 8.77 

7.50 8.99 

12 • 50 9.06 

2S.00 8.78 

50.00 8.93 

100.00 6.68 
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[H 2 so,J = 3•9'-.'- M 

2H 5

!HSO / 4~]/M 10 3 k /s 0' 

0 11.70 

0.25 4.30 

1.25 3.80 

2-50 4. 94 

7.50 .5-83 

12.50 5.90 

25.00 5.58 

50.00 6.11 

- 1 

I f we were to p lo t k Q vs [hydrazine sulphate] f o r each set of 

data we would, obtain a series of graphs which shared cer ta in common 

features . Consider f i g u r e 14 which uses the data col lected f o r 

K-methy1thiourea at low a c i d i t y as an i l l u s t r a t i o n . I t should be 

noted that values of k f a l l i n i t i a l l y from a. maximum i n the absence 

of hydrazine sulphate towards a minimum value at low t rap concentrations. 

We have observed such behaviour before i n the reaction of N-methyl-K-

ni trosourea, Section 3.2.3 and apply the same explanation here. These 

high values of k which arise at low trap concentrations are xsrobably 

due to our a.pplication of f i r s t - o r d e r guggenheira treatments to a 

reaction which, under the conditions operating i n that area of the 

granh, are not f i r s t order. Being of l i t t l e s igni f icance these values 

have been ore it/ted from f i g u r e 14. As the concentration of hydrazine 

sulphate i s raised f u r t h e r k i s observed to r i s e from i t s miniutisr. va.'luo 

towards a ' ' imi t ine value whose exact niacrutu.<a i s not uaox;.ecto'-'!.y 
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dependent upon which pa r t i cu la r thiourea i s i n use. At these 

l i m i t i n g values of k the back react ion has been successfully. 
o 

suppressed- I n a l l cases we f i n d that a hydrazine sulphate concentration 

of 1 x 10 J M or more guarantees the operation of these l i m i t i n g 

condit ions. Further increases i n hydrazine sulphate e f f e c t no 

f u r t h e r increase i n k and we may assume tha t no d i r ec t react ion occurs 

between hydrazine sulphate and NMNA. 

6.2.3 ^ The Variat ion of k with [Thiourea] 

An extensive series of invest igat ions was carried, out using each 

of the thioureas i n tu rn to ascertain the manner i n which k varies 
o 

wi th the concentration of the nucleophile. I n each case hydrazine 

sulphate was present at a concentration in excess of 1 x 10 H so 

that the l i m i t i n g conditions described above were i n operation and 

good f i r s t - o r d e r behaviour was observed. With each thiourea being 

the subject of study a t a number of a c i d i t i e s the invest igat ions 

generated the f o l l o w i n g data. 

Thiourea 

[H 2 S0 / ( ] == 0.78 M 

1CK [Thiourea] />! 1 0 ^ k

o / s 

0 0 

3-03 2.87 

6.06 h .90 

9-00 6.26 
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[H 2soJ - 1..57 M 

10^[Thiourea]/M 

0 

3.O3 

6.06 

9.09 

[H 2S0,J == 2.36 H 

10^ [Thiourea] /H 

0 

1.21 

2.42 

3-63 

[H 2S0 / 4] = 3.1k • M 

10^[Thiourea]/M 

0 

1.20 

2.40 

3.6O 

[H 2S0,] - 3-92 M 

10 j [Thiourea] Ai 

0 

0. 60 

:\. 20 

1. P,O 

i o - \ o / s 

0 

9.00 

16.00 

20.74 

l O ^ s 

0 

8.42 

16.25 

22.30 

10^k o/s 

0 

14.08 

2.6.44 

36.86 

1 0 \ o / b ~ L 

0.34 

10.24 

l9<7 r: 

28.70 
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N~inethylthiourea 

[H 2SO^] = 0.35 M 

1(P [N-methyl t h i o u r e a ] /M l o \ Q / r ~ L 

0 0 

3.00 3.11 

6 . 01 5.A18 

9 . 01 

[H 2 S0,J = 1.70 M 

1(P [N-methyl thiourea]/H lO^k^/s" 1 

0 0 

3.00 9.67 

6.01 17.35 

9-01 23.36 

[H 2SO^] = 2.56 H 

10^ [N-methylthiourea]/i-i 1 0 ^ k c / E 

0 0 

. 1 

1.20 0.73 

zJiO 16.47 

3.61 22.13 

10^ [N-raethylthiourea] /H l o \ y s " 1 

0 0 

1.20 1A.21 

2.40 • 26, C, 
3 .6 I 36. ',6 
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[H 2S0,J = k.Zh M 

10 3[N-methyl t h i o u r e a ] /M \o\jn~1 

0 0. .50 

0.60 9.37 

1.20 .17.12 

1.80 25-74-

N , N ' i m p t h y l t h i o u r e a 

[ H 2 S 0 J = O .85M 

10- [N ,N' -d i m e t h y l t h i o u r e a ] /M lcAc /S"" 1 

0 0 

1.93 1.88 

3.96 3.kO 

5-94 4.79 

[ H 2 s c y = 1.70 M 

10 3 [N ,N' -Aimethylthiourea] /M l O ^ / - " 1 

0-79 

0 0 

1.93 6.35 

3.96 11.72 

':.')•'•> 16.57 

\n^ol4] = 2.56 M 

10 3 [N ,N '-dliaethylthiourea]/M 10 3k Q/s~ 

0 
0 

6.26 

1. <V] 11.89 

2.3O : L 7 - 3 l 

file:///o/jn~1
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[H 2S0, (] = 3./42M 

10 3 [N ,N'-dimethylthiourea]/M 1 0 3 k o / s _ 1 

0 0 

0- 79 10.52 

1- .53 20.3/f 

2.38 29-61 

[H 2S0 / ( ] = k.Zk M 

10 3 [N,N'-dimethylthiourea]/M I 0 3 k / s " 1 

0 O.58 

0•kO 7.33 

0.79 13.14 

1.19 19./+0 

T r i m e t h y l t h i ourea 

[ H 2 S 0 4 ] = 0.85 M 

10 3 ['Primethy 1 thiourea] ,/M 10 3k / s " 1 

0 0 

2.02 1.61 

4.03 2-9;4 

6.O5 4.17 

[ H 2 3 0 4 ] -= I.70 M 

10 3 [ T r i i f i e t h y l t h i o u r e a ] /M 10 3k /S~" L 

0 0 

2.02 5.7O 
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[H 2SO z,] = Z.$ M 

10^ [Tr i m e t h y l t h i o u r e a ] / M lo\ /s 

0 0 

0.81 6.11 

1.61 I I . 9 5 

2-42 17.40 

[H 2S0^] ••= 3.42 M 

10- 3[Triir,ethyl thiourea]/!'], l o \ y s " 1 

0 0 

0.81 12.09 

1.61 22->6 

2.42 34.O5 

[ H 2 S C V ] = k - ? A V l 

lO-"3 [ T r i m e t h y l t h i o u r e a ] /M l O ^ k ^ s " 1 

0 O..58 

0.40 8.I3 

0.81 15.12 

1.21 22.63 

Tetramethylthiourea 

[ H 2 S 0 4 ] - O.85 M 

1<P [lVitrar:c t h y l thiourea] /H \o\ /& 

0 0 

2.01 1.61 

4.02 3-20 

6.01 ;1-~1° 
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[HgSO^] = I . 7 0 M 

10^[Tetramethylthiourea] /M 1 0 ^ k
o / B 

0 0 

2.01 5-05 

4.02 9-40 

6.03 12.72 

[H 2SO,J = 2.56 M 

leP [Tetramethylthiourea]/M lO^k^a 

0 0 

0.80 3-49 

1.61 6.90 

2.41 9-97 

[ H 2 S 0 j = 3-42 M 
o 3 - 1 10 J [Tetramethylthiourea] /M 1 0 k

Q / s 

0 0 

0.80 4.21 

1.61 7.98 

2.41 11.18 

[H 2S0^] = 4.24 M 

10^ [ T e t r a m e t h y l t h l o u r e a ] / M lO^k^s™ 1 

0 0-53 

0.40 2.5.5 

0.80 ^ 

1.21 6.10 



170 

When t h i s data i s portrayed graphically, as for example in 

Figures 1.5 to 19, we obtain good l i n e a r plots of k Q vs [Thiourea] for 

a l l of the thioureas at each of the a c i d i t i e s studied. I t i s c l e a r that 

the reaction i s f i r s t - o r d e r with respect to the concentration as we might 

have expected. In each case the plot depicts a. small positive intercept 

on the y-axis which represents the value of k Q for the water catalysed 

reaction a t that p a r t i c u l a r a c i d i t y . Where t h i s value i s negligibly small 

compared with the values obtained for the thiourea catalysed reaction it-

i s s e t equal to zero. 

The slopes of these plots are given below. 

Thiourea 

[H 2S0;,]/M slope corrected slope 

0.78 0.69 0.75 

1..57 2.29 2.94 

2.36 6.17 10.94 

3''J4 10.25 29-80 

3-92 15.77 8 3 > 7 1 

N-methy1thiourea 

[H ?S0^]/M slope corrected slope 

0.85 0.82 0.91 

1- 7° 2.59 3-59 

2- 56 6.17 13.10 

3- '+?- 10.11 40.93 

''••24 I 3 . 8 6 I I I . 7 5 
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fl,.N -dimethylthiourea 

[H ?S0^]/M slope corrected slope 

0.85 

1.70 2.77 • 3-44 

2.56 7-27 12.41 

3-42 12-46 36.43 

4.24 15.74 8 6 . 0 1 

Trime thy1th i ourea 

[H 2 S 0 ^ ] / M slope corrected slope * 

0.85 0.60 0.72 

1.70 2.53 2.91 

2.56 7-20 10.35 

3.42 13-97 30.57 

4.24 1 8 . 1 4 68.20 

yetram rethylthiourea. 

[l-IoSO^j/M slope corrected slope * 

O.85 0.70 0.80 

1.70 2.12 3.19 

2.56 4.14 10.27 

3-42 4.64 23.32 

4.24 4.56 47.01 

see text. 

'Ihere i s much evidence to suggest that the thioureas are subject to 

a signifxr-ant degree of protonation at thoue a c i d i t i e s ' v ' , 
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probably at the sulphur atom and since the reaction i s presumed to proceed 

v i a the agency of the unprotonated species the values of the slopes have 

been corrected to allow for the protonation of the nucleophile. Values of 

pK based on the H~ scale are obtained for the thioureas from the work of a o 
Janssen"''3^ whence 

^b = K~ a 

[ Thiourea] _ 1 
[ Thiourea] T Q T A L (1 + K f eh o) 

and 
[Thiourea] • 

corrected slope « slope x p-^—-p— 

I t i s clear that these corrected slopes represent the values of 
X X 

k-^Kho . I f we prepare plots of log k^Kh Q vs log h Q we may determine 

the value of x which i s expected to l i e close to unity. These plots, 

prepared for each of the thioureas are given as figures 20 to 24. Good, 

str a i g h t l i n e s are obtained in each case with the calculated values of x 

being as -tabulated. 
Substrate Order in h Q 

Thiourea 1.20 

N-methylthiourea 1.16 

K,N -dimethylthiourea 1.12 

Trirae thy1th i ourea 1.11 

Tetramathylthiourea O.98 

Clearl y the Hammett a c i d i t y function, HG, re r e s e n t s on adequate 

description of the a c i d i t y de pendence of the nitrosamine i-rotonation. 
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For a l l of the thioureas, other than tetramethylthiourea, the rate-dependence 

upon h i s to the power of between 1.11 and 1.21. For the tetramethyl 

substituted compound the value i s a l i t t l e lower at O.98. Obviously the 

value of x for a par t i c u l a r nitrosamine should be independent of the 

particular nucleophile employed and, i n essence, the figures quoted above 

r e f l e c t a dependence upon h to the power of 1.00 - 0 .02. 

With the data presently available to us we may calculate values of 

k-̂ K f o r the thioureas at each of the given a c i d i t i e s . 

Thiourea 

[H2SO/J/M 
0.78 

1.57 

2.36 

3.14 

3-92 

k l K 

0.55 

0.50 

0.56 

0.52 

0.5^ 

[H2SOJ/M 
0.0.5 

1.70 

2.56 

3-'4-2 

0.55 

0-55 

0.J38 

Ov57 
0.53 



N ,N "dime thy 1th i ou rea 

[H2SOJ/M k 1K 

0.8.5 O.56 

1.70 O.36 

2.56 0.62 

3. 42 0.59 

4.24 O.55 

Trimethylthiourea 

[n2sok]/n k±K 

. 0 .85 0.47 

1.70 0.46 

2.56 O.53 

3-42 O.52 
4.24 0.4 

Tetram e thy1th iourea 

[H2SOJ/M k,,K 
O.85 O.5/4 

1.70 0.60 

2.56 0.6 n 

3- 42 0.50 

4- 2'!- O.57 

The values of k-jK re f l e e t the expected indei-endenre of a c i d i t y so 

that we may calculate the following mean values. 
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Substrate Mean Value of k-̂ K 

Thiourea O.53 

N-methylthiourea O.57 

N,N'-dimethylthiourea O.58 

Trimethylthiourea " 0 . ^ 9 

Tetramethylthiourea 0-57 

The s t r i k i n g feature of these values i s t h e i r s i m i l a r i t y . We know 

from our e a r l i e r discussion of halide catalysis,' (Section 1=7), t h a t the 

reaction i s vei-y sensitive towards the r e a c t i v i t y of the nucleophile and 
125 

indeed the Hsarson plot of log k-|K vs n possesses a slope of 1.̂ -1: clearly 

the s i m i l a r i t y of the values of k̂ K depicted above demonstrates that the 

thioureas possess almost i d e n t i c a l r e a c t i v i t i e s . Stedman et a l . 

report a similar observation f o r the thioureas i n t h e i r reaction with free 

nitrous acid and i t i s tempting to apply t h e i r reasoning i n the present 

case. Arguing on the basis of the s i m i l a r i t y which exists between the rate 

constants obtained f o r the thiourea/nitrous acid reaction and those obtained 
62 l" 1 9 

f o r the diazotisation of a n i l i n e derivatives ' * they believe that the 

kinetics of both reactions are governed by the encroachment of a d i f f u s i o n -

controlled l i m i t . Under such conditions as these we would not expect a 

great discrimination between the various thioureas. I t would, appear howevor 

that t h i s rationale does not apply i n the present*case. I f we assume that 
k-̂  does approach the dif f u s i o n - c o n t r o l l e d l i m i t then we must assign a value 

10 -3 - I 
of c i r c a 1 x 10 1 mol s ' . I t therefore follows t h a t K must have a 

-1 ] 
va use of around 5 x 10 which corresponds to a PK value of around -10 

a 

f o r the nitrosairdne. Whilst t h i s value has never been measured d i r e c t l y 

.it has been estimated as being of the order of - 2 . Further, when we 

consider that the -'earson plot of log k-jK vs n (a) shows no indication of 

l e v e l l i n g o f f at r.' >'. '•• f o r thiourea and (b) dp'acts a value* of O.63 Cor 
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the iodide ion, (n=7 .^) , then we reali.se t h a t we can not apply Stedman's 

rationale here. 

I t would appear that an explanation must proceed along the f o l l o w i n g 

lines. Let us assume that, i n the t r a n s i t i o n state f o r the nucleophilic 

attack, l i t t l e i f any of the positive charge i s delocalised to the thioureas' 

amino-nitrogen atoms. Thus, i f we represent the formation of the t r a n s i t i o n 

state as below, canonical IV makes no s i g n i f i c a n t contribution. 

N -N^ S,=C! 
N d + 

II 
^ NP 

•q = C 
° "NRQ 

0 S * N̂R 
NR 2 J 

0* +/NR, N " S ~ C I I I 

°* * K R 2 
N-s-n % 

KR~ 
IV 

The important contributions thus come from the structures labelled 

I , I I and I I I where the positive charge i s located on carbon and sulphur 

atoms respectively. In such circumstances an increasing degree of 

N-methyl substitution Is not expected to s t a b i l i s e the t r a n s i t i o n state 

to any great extent and the thioureas w i l l possess s i m i l a r r e a c t i v i t i e s . 

http://reali.se
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6.3 The Reaction of N-methyl-N-nitrosoaniline with Cysteine, Glutathione, 

S-_methylcysteine and Methionine . 

6.3-1 An Introduction 

I n the preceeding section we discussed the remarkable r e a c t i v i t y which 

the thioureas e x h i b i t i n t h e i r reactions with N-nitrosamines• A v a l i d 

question now might be; " i s t h i s r e a c t i v i t y common to a l l neutral sulphur 

sites?" Certainly the question i s an in t e r e s t i n g one especially i f we 

turn our attention towards the sulphur s i t e s of such b i o l o g i c a l l y important 

species as the amino acids. The p o s s i b i l i t y of reaction between these 

species and the N-nitrosamines would necessitate a f a i r l y r a d i c a l revision 

of the schemes proposed f o r the behaviour of the N-nitrosamines i n the 

human body. At f i r s t sight i t appears that t h i s p o s s i b i l i t y i s indeed a 

r e a l i t y since the reaction of N-methy1-N-nitrosotoluene-p-sulphonamide with 
71 

cysteine has already been reported . 

6j_3,2m The Variation of k with [ N a t u r a l l y ° ,̂9.u^HiK.._SulJ^ur Nucleophiles] 

I n an attempt to discover whether the neutral sulphur sites of 

bi o l o g i c a l l y important substances do possess an appreciable r e a c t i v i t y i n 

t h i s context the following f i v e substances were chosen f o r study. 

CHLSH 0Ho•CH„•CONH•CH•CQNH•CH0•C0oH I c. c I c c 

CH'NH. 2 CH'NH, 2 CH0SH 

CO,.H 2 CO..!! 

Cysteine; Glutathione 

CH,.SMe cil.-.Si-j! Me 

CII'NI 

CO ' .1 
CH 2 CH'NH.-. 

C0oII 

S *-M e t h ;y 1 c y s t e in e Methionine Alanine 
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The inclusion of alanine which does not possess a sulphur centre i s 

important i n that i t provides us with a valuable control. As with the 

thioureas a l l k i n e t i c experiments were carried out in aqueous solutio n i n 

the presence of a high concentration of hydrazine sulphate so that the 

complication of the denitrosation reaction's r e v e r s i b i l i t y i s removed. 

Under the conditions employed the reaction was observed to follow f i r s t - o r d e r 

k i n e t i c s so that we may define an observed f i r s t - o r d e r rate constant, k , 

such t h a t , 

Values of k as a function of the concentration of each of the 

nucleophiles were recorded as follows. The data are presented graphically 

as figures 25 to 28. 

-d[NMNA] 
dt k [NMNA] 

where k o phile] k l ^ o L nuc-i.eo 

[H2SOJ - 4-48 M 

/ w J cy •<:•;•: i no •i 
4 

1 0 k o A 

0 8.41 
2.05 9-63 

6.14 9.89 
IO.23 10,52 

3 /M 0> Gl uxatnione 1 r 10 i 0/ 
0 0.41 

6.00 9.80 

9-9, 
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10 [s-methylcysteine]/M 10 k Q/s 

0 8.41 
1.24 62.80 
3-73 1.53-BO 

6.22 221.90 

10^ [Methionine] /M loV^s"* 1 

0 8.41 

1.21 15-83 

3-64 31-21 

6.06 46.14 

1 0 3 [Alanine]/M l O ^ / s " 1 

0 8.41 

8.69 8.26 

26.11 8.48 
43.52 8.9O 

I t i s clear t h a t f o r cyst Gin© (% nd glutathione (which contain the 

-CrljSH group) r e a c t i v i t y towards the nitrosamine i s very small. Nevertheless 

the s i g n i f i c a n t increases i n k observed with increasing concentrations 

of both substrates would seem to indicate the existence of a di r e c t 

reaction between the nitrosamine and the nucleopbiles. I t should be noted 

that the presence of the n i t r i t e t r a p precludes the operation of an 

alt e r n a t i v e explanation which would involve a solvent-promoted denitrosation 

coupled with the subsequent n i t r o s a t i o n of the sulphur nueleophile by free 

nitrous acid. Since alanine reveals i t s e l f to be singularly unreactive 

i n the present context the p o s s i b i l i t y of a nit r o s a t i o n at the -NIL? (or ~NH0 ') 

: ; j i, •: i s also excluded. c l e a r l y we are Scaling hcie with a direct n i t r o s a t i o n 
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of the sulphur s i t e by NMA to y i e l d an ON-Ŝ  intermediate which i s 

i r r e v e r s i b l y removed by reaction with the n i t r i t e trap. 

I f we assume that 

k Q = k 1 K l i f )
1 ' 1 1 [nucleophile] 

where 1.11 represents the mean of the values of x calculated f o r the 

thioureas then we may proceed to calculate k-̂ K f o r each of the sulphur 

nudeophiles. -Values f o r k-̂ Kh are of course provided by the slopes 

of the k vs [nucleophile] plots whence we arrive at the following table. 

Nucleophile k-̂ K 

Cysteine 9 x 10™^ 

Glutathione 1.6 x 10"^ 

S-methylcysteine 1.7 x 10 ^ 

Methionine 3-2 x 10™^ 

I f t h i s table i s viewed i n conjunction with the data provided by 

Williams which are given below then we produce a f r u i t f u l summary. 

Nucleophile k-jK 

Cl" k x 10 ~5 

Br" 2.2 x 10" 3 

I ~ O.63 

Clearly the -0HoSH group (which i s present i n both cysteine and 

glutathione) possesses a r e a c t i v i t y towards NMA which i s comparable with 

that of the chloride ion. This low r e a c t i v i t y may bo considerably increased 

by the inclusion of an S-methyl group so that the -CH.̂SCHU group (present i n 

both S-methyleysteine and methionine) exhibits a r e a o t i v i ty close to that 

of the bromide ion. 
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6.4_ Conclusions 

I n the present sections we have considered evidence which has high­

l i g h t e d the nucleophilic r e a c t i v i t y of neutral sulphur s i t e s . I t i s 

clear that the alkyl-thioureas p a r a l l e l thiourea i t s e l f i n r e a c t i t y with 

NtyNA to y i e l d , i n i t i a l l y , the S-nitroso adduct, t h e i r r e a c t i v i t y being 

comparable with that of the iodide ion. In establishing the existence 

of a reaction between NMNA and a series of sulphur-containing amino acids 

a question i s raised which goes beyond the scope of the present work: 

"How important i s the sulphur pathway i n d i r e c t i n g the metabolic 

processes of N-nitrosamines wi t h i n the human body?" 
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SECTION SEVEN 

INTETi ACTION OF N-METHYL-N-NITROSOANILINE 

WITH METAL IONS IN AQUEOUS 

ACIDIC SOLUTION. 
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7.1 An I n t r o d u c t i o n 

This s e c t i o n contains the r e s u l t s of a p r e l i m i n a r y i n v e s t i g a t i o n 

i n t o the nature of nitrosoamine/metal i n t e r a c t i o n s . The r e s u l t s are 

by no means conclusive, indeed they r a i s e more questions than they 

answer, but I b e l i e v e t h a t there i s evidence t o support the existence 

of an i n t e r a c t i o n between NMMA and c e r t a i n t r a n s i t i o n metal ions. 

The data are given here i n the hope t h a t they may prove u s e f u l t o 

others who venture i n t o t h i s most i n t e r e s t i n g aspect of nitrosoamine 

chemistry. 

Oxidation of the f e r r o u s i on by n i t r o u s a c i d i n a c i d i c s o l u t i o n 
13Q 

has been widely r e p o r t e d and i s known t o be due t o simultaneous 

o x i d a t i o n by n i t r o g e n d ioxide (from the decomposition of the n i t r o u s 

a c i d ) and the nitrosonium ion ( o r n i t r o u s acidium i o n ) . The o v e r a l l 

r e a c t i o n which has the s t o i o h i o m e t r y , 
? P Fe"' + HNO + K =^= Fe^' *• ,0"0 + Ĥ O ,3' 

i s governed by an e q u i l i b r i u m constant K where, a t 25°C, 

- 9-2 x 1CK atm mo.l. 1 
[ F e 2 " f ] [ H ^ 0 2 ] [ H ^ ] 

139 
From the i n v e s t i g a t i o n s of AbeJ e t a l . i t i s c l e a r t h a t the 

r a t e of appearance of the f e r r i c ion may be represented as f o l l o w s 

• L , * 2 K ] , f P e - ] [ , f 0 ? ] 

I Mo J 
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where 

k, = 7.83 x 10" 3 1 mol" 1 s" 1 

-1 2 -2 -1 k 2 •= 2.2? x 10 1 ' mol s 

= 4.00 l 2 atm mol 2 s" 1 

On the ba.sis of these r e s u l t s the r e a c t i o n scheme depicted below 

has been proposed f o r r e a c t i o n i n a n i t r o g e n atmosphere. 

2HN0 ^ = - N0 2 + NO t- H 20 

2 t- 1 + Fe . NO o Fe" + N0 2 

HNO i- H1" i> H 20 -f- NO1 

Fe 2' i- N0 r 1> Fe 3' MsT0 

I n the l i g h t of the e s t a b l i s h e d r e a c t i v i t y between the ferrous' 

ion and n i t r o u s a c i d i t was decided t o i n v e s t i g a t e the use of Fcc 

as a n i t r i t e scavenger or t r a p i n the n u c l e o p h i l i c d e n i t r o s a t i o n of 

NMNA. I f the f e r r o u s i on was t o prove su c c e s s f u l i n t h i s context 

then might i t not be t h a t t h i s r e a c t i v i t y could be extended t o cover 

other metal ions of low o x i d a t i o n s t a t e . 

7-2 The I n t e r a c t i o n of the Ferrous Ion and N- r a w i . h y l - N - n i t r ^ c a n i l i n e 
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H Me Me NO H 
\ / N Me N NO N 

H o Y o o 
NO Y 

R E A R R A N G E M E N T 

NOY + F e 2 + *> P roduc ts 
k 3 

I f t h i s scheme i s indeed o p e r a t i v e then i t i s c l e a r t h a t a t 

the end of the r e a c t i o n the i n i t i a l HfflA w i l l bs present 

i n the form of no more than f o u r components: ( a ) unchanged KMNA 

(or KMNAH ), (b) N - m e t h y l a n i l i n e , ( c ) the rearrangement product, 

p - n i t r o s o a n i l i n e and pos s i b l y (d) the "yellovr product" described 

i n Section 1.6. Pr e l i m i n a r y experiments i n d i c a t e d t h a t i t might be 

possible t o demonstrate n i t r i t e scavenging a c t i v i t y on the part of 
2+ 

Fe i f i t were present m high concentrations r e l a t i v e t o the 

N~Nitrosamine. Consequently a s e r i e s of qualitative*, i n v e s t i g a t i o n s 

were c a r r i e d out under these c o n d i t i o n s i n order t h a t any r e a c t i o n 

outside of the pro.corset! scheme might bo detected. I t must be said 

t h a t these i n v e s t i g a t i o n s met w i t h mixed success. 
The i n i t i a l auuroaeh was t o prepare an aqueous r e a c t i o n mixture 

o 

c o n t a i n i n g , sulphuric- ax i d , PMPA and Fe'" i n the form of i t s 

ammor!ium sulchale and t o e x t r a c t the o-̂ gar-i'-- p r o j e c t s so t h a t they 
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might be s u b j e c t t o the s c r u t i n y of G.L.C. and mass spectrometry. 

This approach loroved unsuccessful probably f o r the reasons discussed 

i n Section 0. An attempted i n v e s t i g a t i o n u s i n g T-L.C. was a l i t t l e 

more su c c e s s f u l i n y i e l d i n g the r e s u l t s depicted i n Figures 29 t o 

32-

I f we assume t h a t spots w i t h values which d i f f e r by le.ss than 

0.02 u n i t s are derived from the same component then we may summarise 

the r e s u l t s as below. 

COMPONENT 
# 

0 

1 

2* 

3 
k 

5 

6 

7 

8 

Rj, value 

o 

0.07 

0.20 

0.30 

0.^1-

0. .'>3 

0.73 

0.8.5 

0.93 

IDENTITY 

NMA 
o x i d a t i o n product 

d i t t o 

7 

? 

N M A 

N M A 

N M A / N M N A 
or R/P 

observed onlv under one method of d e t e c t i o n 

JSv̂ .n i f we discount those spots whi ch hav? only been observed 

under one method of d e t e c t i o n i t i s c l e a r t h a t the ehroiTiatogram 

e x h i b i t s a t l e a s t _r: spots. Of the 8 s l o t s observed the three of 

highest R±, va o (R f
 ::; O.73, 0,3p an:; 0-93 rss;;-2'. L i v e l y ) coxe^;pond 

t o combinations of N M A , N M N A and the ;(earr,an"•e.Meni j.rcd.uct and 

berefore represent products so~cd.iot.ed. w i t h i n or the 

>ru;>")seo r e a c t i o n scneme. me s; o and jy-u.O/ r 

http://so~cd.iot.ed
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are probably due t o NMA o x i d a t i o n products since they are shown 

by a stock sample of NMA but not by one t h a t has been p u r i f i e d 

before use. The other spots must be the cause f o r some concern. 

I t has not been possible t o obtain a T.L.C. of one of our 

expected products, the yellow product of Sec t i o n 1.6 and so i t may 

w e l l be t h a t t h i s t o g e t h e r w i t h i t s o x i d a t i o n products accounts 

f o r some i f not a l l of the unassigned spots. There e x i s t s a l s o 

the p o s s i b i l i t y of d i r e c t r e a c t i o n between the f e r r o u s i o n and the 

nitrosamine t o give the corresponding hydrazine; i n t h i s case the 

N~iaethyl~N-phenyl compound. Although a, sample of t h i s was not 

a v a i l a b l e a t the time of the study a sample of pbenylhydrazine d i d 

y i e l d spots of a s i m i l a r R^ value t o the unassigned spots on the 

chromatogram. Although these l a t t e r r e a c t i o n s must remain a 

p o s s i b i l i t y we have obtained evidence concerning the percentage 

conversion of NMNA t o NMA which suggests t h a t they are of l i t t l e 

s i g n i f i c a n c e * I t should be noted, however, t h a t the present work 

does not shed any l i g h t upon the e x t e n t of any d i r e c t r e a c t i o n 
2+ 

between Fe and. NMNA which would y i e l d NMA as i t s p r i n c i p l e product. 

I n the absence of d e f i n i t e evidence t o the c o n t r a r y we w i l l assume 

t h a t the r e a c t i o n scheme depicted above i s v a l i d . 

I n the pa s t 1 the a b i l i t y of a substance, X, t o act as a n i t r i t e 

t r a p i n the donitx'osation of NMNA has been t e s t e d by c a r r y i n g out a 

seri e s of k i n e t i c runs a t i n c r e a s i n g [ x ] . The f i r s t - o r d e r r a t e 

constant kr. obtained f o r each r u n i s then p l o t t e d a g a i n s t [ x] . I f X 

i s a c t i n g as a n i t r i t e tra:.> the p l o t of k vs [ x ] w i l l beiiave 

c h a r a c t e r i s t i c a l l y by r i s i n g t o a l i m i t i n g value whereafter the 

r e a c t i o n i s aero-order i n |x|. Obscr-vation of k^ as a f u n c t i o n of 

added NMA concentre Lions; leads t o a value f o r k , :k_ which i s seen 
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as a measure of the e f f i c i e n c y of a m a t e r i a l X i n removing the NO 

species. Whilst t h i s approach has proved successful i n the study 

of the more conventional n i t r i t e t r a p s such as urea and hydrazine 

sulphate i t may not be employed f o r the f e r r o u s i o n . P r e l i m i n a r y 

experiments demonstrated the production of a l a r g e U.V. absorption 

peak a t ^ J00 nm which has been a t t r i b u t e d t o the f e r r i c i on formed 

d u r i n g the r e a c t i o n . The e x t i n c t i o n c o e f f i c i e n t of t h i s peak i s 

such as t o preclude attempts t o monitor the disappearance of the 

NMNA peak a t 270 nm; consequently values of k are unobtainable. 
?+ 

I n an attempt t o determine whether Fe does act as a n i t r i t e 

t r a p the f o l l o w i n g approach was employed. I n the absence of a 

n i t r i t e t r a p the d e n i t r o s a t i o n system described above moves towards 

an e q u i l i b r i u m . NMNA, HMA, the rearrangement product and an 

u n i d e n t i f i e d yellow .product are observable components of the 

e q u i l i b r i u m mixture, t h e i r r e l a t i v e concentrations being dependent 

on the nature of the n u c l e o p n i l e Y employed i n the r e a c t i o n . When 

an excess c o n c e n t r a t i o n of a n i t r i t e t r a p such as sodium azide or 

hydrazine sulphate i s included i n the r e a c t i o n mixture the species 

NOy i s r a p i d l y removed so t h a t the e q u i l i b r i u m depicted below proceed 

t o the r i g h t w i t h the back r e a c t i o n being suppressed. 

NMNAH+ + Y NMA + NOY 

r l e a r l y the a d d i t i o n of a n i t r i t e t r a p t o the r e a c t i o n mixture should 

have a notable a c t i o n i n i n c r e a s i n g the concentration of NMA present 

a t the end of the r e a c t i o n . A consequent decrease i n the c o n c e n t r a t i 

of NMNA,- the rearrangement product and the y e l l o w component should 

a.sco be observed. I f a r e a c t i o n m:i x t u r e c o n t a i n i n g Fe i s a I.Lowed 
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t o go t o completion a comparison of the NMA, NMNA, Rearrangement 

Product and Yellow Product concentrations i n the f i n a l mixture w i t h 

those expected on the basis of the above considerations should 

i n d i c a t e whether the f e r r o u s i o n i s a c t i n g as a n i t r i t e t r a p . I n the 

present work, c a r r i e d out according t o the proceedure d e t a i l e d i n 

Section 8, the f i n a l e q u i l i b r i u m mixtures were n e u t r a l i s e d so t h a t 

U.V. a b s o r p t i o n spectra such as those depicted i n Figures 33 1° 35 

could be recorded. The comparison of the f i n a l concentrations was 

then c a r r i e d out on the basis of the c o l l e c t e d U.V. spectra. The 

r e s u l t s are summarised below." Note t h a t i n c e r t a i n cases where the 

absorpt i o n peak a t 237 nm i s observed t o be due t o both NMNA and NMA 

i n undetermined pro p o r t i o n s i t has been possible t o provide only a 

maximum value f o r the f i n a l c o n c e n t r a t i o n of NMA. 

Using water as the nu c l e o p h i l e the f o l l o w i n g data were obtained. 

[ H 2 S 0 Z 1 3.5I2 M 4 [NMNA] 5-012 x 10 M o 

I n A i r 

N one-

N i t r i t e Trap F i n a l Concentration of NMA/M 
-4 

^ 2-3 x 10 
Hydrazine Sulphate 

4.7 x 10 (4 x 10~-; !•]) 

Ferrous Ammonium S' 3ulphate 
(4 x 10 J W) 2.6 x 10 

Ferrous Ammonium Sul.1-hate 
(4 x 3 0"~~ h) 4.3 x 10 
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Figure 33 

U.V. absorption spectrum for 

Section 7-2 with no n i t r i t e 

trap present. 

DNT PRODUCT REARRANGED 

NMA/W1NA 
YELLOW PRODUCT 

\ 

\ V 
300 
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Figure ?>k 

U.V. absorption spectrum f o r 

Section 7-2 with hydrazine 

sulphate as the n i t r i t e trap 

NaOH 

KM A 

REARRANGEMENT PR Oil) CT 

YELLOi RODUCT . r 

/ 

r 
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Figure 35 

U.V. absorption spectrum for 
Section 7-2 with a 4 x 10~ 2 M 
concentration of Ferrous Ammonium 
Sulphate as the n i t r i t e trap. 

NMA 
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Under 

N i t r i t e Trap F i n a l Concentration of NMA/M 

Ferrous Ammonium Sulphate 
(4 x 10-3 M ) ^ 2.9 x 10 

Ferrous Ammonium Sulphate 
-2 x ^ 6 x 10 (4 x 10 c M) 

At a concentration of 4 x 10 ̂  M the f e r r o u s i o n shows only 

s l i g h t evidence of i t s a c t i n g as a n i t r i t e t r a p . The U.V. spectrum 

i n d i c a t e s t h a t the f i n a l concentrations of NMNA, the rearrangement 

product and the yellow ]product are reduced r e l a t i v e t o those 

concentrat 1 ons obtained i n the absence of" a t r a p . Conversely the 

y i e l d of NMA does seem t o be s l i g h t l y higher w i t h a d i s c r e t e NMA 

peak a t 237 nm being j u s t v i s i b l e f o r the run c o n t a i n i n g the f e r r o u s 

i o n . The e f f e c t i s s m a l l however and c e r t a i n l y f a r s m a l l e r than the 

e f f e c t brought about by a s i m i l a r c o n centration of hydrazine sulphate. 
9+ ~2 At an }-V con c e n t r a t i o n of if. x 10 M however the observations 

axe .more conclusive. I n comparison w i t h the r e s u l t s obtained f o r 

the run in. the absen.ee of a t r a p the f i n a l concentrations of the 

yellow product f the rearrangement product and NMNA have been reduced' 

w h i l s t t h a t of NMA has been increased, almost by a f a c t o r of 2. I t 

i s interest:!ng t o note t h a t the concentrations of the y e l l o w ijroduct 

and the rearrangemon t product arc* lower even than those values 

obtained i n the presence of hydrazine sulphate and. i t i s tempting 

t o i n f e r t h a t the f e r r o u s icr. i s the more e f f i c i e n t of the two t r a p s 

a t these res.it.-ctive concentrations. A co n s i d e r a t i o n of the recorded. 

NMA concentrations shows however t h a t t h i s i s not so and we must 

look elsewhere f o r an o:-: aLanatiojj r/ T h e low yjoId.s a t t a i n e d 'bv these 

http://absen.ee
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products i n the presence of the f e r r o u s i o n . The most obvious 

p o s s i b i l i t y concerns a d i r e c t r e a c t i o n between the f e r r o u s i o n and 

these two compounds which serves t o lessen t h e i r concentration i n 

the e q u i l i b r i u m mixture. I t should be noted however t h a t a d i r e c t 

r e a c t i o n of the metal ion w i t h NMNA, NMNAH*" or NMA would y i e l d 

s i m i l a r observations. 
?+ 

The two k i n e t i c runs i n v o l v i n g Fe were repeated under a 

n i t r o g e n atmosphere i n accordance w i t h the d e t a i l s given i n Section 8 

so t h a t the importance of atmospheric oxygen i n the r e a c t i o n scheme 

might be es t a b l i s h e d . Whilst the r e a c t i o n a t high [ F e ^ ] y i e l d e d 

r e s u l t s comparable w i t h those obtained i n a i r the r e a c t i o n a t low 

[ P c ^ ] behaved s u r p r i s i n g l y i n t h a t the y i e l d of NMA was increased 

t h a t of rearrangement product decreased, and. t h a t of the yellow 

product unaltered. I t appears t h a t the presence of a i r adversely 

a f f e c t s the a b i l i t y of Fe " t o a c t as a n i t r i t e t r a p . This may be 

due t o one of two f a c t o r s : 

(a) a re t a r d a t i o n , by a i r of the r e a c t i o n of the f e r r o u s i o n w i t h 

the NOY species 

or 
/ \ . 2+ 

(b) a r e d u c t i o n of the e f f e c t i v e Fe concentration due t o atmospheric 

o x i d a t i o n . 

With regard t o the 2nd p o s s i b i l i t y I have studied the decomposition 

of n e u t r a l s o l u t i o n s of ferr o u s ammonium sulphate and r e p o r t 

Percentage decompositions of 0 . 1 ^ 5 an' 0 , i 2 ; * over s i x hours f o r the 

s o l u t i o n i n a i r and n i t r o g e n r e s p e c t i v e l y . Since the corresponding 

f i g u r e s f o r s o l u t i o n s i n 3 . 5X2 M HpOO, ?.rc 0 . 0 2 $ and 0;i r e s p e c t i v e l y 

i t appears t h a t we must r u l e out explanation ( b ) . Although the 

p o s s i b i l i t y of the o x i d a t i o n r e a c t i o n being catalysed by one of the 

organic components of the run may not discounted i t seo;r:; t o me 
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t h a t the explanation l i e s w i t h our f i r s t proposal. I n the absence 

of a i r the r e a c t i o n steps l e a d i n g t o the removal of n i t r o u s a c i d 

may be summarised as f o l l o w s 

9-1- + HN02 + Fe " + H Fe-3* + NO + HgO 

I n a i r however the NO i s r e a d i l y o x i d ised by atmospheric oxygen t o 

give NO which acts t o lower the Fe"" co n c e n t r a t i o n according t o the 

f o l l o w i n g r e a c t i o n . 

Fe + N0_ F e 3 ' + N0r 

The observed r e d u c t i o n i n the t r a p e f f i c i e n c y of f e r r o u s i r o n i n the 

prcs-ance of. a i r i s thus explained. Presumeably the e f f e c t i s not 

noted a t the higher Fe^' con c e n t r a t i o n because of the presence of a 

vast excess of the f e r r o u s i o n . 

I have r e l a t e d these i n v e s t i g a t i o n s using a 0.1 M conc e n t r a t i o n 

of the bromide i o n i n place of water as the nucl e o p h i l e and r e p o r t 

t h a t the r e s u l t s are e s s e n t i a l l y s i m i l a r t o those obtained f o r HgO, 

Whi l s t we s h a l l not enter i n t o a d e t a i l e d discussion the data i s 

given below f o r reference. 

[NMNA] 5.012 x l o " 4 M 

I n Ai: 

N i t r i t e Trap 

None 

Hydrazine Sulphabe 
(4 x 1 0 M ) 

Ferrour; Ammonium Sulphate 

F i n a l Concentration of NMA/M 

& 2-9 x 10 ' 

.-/!. 
3 x i o 

jsT ';,0 V 10 
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Ferrous Ammonium Sulphate 
(k x 1 0 ~ 2 M) 

k.9 x 10 
-4 

Under N 
•2 

N i t r i t e Trap 

Ferrous Ammonium Sulphate 
O x 1 0 " 3 M) 

Ferrous Ammonium Sulphate 
(Zj. x 1 0 ~ 2 M) 

F i n a l Concentration of NMA/H 

< 3 . 5 x 10 

-4 
4.9 x 10 

C l e a r l y the f e r r o u s i o n does chow evidence of a c t i n g as a n i t r i t e 

t r a p . As an extension of the present i n v e s t i g a t i o n the experiments 

described above have been repeated using equal concentrations of a. whole 

s e r i e s of n i t r i t e t r a p s . Consider the data given below c o l l e c t e d i n 

the absence of an added n u c l e o p h i l e . 

[ H2 S°J 3..512 M 

[ N i t r i t e t r a p ] = 2 . 0 0 x lo' " 3 M 

Trap Species 

Sodium Azide 

Suiphanic Acid 

Hydroxylamine Sulphate 

Hydrazine 3ulphate 

Urea 

Ferrous Ammonium Sulphate 

Ferrous Ammonium Sulphate 
under N„ 

[NMNA] = -5-012 x 1 0 " / + M . 

F i n a l Concentration of NHA/M 

5.6 x 1 0 " 5 

4.9 x 1 0 ~ ' 

#• 

c , . . l x \C~5 

.'•1,0 10 

3 . 0 x 1 0 " 

3 . 1 x lcf-' ; 

This species ',1-'>™sesses a IJ.V. absorption voa.k >.';";:''.••] :-re chides our 

measurement of the y i e l d of JiMA, 
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As the y i e l d of NMA w i l l be maximised by the presence of an 

e f f i c i e n t n i t r i t e t r a y we may use these data, t o produce the t a b l e 

of t r a p e f f i c i e n c i e s d e p i cted below 

Sodium Azide 

Hydraz ine Su1phate 

Sulphamic A c i d 

Urea 
2+ 

Fe under N_ 
Fe 2+ 

A 

INCREASING 

TRAP 

EFFICIENCY 

Wh i l s t t h i s approach takes no account of the v a r y i n g degrees of 

Itrotori.ation experienced by each species i t does a l l o w us t o compare 

t h e i r b u l k r e a c t i v i t i e s • I t i s encouraging t o note t h a t the top 

f o u r elements of the s e r i e s are arranged i n an order which p a r a l l e l s 
59 

t h a t obtained from the more s o p h i s t i c a t e d k i n e t i c study by Williams . 

The i n d i c a t i o n s are t h a t the f e r r o u s ion i s a poor n i t r i t e t r a p being 

less e f f i c i e n t than even the worst of the c l a s s i c a l n i t r i t e t r a p s , 

urea. 

So, t o recap- We have evidence t h a t the f e r r o u s i o n i s capable 

of r e a c t i n g w i t h both HiJO_ and NOBr a t such a r a t e as t o r e r m i t i t s 

use a-£s a n i t r i t e t r a p i n the d e n i t r o s a t i o n of JiMNA. We have also shown 

t h a t i t i s f a r from being e f f i c i e n t amongst the n i t r i t e t r a p s we have 

t o hand. Vihi 1st these two sentences r e a l l y c ontain the complete 

st o r y as i t i s now there are c e r t a i n aspects which would b e n e f i t 

from f u r t h e r discussion before? we move on. Consider the problem of 

s i d e - r e a c t i o n s , 

I n d iscussing the ex •••QX'J mental r e s u l t s i t has proved necessary 

t o contemplate the existence of a s e r i e s of possible s i d e - r e a c t i o n s . 
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We may summarise these p o s s i b i l i t i e s as follow;; 

GROUP ONE 

?+1 3+ Fe /FeJ + NMNA 

?+, 3+ Fe /FeJ + NMA 

Fe /FeJ + NMNA 

2+, 

Fe /Fe-' Rearrangement Product 

Fe' c r/Fe 3 + (" Yellow Product 

A h y d r a z i n e 

-x-
P r o d u c t s 

d i t t o 

d i t t o 

d i t t o 

P ossibly of the form FeS0,.'(z) o? ' • .«+•<£ 

GROUP TWO 

2+/ 3' Fe /Fe J NMNA 1> NMA 

Consider the group one r e a c t i o n s . As we already have evidence 

concerning the percentage y i e l d s of NMA i t i s possible t o place 

upper l i m i t s upon the percentage r e a c t i o n v i a these group one schemes. 

rx z • 
Nucleonhile 

H 2 ° 

Br 

5 Reaction v i a Group One 

1 suspect t h a t an increase i n [ F e 2 ' ] would lower t; ic i x g u r e 

of 1_5 considerably so t h a t these group one r e a c t i o n s do not ai'i-ear t o 

be s i g n i f i c a n t . 

I do not b e l i e v e t h a t the same ;>:ay he s a i d of Lhe Groui.' Two r e a c t i o n . 
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A s e r i e s of investigations which were designed t o quantify the k i n e t i c 

behaviour of the system met w i t h l i t t l e success but d i d show t h a t 

the k i n e t i c s were f a r more complicated than we might have expected 

for a d e n i t r o s a t i o n i n the absence of the f e r r o u s i o n . We may place 

a number of i n t e r p r e t a t i o n s upon t h i s observation and i t may be t h a t 
2+ 

the r e a c t i o n between NOY and Fe proceeds so slo w l y t h a t i t s k i n e t i c s 

a f f e c t the r a t e of disappearance of the nitrosamine. However there i s 

an a l t e r n a t i v e e x p l a n a t i o n . I t i s conceivable t h a t the f e r r o u s i o n 

enters the r a t e expression f o r the d e n i t r o s a t i o n i n a r o l e additional 

t o that, of a n i t r i t e trap. R e f e r r i n g t o Section 1-7 we might propose 

t h a t the r e a c t i o n proceeds v i a the fo r m a t i o n of a complex s i m i l a r t o 
7 ''> 

t h a t invoked by Thompson - f o r the r e a c t i o n of N-ethyl-N-mtroso urea. 

ON E t 
' \ / N 

C 

H 2 N 0 

Such a r e a c t i o n f a l l s v.dthin Group Two. Wh i l s t I b e l i e v e t h a t t h t 

behaviour of the f e r r o u s ion i n the present system r e f l e c t s i t s 

a b i l i t y t o a ct as both a n i t r i t e t r a p and an e l o c + r o p h i l e , proof 

must de r i v e f r o n other sources. 

I n b r i n g i n g t h i s s e c t i o n t o a close one f i n a ' . question spcings 1 ° 

mind. " I s the e f f e c t thai: has been observed l i m i t e d , t o the f e r r o u s 

i o n or common t o a s c r i e s of metal ions?'' Prom the l i m i t e d amount of 

wor'< t h a t I La-- c a r r i e d on the on ecus i o n i t appears t h a t the 

l a t t e r may we'!.!, be the ease. 



SECTION EIGHT 

E XIERI MEN TAL PROCEDURES 
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0.1 An I n t r o d u c t i o n 

The f o l l o w i n g s e c t i o n contains d e t a i l s of the experimental 

techniques which were employed i n o b t a i n i n g the r e s u l t s of proceeding 

sections. W h i l s t reagent sources are described i n a general way the 

s u p p l i e r i s i d e n t i f i e d only where a reagent i s be l i e v e d t o be of 

l i m i t e d a v a i l a b i l i t y . 

The k i n e t i c s t u d i e s were g e n e r a l l y c a r r i e d out a t low reagent 
-k -? 

concentrations, t y p i c a l l y i n the range 10 o 10 ~ H. Where t h i s 

Proved possible reagents were made up i n t o stock s o l u t i o n s i n ethanol 

or water as a p p r o p r i a t e . Varying proportions of these stock s o l u t i o n s 

we.r.e then used to prepare r e a c t i o n mixtures of d i f f e r i n g reagent 

concentrations the t o t a l volume being made up t o a constant volume, 

t y p i c a l l y '49mi, i n each case by the a d d i t i o n of an appr o p r i a t e q u a n t i t y 

of the j u r e s o l v e n t . The r e a c t i o n mixtures were then pre-warmed i n a 

thermos t a t tank a t 'jl°C f o r a p e r i o d of not less than twenty minutes. One 

e s s e n t i a l reagent was omitted from each r e a c t i o n mixture; thus the 

a d d i t i o n of a f i x e d voTome, t y p i c a l l y 1ml, of a pre—warmed stock s o l u t i o n 

of t h i s component t o each r e a c t i o n mixture served to i n i t i a t e the 

r e a c t i o n . The chan~e i n t o t a l volume -T the stock s o l u t i o n s which occurs 

on t h e i r mixing i s neglected; a t such low reagent concentrations the 

magnitude of t h i s volume change i s expected to be small. The a c t i v e 

r e a c t i o n mixture was then transferee to a 1cm soeotrOjbotometer c e l l . The 

jTOgress of the r e a c t i o n was monitored by observation of the change i n 

magnitude of the u. v . / v i s l oto absor d,i:r spectrum a t f i x e d wavelength,. 

A , w i t h respect to time. To- wavelength, A , was chosen such t h a t the 

observed absorption was t-ue t r e i t h e r a oroouet or a r e a c t a n t as 

a o o L o ; r i a l.e. deaetiono wer'- thus f o.i 1 veo v i a the agency of one of two 

a v a i l a b l e s coo Pro .ho tome tors . The Ke<:o::ari go r , ? c t r o ; bo-tome tor i s a 
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double-beam instrument capable of d i s p l a y i n g values of the recorded 

a b s o r b t i o n , abs (A ), ( t ) , a t wavelength A and time t , i n a d i g i t a l 

form. The instrument may be operated i n the f i x e d wavelength mode t o 

monitor the change i n abs (A ) w i t h respect t o time or may be used i n 

the wavelength scan mode to monitor the change i n abs ( t ) w i t h respect 

to A . R e l a t e d scanning i s the wavelength scan mode a t known time 

i n t e r v a l s allows an a l t e r n a t i v e method of measuring the change in. 

abs (A ) w i t h time. Analogue r e p r e s e n t a t i o n of such trends i s provided 

by a.n attached graph recorder. The recorder provides a wide range of 

ch a r t speeds, 0.1 ipm t o 10 i,m, and a . f a i r l y comprehensive range of 

absorbanee scales from O.lA t o 2A f u l l scale d e f l e c t i o n , The spectro­

photometer i s f u l l y o p e r a t i o n a l i n the range. 190 to 700nm. The c e l l 

compartment i s maintained a t a temperature of 3l°C - 0.1°C by an i n t e r n a l 

e l e c t r i c a l heater/thermostat combination. 

The l y e Unicam 3H3000 spectrophotometer i s i n most respects s i m i l a r 

to the Beckman Instrument described above. The i n t e r n a l f l a t - b e d . 

recorder of the SKOOO provides only two choices of ate or banc e scale and 

a l i m i t e d number of c h a r t speeds. The instrument i s f u l l y o p e r a t i o n a l 

i n the range I 9 0 to 700nm and temperature c o n t r o l i s v i a the agency of an 

e x t e r n a l thermostat tank. Attachment of the SIGOO5 accessory provides 

f o r automatic: time programmed repeat scanning i n the wavelength scan 

mode . 

lem path-Length "Far U.V." c e l l s of fused s i l i c a c o n s t r u c t i o n were 

used e x c l u s i v e i y , 

i n general the abs:>rbance of a species, Z, at constant path length i s 

noted to be d i r e : L Ly p r o p o r t i o n a l to i t s eonccn t r a i : i on . A co n s i d e r a t i o n 

of the v a r i a t i o n of abs (A ) w i t h time thus leads d i r e c t l y to a value f o r 

k , the obcor-v: rate; constant f o r the reneta o;i. "pi the ::r:~r-:-.<'i { war!-:, 
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where the k i n e t i c behaviour i s ijredominantly f i r s t order, values of k Q 

f o r r e a c t i o n s i n which the i n f i n i t y value of the absorbance i s known 

were c a l c u l a t e d using the computer i^rogram RK1SNA (Appendix 2 ) . When 

the r e q u i s i t e i n f i n i t y value was e i t h e r unknown or was deemed t o be 

u n r e l i a b l e a value f o r k was obtained v i a an a p p l i c a t i o n of e i t h e r the 

guggenheim method, or the i n i t i a l slope method. Both methods are 

described i n Appendix 1. Upon completion of the r e a c t i o n the U.V. 

spectrum of the r e a c t i o n mixture i n the range 200nm t o 700nm was u s u a l l y 

recorded so as t o provide evidence of product i d e n t i t i e s . A measurement 

of the a c i d i t y of the a c t i v e r e a c t i o n mixture was obtained by t i t r a t i o n 

of a s u i t a b l y sized a l i q u o t w i t h an aqueous s o l u t i o n of I\'aOH using phenol 

red as an i n d i c a t o r . I n the case of e t h a n o l i c r e a c t i o n mixtures the 

chosen a l i q u o t was d i l u t e d w i t h demineralised water before t i t r a t i o n t o 

improve the performance of the phenol r e d i n d i c a t o r . 

Q u a l i t a t i v e i n v e s t i g a t i o n s which g e n e r a l l y employed higher reagent 

concentrations are described i n the r e l e v e n t sections below. 

Since the N - n i t r o s o compounds are g e n e r a l l y found t o be potent 

carcinogens s u i t a b l e gloves should be worn when s p i l l a g e i s considered 

to be even a remote p o s s i b i l i t y . A good deal of care should be exercised 

i n choosing s u i t a b l e gloves since t h e i r p e r m e a b i l i t y t o solvents has 

been found t o d i f f e r w i d e l y . I n the .[-resent work two p a i r s of "Ximguard" 

gloves (Kimberly-Clark L t d . ) were worn simultaneously. 

8 . 2 The ''"tenitrosat'i or; of p- m e t h y l - i P - r i i t r o s ^ u r c a 

]h-metnyl"F"nitycsonroa was obtained commercially (Cambrian Chemicals 

p i p r cV|-) and was usee' w i t h o u t f u r t h e r i.-urifi.: a t i on. N-me t h y i n r e a 

(•Aldrich P ' r 6-'>0-U) y;as s i m i l a r l y used w i t h OP f f u r t h e r p u r i f i c a t i o n . 
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Ano,lar grades of the inorganic reagents, hydrazine sulphate, potassium 

bromide, potassium thioryanate and sulphuric acid, were used as supplied. 

Thiourea was obtained as the S.L.R. grade product and was p u r i f i e d by 

r e c r y s t a l l i s a t i o n from ethanol. Solvent ethanol was of the "absolute 

grade". 

QllLjL ^0cec'-ure 

122 

From the work of McCalia et a l . " i t i s ev i d e n t t h a t the ra.te of 

decomposition of a s o l u t i o n of N-methyl-N-nitrosourea, M.NU, i s g r e a t l y 

enhanced b y . i t s being exposed t o d a y l i g h t , presumeably on account of the 

i n c u r s i o n of r a d i c a l decomposition pathways. I n the .[.resent work 

e t h a n o l i c stock s o l u t i o n s of MNU were t h e r e f o r e stored i n complete 

darkness u n t i l required.. Under such c o n d i t i o n s the percentage decomposition 

of the stock s o l u t i o n s a t yi°C was measured a t approximately 10% over 

an e i g h t hour period. Consequently f r e s h stock s o l u t i o n s of MNU were 

prepared a t the s t a r t of each working day. 

Aqueous stock s o l u t i o n s of the other reagents were used to prepare 

49ml volumes op each of the r e q u i r e d r e a c t i o n mixtures. The r e a c t i o n was' 

i n i t i a t e d by the i n j e c t i o n of a 1ml aliquot of a stock s o l u t i o n containing 

the n i t r o s ourea• 

In order t h a t some estimate might be made concerning the extent of 

decomposition v i a the deamination pathway a number of runs were c a r r i e d 

out at various a c i d i t i e s i n the presence of added, excess concentrations 

of j ) ~ c h l o r o a n i l i n o . The presence of n i t r o u s csr-id produced by the 

d e n i t r o s a t i o n pathway leads to the dia-y.otisati :ri of the added p-c h i or oan i Xin e • 

5ml a l i q u o t s removed from the r e a c t i o n mixture a t various times, t , were 

n e u t r a l i s e d by the a d d i t i o n of a measured voluno of aqueous sodium 

hy-iroxide. Iml n i i q u o t s of these n o u i r o i s o l u t i o n s were fhc-ii added t o 
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10ml volumes of a s o l u t i o n c o n t a i n i n g borax togeth e r w i t h an excess 

concentration of 2~napthol-3,6-disulphonic a c i d . The magnitude of the 

v i s i b l e absorbance a t ̂ OOnm ( j u e t o the r e s u l t a n t diazo-dye was measured 

on a Pye Unicarn S-f^OO spectrophotometer. Consideration of a run using 

sodium n i t r i t e i n place of the n i t r o s o u r e a y i e l d e d a value of 19,710 

f o r e ,-QQ f o r the diazo dye. Thus a value f o r the percentage r e a c t i o n 

v i a the d e n i t r o s a t i o n pathway could be c a l c u l a t e d . A co n s i d e r a t i o n of 

the v a r i a t i o n of abs (jOOnm) w i t h respect t o time lead, t o approximate 

values of k , the observed f i r s t - o r d e r r a t e constant f o r the r e a c t i o n . 

A l l other k i n e t i c s t u d i e s were performed v i a an observation of the 

v a r i a t i o n i n magnitude w i t h respect to time of a IJ.V. peak a t 2dp3nni 

ascribed t o ilNU, These l a t t e r observations were c a r r i e d out using a 

BeckmatJ l i o d e l 25 Spectrophotometer o p e r a t i n g i n the f i x e d wavelength 

mode. Values of k f o r the r e a c t i o n were c a l c u l a t e d v i a an a p p l i c a t i o n 

of e i t h e r the computer program RICTSNA or the f i r s t - o r d e r Guggenheim 

treatment as a p p r o p r i a t e . 

This procedure was s l i g h t l y m o d i f i e d i n the case of r e a c t i o n s i n 

the .presence of e i t h e r potassium thiooyanate or t h i o u r e a . Here the 

disappearance of MNU was monitored a t 2o5nm t o preclude i n t e r f e r e n c e 

by the adjacent low wavelength U.V. absorptions of the two sulphur 

compounds. 

8.3 -Jht J ^ n i t r o f s a t i o n of K-methylurca 

8.3.1 j^ateriales 

N-methylurea ( M d r i c h f-53, 600-4) was used wit h o u t f u r t h e r p u r i f i c a t i o n 

Analar grades of the i n o r g n n i c reagents potassium bromide, potassium 

thioeyanato, sodium n i t r i t e and s u l p h u r i c a c i d wore used as supplied.. 
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0.3.2 l ^ ^ e d u r e 

Aqueous stock s o l u t i o n s of reagents other than sodium n i t r i t e were 

used t o prepare lV)ml volumes of each of the r e q u i r e d r e a c t i o n mixtures. 

Reaction was then i n i t i a t e d by the i n j e c t i o n of a 1ml a l i q u o t of a.n 

aqueous stock s o l u t i o n of sodium n i t r i t e . The r e a c t i o n was f o l l o w e d 

spectrophotometrically a t 26'jcm on a Beckman Model 25 u n i t o p e r a t i n g 

i n the f i x e d wavelength mode. Hie observed absorbarice a t t h i s 

wavelength, although almost e n t i r e l y due to the r e a c t i o n product 

N-methyl-K-nitrosourea, does con t a i n a small c o n t r i b u t i o n from K-methylurea. 

I n the present case K-methylurea i s present i n an excess concentration 

and i t s c o n t r i b u t i o n t o abs (265am) i s e f f e c t i v e l y constant throughout 

the course of the r e a c t i o n . Since the c o n t r i b u t i o n i s both small ( ~ 0.0'PA) 

and. constant i t joay be neglected. A l l values of k were c a l c u l a t e d using 

the computer program RKISNA. 

QA- The D e n i t r q s a t i o n _of p-substitutecl_NKHA IJerivatives^ _ i n _ A c i d i c 

E t h a t i o l i c_S o l o t i o n 

0.^.1 M a t e r i a l s 

NMNA was prepared by the r e a c t i o n of N-me t h y l a n i t i n e wi t h sodium 

n i t r i t e under the usual conditions' and vfas p u r i f i e d by f r a c t i o n a l 

d i s t i l l a t i o n under reduced pressure, (B. I'. = 120 - 1°C a t 13mm l!g). The 

p-pQ, p-Cl; p--"e and p-QMe s u b s t i t u t e d compounds were prepared v i a a two 

stage s y n t h e t i c route commencing w i t h the corresponding [^-substituted 

anii.i.nc according t o the scheme depicted. 0'./er. 
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H H Me ,N0 N N N 

NaNCL/HHl Me..SO, o o o H„0 Me OH Y 
X X X 

Thus an i n i t i a l N-methylation by dimethyl sulphate i s f o l l o w e d by 

an N - n i t r o s a t i o n under the usual c o n d i t i o n s . 'Ihe p - s u b s t i t u t e d NMNA 

d e r i v a t i v e s were r e c r y s t a l i s e d from aqueous ethan o l before use. 

This ^r e p a r a t i v e procedure was modified s l i g h t l y f o r the production 

of the p-Me compound i n that an a d d i t i o n a l p u r i f i c a t i o n stage was 

introduced immediately prior to the N - n i t r o s a t i o n . The crude N-methyl-

j>-methylaniline obtained from the N-methylation was p u r i f i e d by 

f r a c t i o n a l d i s t i l l a t i o n under reduced pressure using an automated F i s c h e r 

SPaltrohr HMS .rj00 column. (BP != 86 - 1°0, P - 7.5mm Hg). I n the absence 

of - t h i s p u r i f i c a t i o n stage crude N-methyl-p-methylaniline employed i n 

the subsequent N - n i t r o s a t i o n r e a c t i o n gave a s u b s t a n t i a l y i e l d of an aso 

dye due t o the presence of unreacted primary amines. Analar grade 

ascorbic a c i d (Koch-Light L a b o r a t o r i e s Ltd. - 0*K$2h) was used w i t h o u t 

p u r i f i e a t i o n . Ethan o l i o s o l u t i o n s of HOl were made by passing dry HGl 

gas i n t o etha.no! of an "absolute" grade. 

8-4.2 Procedure 

Ethan o t i c stock s o l u t i o n s of HOl .predared as a.bovt 

to be in.--'.-, f ' i n a f o l y sfab.Le and wore discarded some t n r c 

i.re [ivirat ' j '->i\ • 

Frosh stO'-k ••/•>.!u Liens of Pel were used i n conjunction w i t h an ethane.';ic 

s o l u t i o n of asc ^ r b i ' acid and. s v e n t r e s ! sr- i.eively to produce 'P?ml volumes 

">! oa ! i P.' the 'L\.CULeo ''. rc:\-.P.; .n P.:.::., Pce.clo. :-u cue t h e n ux l.iatcd 

were not found 

http://etha.no
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by the addition of a 1ml volume of an e t h a n o l i c stock solution 

containing the nitrosamine. Progress of the r e a c t i o n at 3l°C was 

monitored s p e c t r o p h o t o m e t r i o a l l y by mo n i t o r i n g the magnitude of the U.V. 

absorption due t o the nitrosa,mine. Values of A chosen f o r the study 

were dei>end.ent on the precise nature of the nitrosamine. 

HMNA A/nm 

l-i-H 300 

P-NO 310 

P-ci 305 

P-Me ' 30p 

p-OMe 31S 

The decomposition o f ascorbic acid i n ethanolic HCl s o l u t i o n has 

been re ported by Williams " t o y i e l d products which themselves absorb 

U.y. l i g h t a t a wavelength of 300nm. Decomposition of the ascorbic 

a c i d can thus lead t o a d i s t o r t i o n of i n f i n i t y values. I n the present 

case a l l k i n e t i c runs e x h i b i t e d good f i r s t order behaviour throughout; 

the time scale of the decomposition r e l a t i v e t o t h a t of the denitrosati.cn 

being such as t o preclude i n t e r f e r e n c e . Values of the observed f i r s t -

order r a t e constant were c a l c u l a t e d by the computer program RKISKA. 

8 . j _ The ":tenj t r o s a t i o n of N-niitrosoda/'henyljij?n.ne a t High ftueleopbi'Le 

Concentrations 

P.. ,,H :iporials 

IP-nitroso. ' i phcnylanine i s conveniently pre pared by the a c t i o n of 
L'n 

sodium n i t r i t e upon do. phenylamine i n a c i d i c e t b a n o l i o so.Lut3.un ' • The 

n i t r o s o compound c r y s i a i i s e s out and i s p u r i f i e d by r e o r y s f a l l i s a t i o n 

f-.-ov, cthy" 1 -to : s ' i r i t r . . Analc .r ppx. ;oo. >f the :i norgavj j.c 0 capon ts 

http://denitrosati.cn
http://so.Lut3.un
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potassium bromide, potassium thio c y a n a t e , sodium azide and s u l p h u r i c a c i d 

were used as supplied. Solvent ethanol was of the absolute grade. 

S. •> 2 Procedure 

Aqueous stock s o l u t i o n s of reagents other than KCPA were used t o 

prepare 49ml volumes of the required, r e a c t i o n mixture and r e a c t i o n was 

i n i t i a t e d by the a d d i t i o n of a 1ml a l i q u o t of an e t h a n o l i c s o l u t i o n of 

NPPA. The r e a c t i o n was monitored by f o l l o w i n g the decreasing magnitude 

of a U.V. absorption peak a t 32.5nm due to the N-nitroso compound. The 
o 

reaction a t 3-1- C was found t o e x h i b i t good f i r s t - o r d e r behaviour 

throughout i t s e n t i r e course and values of k the observed f i r s t - o r d e r • 

r a t e constant were c a l c u l a t e d by the computer program RKISNA. 

o'.fi_, _ f i l e JX"A * r <^ti°w.ff ,.¥T.s.u.b.stituted NHKA I t e r l v a t i v o s . a t High 

Mucleophlie f' one• e n t r a t i o n s 

0.6.1 M a t e r i a l s 

The preparation of NPPA and the req u i s i t e derivatives has already 

been described i n Section 8.4.1. Analar grades of hydrasine sulphate 

and s u l p h u r i c a c i d were used as s u p p l i e d w h i l s t t h i ourea was obtained 

i n a. G.P. R. grade and was t r i f l e d by r e c r y s t a l i s a t i o n from ethanol. 

Aqueous stock s o l u t i o n s of hydrazine su l p h a t e , s u l p h u r i c a c i d and 

thio u r e a v;oro used t o p::;'ti?.c dyml volumes of the require-'- r e a c t i o n mixture. 

The r e a c t i o n was thus i n i t i a t e d by th;.- a d d i t i o n of a 1ml a l i q u ' r t of a.u 

e t h a n o l i c s o l u t i o n of the r e q u i s i t e niv-rosamine. The progress of the 

r e a c t i o n a t 3~! (- v^s monitored by f o l l o w i n g the decreasing magnitude 

of the IhV, -lho'--:-;op p.ir h i the nitro : - - :P]!.nc. Voiucs of A -h-'son were 
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higher than those employed f o r the r e a c t i o n in ethanol since i t was 

necessary to avoid i n t e r f e r e n c e from an adjacent U.V. peak due to 

t h i o u r e a 

Ni'iNA A /nm 

p-H 310 

P-N02 32.5 

p-Cl 320 

p-Me 320 

p-OMe 325 

A l l k i n e t i c runs displayed good f i r s t - o r d e r behavioux' and values 

of k , the observed f i r s t - o r d e r r a t e constant were c a l c u l a t e d by the 

computer program RKISNA. 

8.7 The Reaction of _HMÎ A w i t h Thiourea and A l k y l Jllrioureas 

8.7-1 Materials 

N-methyl-K-ni t r osoaniline was pre pared as d e t a i l e d i n Section 8.''-!-. 1. 

The thioureas were a l l obtained i n the form of the S.L.R. grade products 

as follows: t h i o u r e a (B.D.H. 30^23), i'i~methylthiourea (Kpch-Light 

Labs. Ltd. 3?70h), N,N'-diaethylthiourea ( M d r i c h Chemical Co. nl8,G?0-0), 

t r i i a e t h y l t h i o u r e a ( I . C . I . ~ g i f t ) , t e t r a w e t h y l t h i o u r e a ( A l d r i c h Chemical 

Ho, 11516-9). A l l were p u r i f i e d by r e c r y s t a l i s a t i o n from auueouo 

ethanol bof ore use. The in o r g a n i c reagents hydrazine sulnhate, 

magnesium sulrhahe, sodium carbonate, so-i'.r;' hydro;-;L'e and s u l p h u r i c acid 

were obtained as the analar grade n-oduets and were «ir-.ed as supplied. 

Solvent ether was of the anai-ar grade. 
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8.7-2 T'r- •-• edure 

8/?. 2.1 QualJP^ij/e 

Two q u a l i t a t i v e i n v e s t i g a t i o n s were c a r r i e d out, a t lev; and high 

reagent concentrations respectively. 

Thus f o r the r e a c t i o n a t high reagent concentrations an aqueous 

s o l u t i o n containing 0.6365 of NilNA i n 12ml of d i s t i l l e d water was added 

t o 108ml of an aqueous s o l u t i o n c o n t a i n i n g sulphuric a c i d ( ~ 3 Fi) 

together with excess concentrations of both hydrazine sulphate and 

t h i o u r e a . The r e a c t i o n was allowed t o go t o completion and the r e a c t i o n 

mixture n e u t r a l i s e d with aqueous sodium hydroxide s o l u t i o n . The 

r e s u l t a n t s o l u t i o n was ether extracted. The e t h e r e x t r a c t s were d r i e d 

f o r 20 in i n s over anhydrous magnesium sulphate and the s o l v e n t removed 

on a r o t a r y evaporater. The golden yellow residue was i d e n t i f i e d as pure 

N-methyIaniline by comparing i t s l.R. spectrum with t h a t of an a u t h e n t i c 

sample. 

For the i n v e s t i g a t i o n s a t low reagent concentrations the f o l l o w i n g 

reaction mixtures were prepared t o give a t o t a l volume of 250ml i n each 

case. 

A t h i o u r e a 9.006 x 10 :y K 

sulphuric a c i d O.85 M 

hydrazine sulphate 2.009 x 10~-j H 

mm A 3.040 x io~"!' m 

B N-wethylthiouvca 3.00'i- x 10~'' :1 

s u l p h u r i c acid 0.85 M 

hy--'lTu:-Jine sulpha to 2.000 x 10~ 5 P 

JO PA 2 9 x 10 ' 0 
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c_ N ,N ' - d i m e t h y l t h i o u r e a 

s u l p h u r i c a c i d 

hy drazine sulohate 

NMA 

D tri m e t h y 1 t h i o u r e a 

s u l p h u r i c a c i d 

hydrazine sulphate 

NMNA 

E t e f r a m e t h y I t h i o u r e a 

s u l p h u r i c a c i d 

}iydrazine sulphate 

NMNA 

On completion of the r e a c t i o n each r e a c t i o n mixture was n e u t r a l i s e d 

by the a d d i t i o n of a s u i t a b l e q u a n t i t y of so l i d , sodium carbonate. Hie 

n e u t r a l s o l u t i o n so obtained was l e f t o v e r n i g h t under continuous et h e r 

e x t r a c t i o n using 250ml of s o l v e n t . The r e s u l t a n t e t h e r e a l f r a c t i o n was 

dr i e d over anhydrous magnesium sulphate and evaporated, down t o a f i n a l 

volume of about 5ml. The in o r g a n i c m a t e r i a l p r e o i p i bated by t h i s a c t i o n 

was f i l t e r e d on a number 3 s i n t e r . A sample of the e t h e r e a l f u n c t i o n 

from each experiment was f e d i n t o a Y.Q. bicromass 1213 gas cbrornatogra• h 

f i t t e d w i t h automatic temperature programming f a c i l i t i e s and a mass 

s Per t r o t t e r d e t e c t i o n system. Samples wore held on column 0..,, a t 8:5"f: 
;,0 

u n t i l a l l ether was removed and the tern•erature was then r a i s e 1 a t the 
° o ra t e of h r/win Lo a maximum of 220 r. A l l but one of the sam lea 

yie'dud only one det e c t a b l e component other thari ether, i b i s <• ;>m ooneu t 

was i d e n t i f i e d as N-me Ihyani l i n e by ronwarina; i t s m:'ss s ; trum w i t h 

t l i a i , of an au toon Lie sum t i e . 'i.be sam.t.e deidved from the K fP '-' 'ime thy L-

1.979 x 10 -> M 

0.05 M 

2.009 x 10~3 M 
2.5?9 x 10~if M 

2.016 x 10~3 M 

0.85 M 

2.009 x 10~3 id 
2-579 x 10"^ M 

2.010 x 10~3 M 

0.05 M 

2.009 x 10~3 H 
-h 

3.0/10 x 10 K 
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t h i o u r e a experiment y i e l d e d two components. One was i d e n t i f i e d as 

N-methylaniline whilst the other would appear on the basis of i t s mass 

spectrum t o be the t h i o u r e a i t s e l f . 

0 . Z . Q u a n t i t a t i v e 

Aqueous stock s o l u t i o n s of the various nucleophiles together w i t h 

aqueous stock solutions of hydrazine sulphate and sulphuric a c i d were 

used t o prepare 't'dml volumes of the appropriate reaction mixtures. A 

lml volume of an aqueous s o l u t i o n c o n t a i n i n g KiiNA was then added to 

s t a r t the r e a c t i o n . Progress of the r e a c t i o n a t 31°r: was f o l l o w e d 

electrophotometrically by observing the decreasing magnitude of a U.V. 

Pea.k due to NUN A, g e n e r a l l y a t a wavelength of 2?_5nm. In the case of 

the u n s u b s t i t u t e d t h i o u r e a the presence of a U.V. absorption peak due t o 

the nucleo phite causes l i t t l e i n the way of com plications since i t l i e s 

a t low wavelength and makes only a small c o n t r i b u t i o n a t 2? "jam. As the 

present work, was c a r r i e d out under conditions i n v o l v i n g the use of a 

twenty f o l d , excess concentration of the t h i o u r e a over t h a t of the 

nitrosamine t h i s small c o n t r i b u t i o n i s e f f e c t i v e l y constant and may be 

discounted. An increase i n the degree of N-methyl s u b s t i t u t i o n i s noted 

to r e s u l t i n a bathoehromie s h i f t of A for the low wavelength U.V. 

absorption of the t h i o u r e a s . As f (A ,pâ ,)» the e x t i n c t i o n c o e f f i c i e n t 

f o r the absorption i s s u b s t a n t i a l l y unchanged by the i n c r e a s i n g degree 

of s u b s t i t u t i o n the bathonhroraic s h i f t r e s u l t s i n an increased 031- u n i t 

coneenfT'ation c o n t r i b u tion by the thioureas towards the observed value 

of A (,"7 fnru). I n p r a c t i c e t h i s o o n r r i b u t i on war; found t o be small f o r 

a l l exrept the r/j bramethyl s u b s t i t u t e d thiourea, f o r r e a c t i o n s i n v o l v i n g 

t h i s l a t t e r oo;npouiv' the disappearance cf the n:i. urosamiuo was monitored 

ai: a wavelength of dOurim so t h a t i n t-rx'oreneo wos reduced to manageab U; 
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p r o p o r t i o n s . 

I n general the k i n e t i c runs were seen t o e x h i b i t good, f i r s t - o r d e r 

behaviour throughout t h e i r e x t e n t . Values of k^, the observed r a t e 

constant, were c a l c u l a t e d by the computer program RKISNA or, i n the 

absence of a r e l i a b l e value f o r abs (A ) , VJ-cl 3.XI 3. p p l i c a t i o n of a 

f i r s t - o r d e r Guggenheim Method. Values of k were corrected on the basis 

of the observed y i e l d of the rearrangement product so as t o give a 

value f o r k the r a t e constant f o r the d e n i t r o s a t i o n . The y i e l d of 

the rearrangement product was measured s p e c t r o p h o t o m e t r i c a l l y given • 

t h a t under the c o n d i t i o n s employed A = 333nm and £ 0 0 0 20,050. 
max • - ̂  333 n m 

I n the case of r e a c t i o n i n the absence of added nucleo p h i l e s a t 

low a c i d i t y observed r a t e s of r e a c t i o n are very slow and values of k 

were obtained via, a c o n s i d e r a t i o n of the i n i t i a l r a t e . 

8-8 The_ Reaction of KHKA w i t h Cysteine , Glutathione t| S;;_me thy I c y s t e i n e 

8.8.1 J t o t e r f A l s 

The sulphur n u c l e o n h i l e s L-glutath5 one (reduced) (Koch-Light Labs. 

Ltd. 28953i), L-raethionine (Koch-Light Labs. L t d . 3600h), L-cysteine 

(B.P.H. Chemicals L t d . 37210) and S-methyl-L-cysteine ( A l d r i c h Chemical 

Co. 85,5i<-7~2) were a l l obtained i n a dure form and. were used as supplied. 

I - a l a n i n e (Koch-Light Labs. Ltd.. OldOh) was s i m i l a r l y obtained. 

KMNA was prepared as d e t a i l e d i n Section. 0»p.l. The ino r g a n i c 

reagents hycrari.-ie sulphate and s u l p h u r i c acid were obtained .'in an a l a r 

grades and used as su p p l i e d . 
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presence of small amounts of s u l p h u r i c a c i d , as an aid t o s o l u b i l i t y 

and these stock s o l u t i o n s were used i n c o n j u n c t i o n w i t h s o l u t i o n s 

c o n t a i n i n g hydrazine sulphate and s u l p h u r i c a c i d t o provide *H?ml 

volumes of the r e q u i s i t e r e a c t i o n mixtures. the r e a c t i o n was then 

s t a r t e d by the a d d i t i o n of 1ml of an aqueous s o l u t i o n of NMNA- I n 
o 

each case the progress of the r e a c t i o n , a t Ji C, was monitored by 

observing the decreasing U-V- a b s o r p t i o n peak of the nitrosamine a t a 

wavelength of 28f;hm. 

In general the k i n e t i c runs e x h i b i t e d good, f i r s t - o r d e r behaviour 
throughout t h e i r e x t e n t and values of k' the observed f i r s t order ° o 
r a t e constant, were obtained from the computer program PiKISNA, 

a implication of the Guggenheim Method or v i a a consideration of the 

i n i t i a l r a t e as a p p r o p r i a t e . These values of k^ were corrected f o r 

rearrangement, using the methods of Section 8-7-2 to y i e l d a value f o r 

k the r a t e constant f o r the den.itrosat.ion. I n the case of r e a c t i o n s 

i n v o l v i n g L-cysteine some evidence f o r a d e v i a t i o n from f i r s t - o r d e r , 

behaviour i n the l a t t e r stages of the r e a c t i o n i s a v a i l a b l e . This 

d e v i a t i o n , n o t i c e a b l e only a t values of percentage r e a c t i o n g r e a t e r 

than r ( i s s l i g h t i n i t s extent and values of k were obtained, as above. 

_LuL T h e _ I n t e r a c t i o n of H>3TA w i t h Metal Ions 

8.9-1 M a t e r i a l s 

N - m e t h y l - p - n i t r o s o a n i l i n e was prepared as d e t a i l e d I n Section %.h,\. 

N-methylani i.ine was :>btaine '! as the 8.9, p. gra 'e Produc t and v;as 

p u r i f i e d by f r a c t i o n a l d i s t i l l a t i o n . (.3.1'. " 193 ~ ^Cf'> ^ ' ?;60am Hg). 

p--pi t r PS o-:"'P-::icthy '.rn .i .hinc was r e pa.ro-'"' from P-metPyl-Pc-ni Pros ^ a n i l i n e 
"i.'jp. 

i n the usual manner and. was re<"rys ta ! i.-.o'i 'from ocn. ene. 
AnaPar ram d.c:-., by 'rzi:o vie si.PPatc, -deny t r y-.pa.sine , SLP -hamic 

http://den.itrosat.ion
http://pa.ro-'%22'
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acir] and urea were used w i t h o u t f u r t h e r ] P u r i f i c a t i o n . The s o l v e n t s , 
acetone, benzene, d i e t h y l ether, toluene and methanol were a l l obtained, 
as the a n a l a r grade products and were used- as s u p p l i e d . I n general the 
ino r g a n i c reagents were also r e a d i l y obtainable i n t h i s form so t h a t 
ammonium f e r r o u s sulphate, magnesium sulphate, potassium bromide, 
sodium as i d e , sodium hydroxide and s u l p h u r i c a c i d were used as obtained. 

6.9.2 Procedure 

The f o l l o w i n g r e a c t i o n mixture was prepared i n aqueous s o l u t i o n 

to give a f i n a l volume of 250ml. 

ammonium f e r r o u s sulphate 0.746 i i 

N-methyl~N~nitrosoaniline 1.234 x 10~ 2 M 

s u l p h u r i c a c i d 3• 5'12 H 

'The r e a c t i o n was allowed t o proceed t o completion ana the r e s u l t a n t 

s o l u t i o n n e u t r a l i s e d t o p}T8 by the a d d i t i o n of s o l i d sodium hydroxide. 

The p r e c i p i t a t e formed a t t h i s stage (Na;.Fe (0H)^ —~e> Fe ?0 o-nlb,0?) 

was removed by f i l t r a t i o n under vaccuum using a number 4 s i n t e r i n 

conjunction w i t h VJhatman " Q u a l i t a t i v e " papers- The c o l l e c t e d residue 

was washed w i t h 3 '< Zynl p o r t i o n s of d i s t i l l e d water and the washings 

added, to the f i l t r a t e . The r e s u l t i n g s o l u t i o n was then e x t r a c t e d w i t h 

3 x 200ml p o r t i o n s of d i e t h y l ether and the e x t r a c t s d r i e d overt' 

anhydrous magnesium s u l oha te- The e t h e r e a l e x t r a c t s were then reduced 

i n voJume to '>t by the removal of s o l v e n t on a r o t a r y evaj.-ora.tor. 

2ml of t h i s s o l u t i o n was f u r t h e r evaporated to about 0.2ml and subjected 

to a. J.'- b. C- inves t i g a t i o n by comparison w i t h a u t h e n t i c samples of the 

expected products. The remaining 3;!1-!- portion was evapora.ted t o dryness 

and y i e l d e d a minute q u a n t i t y of a t a r r y substance deemed unsuitable f o r 

http://evaj.-ora.tor
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f u r t h e r a n a l y s i s by G.L. C or mass s i^ectrometry. The exj«riment was 

reneated twice i n an e f f o r t t o o b t a i n m a t e r i a l s u i t a b l e f o r a n a l y s i s 

by these l a t t e r two methods w i t h o u t success. I t may be t h a t the low 

yi e l d , of organic m a t e r i a l i s due t o i t s p a r t i a l removal w i t h 

precipitated i r o n s a l t s a t the f i l t r a t i o n stage because of complex 

fo r m a t i o n and/or a d s o r p t i o n . 

the T.L.P. i n v e s t i g a t i o n s were c a r r i e d out using each of seven 

d i f f e r e n t s o l v e n t systems in t u r n , t h e i r compositions being as given 

below. 

Solvent system 

Toluene 

Benzene-acetone 

Ben 7,ene -me 'than o l 

Ben z en e - a c e t on e 

Ben aene-diethy1 e t h e r 

'diethyl ether-mefbano] 

Methanol 

Composition by volume 

1 

90:10 

95 .'.5 

80:20 

A'-0:60 

99:1 

1 

P o l a r i t y 

LOW 

V 
HIGH 

The s t a t i o n a r y phase i n a l l cases consisted of K i e s e l g e l GFSy1!-

(Fluka chemicals). 

The best s e p a r a t i o n was achieved w i t h the bensene .'acetone (00:20) 

solv e n t system and the R*. values given i n the t e x t are f o r t h i s system 
o 

a t a temperature of 22 C Samples of the concentrated e t h e r e a l s o l u t i o n s 

were spotted onto the plate i n the noc;:al manner together -with p-ore 

samples of the expected Products. l-'hen a, s o l v e n t f r o n t movement of Idem 

r e l a t i v e t o the base-line had been recorded the f.n.C- i.'J.ate was removed 

from the so l v e n t Lank, cried! and. examined under each of the three forms 

of l i g h t i n g described i n the t e x t . Th'j oUtte was then exposed t o 
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i o d i n e vapour and re-examined i n d a y l i g h t . Values of P,, are defined 

as below. 

, \ _ distance t r a v e l l e d by component a in em's, 
l i j A 3 - / distance t r a v e l l e d , by so l v e n t f r o n t i n em's 

Rj-, values i n Section 7-2 are given under f o u r headings depending on the 

components v i s i b i l i t y under each of the f o u r methods of detection. 

8^9.2.2. q u a l i t a t i v e 

An e s t i m a t i o n of the rate of a i r . o x i d a t i o n of an aqueous s o l u t i o n 

of ammonium f e r r o u s sulphate under n e u t r a l and a c i d i c c o n d i t i o n s was 

carried out as f o l l o w s . Aqueous s o l u t i o n s of the ap p r o p r i a t e reagents • 

were used to pre care SOml a l i q u o t s of the r e q u i s i t e reaction mixtures. 

The U-V. spectrum of each r e a c t i o n mixture between the l i m i t s 200nm and. 

600nm was recorded immediately a f t e r preparation and again a f t e r Shrs. 
3 r 

The value of £ y y n m
 f o r the U.V. absorption of Pe had already been 

c a l c u l a t e d as 177 using a standard s o l u t i o n of FeCl.,'6H?0 so t h a t a • 

d i r e c t measurement of the percentage decomposition of the ammonium 

ferrous sulphate over the 8hr p e r i o d was e a s i l y obtained.. Trie e s t i m a t i o n 

was repeated using s o l u t i o n s deoxygenated by the passage of n i t r o g e n 

gas f o r a period, of 1'j minutes. 

The e f f e c t of the '-resence of f e r r o u s ions upon the observed y i e l d 

of PMA obtained; from KHNA was studied as f o l l o w s - A dpml a l i q u ri of car h 

of the require'- r e a c t i o n mixtures was Prepare? fro;;; aqueous stork, 

s o l u t i o n s of the a p p r o p r i a t e reagents. I n each case the r e a c t i o n viae 

allows- t o pr>oco • I / ; completion. A '"ml '-'Ortion 'A the a c i d i c r e a c t i o n 

mixture 'was then resovco and n e u t r a l i s e - 0 by the a id i L i on of 37 • i '>•'."•- of 

an P aqueous s e d i t i o n of so-Plum hydroxide. The r e s u l t a n t prec-i . i t a t e 

( K P / . F ' ^ O ; ! ) ^ • i>- :<Y\,0...-niLpp?) was rc.-r.->vc " --n a. n'-.Por- '] r f n t r - - end :bc 
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U.V. spectrum of the f i l t r a t e was recorded between the l i m i t s 2G0nm 

ari'q 600nm. A measure of the concentration of NMA present i n the 

sample was obtained by a com; a r i s e n of the observed, absorbanr-e at 

237nm w i t h t h a t of a reference s o l u t i o n of NMA. Several of the 

i n v e s t i g a t i o n s were repeated using s o l u t i o n s which had been deoxygenated 

by the passage of n i t r o g e n gas i n an attempt to e l u c i d a t e the r o l e of 

atmospheric oxygen i n the reaction. 



AH^DIX ONE 

TH5 MA'IIKHATICAL TPSAT^EN T 

OF DATA• 



j ^ e _ M a t h e r o a t l r a l Treatment of lia/ta 

I n general the r e a c t i o n s of the present work have been carried, out 

under c o n d i t i o n s which produce f i r s t - o r d e r k i n e t i c behaviour. 

I n f o r m a t i o n concerning the j.»rogress of the r e a c t i o n has normally been 

c o l l e c t e d i n the form of absorbance vs time data and these values have 

been employed d i r e c t l y t o provide values of k the observed f i r & t - o r d e r 

r a t e constant by reference to the f o l l o w i n g equation. 

k 
o 

(a.bsfA )(°o) - cbs (A )(0.)) 
(abs(A )M " abs (A ) ( t j ) " 

I n 

where abs.(A ) ( t ) re presents the recorded U.V. absorbance a t wavelength 

A and time t . 

In the present work the a c t u a l a r i t h m e t i c has been c a r r i e d out by 

the computer program P.KISNA, (see appendix 2 ) , whose f i r s t a c t i o n i s t o 

c a l c u l a t e a se r i e s of values f o r k us in.? each of the a v a i l a b l e values 
o 

of abs( A )0 '<). I d e a l l y of course these "Instantaneous" values of k 

should be i d e n t i c a l b u t i n p r a c t i c e t h i s s t a t e of a f f a i r s i s never 

r e a l i s e d . V a r i a t i o n s of - 10g> around the mean f i g u r e appear t o be 

common but where t h i s v a r i a t i o n was exceeded the a p p l i c a b i l i t y of f i r s t -

order k i n e t i c s was c r i t i c a l l y reassessed. 

I f the data s a t i s f i e d t h i s s u b j e c t i v e t e s t the program was allowed 

to continue. I n i t s next stage the computer assesses the mes.n of the 

instantaneous r a t e constants and c a l c u l a t e s the variance of the i n d i v i d u a l 

values. Values which d i f f e r e d from the mean by a margin whi'h exceeded 

seven 'times the variance wove d.incardoO the pro?-ess doing ro i.-oate-• u n t i l 

a set of s t a t i s t i c a l l y s i g n i f i c a n t data remained. foe value of k i s 

thus presented as the mean at idiese values together w i t h a value of the 

e r r 2 c d e r i v e d from the square r o o t of she variance op t h i s mean. I n the 

cresset work the e r r o r i n P., c a l c u l a t e 1 by t h i s ssi-hoi. has IxaX: observes 



to represent less than 1% of the t o t a l value of k . 

I n some experiments the value of abs(A )(°°) was not known and 

i n these ins'tan res the value of k has been derived from an application 
l b 5 . . 

of the f i r s t - o r d e r Guggenheim Method * . Consider the equation given 

below upon which the approach i s based. 

I n -k t constant o abs ( A ) ( t ) - a b s ( A )(itA ) 

where A represents a f i x e d time i n t e r v a l . 

A p l o t of In a b s ( A ) ( t ) - abs ( A ) ( t '• A ) vs t should thus y i e l d 

a s t r a i g h t l i n e of slope -k . I n the present work these p l o t s were 

v i s u a l l y assessed f o r l i n e a r i t y , t o t e s t the a p p l i c a b i l i t y of the 

method. On the assumption t h a t values of I n abs ( A ) ( t ) - abs ( A ) ( t ' Zl ) 

are less accurate than values of t the data were then subjected t o a 

simple " l e a s t squares' 1 treatment to y i e l d a value f o r k . Whilst t h i s 

approach gives some degree of p r o t e c t i o n from mis-use the a b i l i t y of 

t h i s Guggenheim Method t o produce s t r a i g h t l i n e s from data which do n o t 
1?3 

r e f l e c t f i r s t - o r d e r k i n e t i c s has been noted and i t i s prudent to 

ensure t h a t the r e a c t i o n i s f i r s t - o r d e r before a p p l y i n g i t . 

I n the present work where values of A were chosen so as t o 

represent between two and three h a l f - l i v e s the standard e r r o r i n values 

of k c a l c u l a t e d by t h i s method was equal t o around Z% of the t o t a l 

value of kg. 

For a few r e a c t i o n s which Proved t o be e x c e p t i o n a l l y clow values 
of k were c a l c u l a t e d v i a the i n i t i a l r a t es method. C a l c u l a t i o n s o 
c on corn in;,' the-, s ban Per d e vT ; r i n values of k derived by t i l l s method. 

o 

have not been c a r r i e d out but i t wou'P' seem t h a t the g r e a t e r ; a r t of 

any e r r o r hero would be due t o a.n e r r o r i n --rawing the banger- t to the 

concentration vs time curve and determining i t s sio,.-e. I n the present 

work the met,hci was used only f o r vi.-ry si'-w r e c t i r-s where the s l o •-,£ 



the tangent does not change rapidly with time so that the standard 

e r r o r i n k has been estimated as re irresenting l e ss than 'j% of i t s 

t o t a l value. 

W h i l s t mention has been made concerning the in h e r e n t e r r o r s 

present i n values of k c a l c u l a t e d by each of the above methods i t i s 

].«rhaps p e r t i n e n t a t t h i s stage to say t h a t these e r r o r s of - 1%, 

* 2% and - 3$ res a c t i v e l y represent the precision, of the c a l c u l a t e d 

value. Thus these errors merely describe the .precision with which each 

value of k f i t s the data from which i t was der i v e d . I f we were t o . 

prepare a s e r i e s of " i d e n t i c a l " r e a c t i o n mixtures and carry out 

separate k i n e t i c runs using each i n t u r n we should n ot expect t o obt a i n 

i d e n t i c a l values f o r k . Indeed these values would, vary around a mean 
o J 

value w i t h i n bounds d e f i n e d by the " r e p e a t a b i l i t y e r r o r " . 'die " r e p e a t a b i l i t y 

error" i s expected t o be l a r g e r than the p r e c i s i o n described above 

since i t possesses as components both the p r e c i s i o n end e r r o r s due to 

v a r i a t i o n s i n reagent concentrations between the various runs etc. 

In the present work t h i s " r e p e a t a b i l i t y e r r o r " i s estimated by 

observation to represent approximately - of the value of k . Although 

the p r e c i s i o n i s of g r e a t p r a c t i c a l use i n a l l o w i n g an a p p r e c i a t i o n of 

the consistency of data, collected, i n a. s i n g l e run I t s importance i s 

diminished i n the l i g h t of the above discussion and i t i s omitted from 

the tex t . 

I n a number of instances a l i n e a r c o r r e l a t i o n between collected. 

Parameters has formed the basis f o r f u r t h e r c a l c u l a t i o n s . An example 

or-curs i n S o c t i a i 6.2-3 where values af k 5 are p l r t t e ; a g a i n s t t h i o u r e a 

to provide a value of k-, !{h . from the ra'i.a t i o n s h i p g:s ven below. 

k o - V l h c [ ' ' ' '] 



I n each case the expression i s of the following form. 

y mx + c 

I f e r r o r s i n m are assumed, t o a r i s e mainly from e r r o r s i n y we 

can c a l c u l a t e a value f o r m on the basis of the l e a s t squares method. 

Thus, 

m = W ^ X j - Y i " ^ X i ^ Y i 

where x. and y^ represent the i n d i v i d u a l values of x and y r e s p e c t i v e l y 

and N i s the number of x, y data p a i r s to be considered. 

A value f o r c i s s i m i l a r l y obtained using the expression given 

below. 

e ~ ^ y. ^ yi.^ ~ (• x. 4 x.y. 

I n a l a r g e number of cases the value of r , the c o r r e l a t i o n c o e f f i c i e n t 

was also c a l c u l a t e d u s i n g the f o l l o w i n g formula. 

r = N ( x.y. - ( x. ( y± 

((N i x . 2 - ( $ x . ) 2 ) ( K $ y, 2 - ( 1 y.f))> 

The c o r r e l a t i o n c o e f f i c i e n t measures the degree of a s s o c i a t i o n 

between the two rand jm v a r i a b l e s x and y. W h i l s t a ..erfoct, c o r r e l a t i o n 

i s r e f l e c t e d i.n a. value f o r r of u n i t y values of r>0.Q.t are t o be 

considered aecc ptab.1 e . I n most cases a pic t o r i a l :;. op r o s e n t a t i on of fhe 

observed tre n d has a l s o been provided.. 



APPENDIX TWO 

THE COMPUTER PROGRAM 

RKISNA 



The Hoiii!\i lev Rrogram RKISN A 

Trie complete l i s t i n g of the J-'L/C comj>uter program RKI SNA as run 
on the NUMAC IBM 36O Computer under the MIS operating system is given 
below. 

The program represents an amended form of the program RKISNA 

developed a t Durham Univers i ty by Dr. G. Kohnstam. 

RKI SNA : PROC O K U ONS (MAIN ) ; 

/ * CALCULATION 0?' RATE CONSTANTS FOR FIRST -

ORDER REACTIONS #•/ 

ON ENWllil?- (SOARDo) GOTO STOP; 

•r.nT m *:. ip f«T*T> . i.«.«•" l v - n : b ' . . l i - ' i ' i \^~>f->J > 

DATA?GST LIST (NAME, NO, ~P</-'fr) '< 

/>& NAME, IIENTIFYTNG 1E8CRIPTI0N CF EXPERIMENT*/ 
/ f t NC, NUMBER OF RKA01NG3 INCLUDING DERO BUT 

E X C L U T O G HTFINITY * / 

/ * Pjfi, INFINITY REAPIRG«/ 

(BE:BEGIN 5 

DSL (TC, HC) (NC); 

/ # TC, TIME * / 

J%r RC, READING AT PIPE TC # / 

DO I - I T.J NC; 

GET .LIST (T0(I) ,RC(T)) ; 



DHL ( T 3 , B K , W W , V r > ) ( N ) ; 

T}ZKDD(N/J) ; 

DO I :=1 TO N ; 

T(l)-==Tf'(N/j!-l)-T^; 

R ( l ) - ; R ^ - R r ( N 0 a ) ; 

R K ( I ) - L 0 G ( A / R ( I ) ) / T ( I ) ; 

/ # R K ( l ) , THE INSTANTANEOUS RATE CONSTANT 

A T T I M E T # / 

E N D ; 

H J T PAGE L I S T (NASOE); 

H J T S K I P ( 2 ) E D I T ( ' T O T A L H E A D I N G S - ' , H C , 

' ZERO A T N O ' , N 'p , 'ZERO READING 1 - 1 ' , R O ( N ^ ) , 

•NUMBER T A K E N - ' , K , ' I N F I N I T Y - ' , R00) 

( A , Y ( 2 ) , F^ ' j ) , x(k), A , X (2) , F ( 4 ) , X ( ^ ) , A, E ( 1 2 , 5 ) , X C ^ 

A , X (2) , Ff .5), X( i f ) , A , E (12 , .5 ) ) ; 

PUT S K I P ( 2 ) E 1)1 T ( ' T I M E ' , ' R E A D I N G ' , «K') 

( A , XC12), A , X ( 9 ) , A); 

H I T S K I P ; 

DO • i TO N? 

B J T S K I P E D I T (T(l), W(W^l)t R K ( ' l ) ) 

( B ( l 2 , 5 ) r X f / 0 ) j 

END; 

VHPH; 

H I T S K I P ( » EDIT ( ' lUSOARDS : ] ' ' ) ( A ) ; 



MEAN:L-M; 

SY=STIM(WWKHK); 

RKM=SY/H; 

/#• Rial, THE MEM VALE OF THE INSTANTANEOUS 

RATE CONSTANTS * / 

WD=WW#(RK-Riai)**25 

VAR-;:SUMfWD)/(M-L); 

/ # VAR, THE VARIANCE CF IN IS VI DUAL VALUES OF 

THE INSTANTANEOUS RATS CONSTANTS*-/ 

KIT SKIP; 

DO I=-l TO N; 

I F m{l)>fi.ft,tyfi THEN I F (RK(l)-RKM>*2 

> (7*VAH) THEN DO; 

M^M-l; 

PUT EDIT ( I ) ( x (2 ) f F ( . 5 ) ) ; 

END; 

END; 

/*• VALUES OF RK FOR WHICH (RK-RKH>*2 

>7#VAR A HE DISCARDED. VALUES CP THE MEAN 

AND VARIANCE ARE THEN RECALCULATED*/ 

I F T>M THEN GOTO MEAN; 

VAPJ'I-'VAR/M ; 

/ST VARM, THE VARIANCE OF W E MEAN • ' * / 

PUT S K I P EDI',«? ( ' MEAN * ) ( S P I • , A ) ; 

J U T S K I I ' E D I T ( ' !<»• ,RKM, 'ERR OR~ 1 , SOR'i/VARM ) ) 

( A f E ( l 2 F . ' ; ) , X ^ ^ ; 

END TWO; 

E N D ONE; 



GOTO DATA; 

S T O P : E N D R K I S N A ; 

Data input to the program takes the f o l l o w i n g fo rm: 

NAME 

N C 

T O ( I ) 

RC(1) 

T C ( G ) 

RC(2) 
I i l 

T C ( I ) 

R C ( l ) 
I 
I 

I 

T C ( N C ) 

EC ( K G ) 

}\p 

N 

where 

'NAME' IS AN IDENTIFYING ISSCRIITION CP HIS EX 'ERIKENT, I T MUST 

EXCEED SO CHARACTERS IH LENGTH INCLUDING BLANKS• 

' N C REPRESENTS THE NUITBER CD DATA J-A.UR3 COLLECTED, EXCLUDING 

THE INFINITY READING BUT INCLUDING THE ZERO /AIR. 

' ' ' ' /> ' IS THE INFlNITi READING 

TC(l) RE-RESENTS A TIES 

RC(I) RE ' RES ENTo THE READING AT '.RIMS ?C(i) 

RE-RESENT! T J IE EDITION (F THE jRNEINATES 7ER0 

REARING IN THE LIS? CD TG/RG DATA -'AIRS 



N REPRESENTS THE NUMBER CF To/Re .DATA HAIRS TO BE USED 

IN THE CALCULATION EXCLUDING THE ZERO LAIR AND THE 

INFINITY READING. 

The order of the in imt data as described above must be maintained 

i n a l l cases. 

Data. Items should be seiarated by a space. 

More than one set of data items may be submitted-

Input values of TC(.l) i n un i t s of seconds y i e l d a f i r s t - o r d e r 

rate constant vdth un i t s of s 
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