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ABSTRACT 

S e c t i o n one o f t h i s t h e s i s i s concerned with the k i n e t i c s and mechanism 

o f the p r o c e s s o f d e n i t r o s a t i o n . At high c o n c e n t r a t i o n s o f s u f f i c i e n t l y r e a c t i v e 

n u c l e o p h i l e s the r a t e o f r e a c t i o n o f s e v e r a l N - a l k y l - N - n i t r o s o a n i l i n e s be­

comes independent o f both the n a t u r e and the c o n c e n t r a t i o n o f such s p e c i e s . 

T h i s has been i n t r e p r e t e d i n terms o f a s h i f t i n the r a t e — d e t e r m i n i n g to an 

e a r l i e r one i n the r e a c t i o n pathway, namely the p r o t o n a t i o n . Support for such 

a proposal comes from the s o l v e n t i s o t o p e e f f e c t s ^ : k^ ^ o f 1.4 and 0.7, 

r e s p e c t i v e l y . 

The d e n i t r o s a t i o n o f D,L-N-acetyl-N-nitrosotryptophan (NANT) has been 
-2 

s t u d i e d i n water i n the a c i d range 4 x 10 = 1W H^SO^ and a l s o at the lower 

a c i d i t i e s i n b u f f e r s o l u t i o n pH 2-6. The r e a c t i o n was i r r e v e r s i b l e , g i v i n g 

D,L=N-acetyltryptophan (NAT) and n i t r o u s a c i d q u a n t i t a t i v e l y . At higher 

a c i d i t i e s the r a t e o f r e a c t i o n was independent o f added parent amine NAT and 

a l s o o f the a d d i t i o n o f v a r i o u s n u c l e o p h i l e s . The k i n e t i c s o l v e n t i s o t o p e 
e f f e c t k, ^ : k ,N was 1.3 and 1.1 a t 0.7M H„SO. and 0.1M H SO., r e s p e c t i v e l y . H^O D^O — 2 4 — Z 4 

At pH 6, however, the a d d i t i o n o f v a r i o u s n u c l e o p h i l e s d i d c a t a l y s e the r e a c t i o n , 

with i n c r e a s i n g e f f i c i e n c y along the s e r i e s C I ^ Br £ SCN 4. 1 . As the 

c o n c e n t r a t i o n o f n u c l e o p h i l e i n c r e a s e d the r e a c t i o n r a t e constant tended to 

become independent o f t h e J n u c l e o p h i l e j . The r e s u l t s a r e d i s c u s s e d i n terms o f 

two a c i d - c a t a l y s e d r e a c t i o n pathways, one predominate i n the region pH 4-7 and 

the o t h e r at a c i d i t i e s g r e a t e r than pH 1, as c l e a r l y shown by the pH - r a t e 

p r o f i l e . At the higher a c i d i t i e s , NANT was used to n i t r o a a t e 4 - n i t r o a n i l i n e 

but only i n the absence o f a n i t r o u s a c i d t r a p , thereby i m p ! j c a t i n g the i n t e r -

mediacy o f f r e e n i t r o u s a c i d . 

S e c t i o n two i s concerned with the r e v e r s e p r o c e s s , n i t r o s a t i o n . Thiourea 

i s shown to be a very e f f i c i e n t c a t a l y s t i n the n i t r o s a t i o n of morpholine i n 

a c i d s o l u t i o n . Compared with other known c a t a l y s t s the order o f e f f i c i e n c y 



i s SC(NH2).,"7 SCN~7 Br i n the r a t i o 4200 : 240 : l . The data a r e e x p l a i n e d 

i n terms o f an e q u i l i b r i u m formation o f the ion ON-£=, which a c t s d i r e c t l y as an 

n i t r o s a t i n g agent. S i m i l a r i l y , the d i a z o t i s a t i o n o f a n i l i n e o c c u r s v i a ON-^= 

i n the presence o f t h i o u r e a . I n d i v i d u a l v a l u e s of k^ fo r a t t a c k of the 

a p p r o p r i a t e n i t r o s y l s p e c i e s NOX (X= Br „ SCN „ SC(NH^)^) on the unprotonated 

form o f the amine a r e g i v e n i n each c a s e , and the o v e r a l l e f f i c i e n c y o f these 

s p e c i e s as n i t r o s a t i n g agents i s d i s c u s s e d i n terms of the v a l u e s of the 

r e s p e c t i v e e q u i l i b r i u m c o n s t a n t s f o r the formation of NOX and the magnitude 

o f the val ues o f k,,. 
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SECTION ONE 



CHAPTER 1 

I n t r o d u c t i o n to the A c i d - C a t a l y s e d R e a c t i o n s 

N-Aroraatic-N-Nitrosamines : The Mechanism 

of D e n i t r o s a t i o n 



1 •1 General I n t r o d u c t i o n 

I n r e c e n t y e a r s c o n s i d e r a b l e r e s e a r c h i n t o the formation and 

t o x i c o l o g y of N-nitrosamines has g r e a t l y a c c e l e r a t e d , ever s i n c e the 

report of Magee and B a r n e s 1 i n 1956 on the c a r c i n o g e n i c e f f e c t s of 

dimethylnitrosamine i n r a t s . The i n v e s t i g a t i o n of the b i o l o g i c a l 

a c t i o n s , i n c l u d i n g c a r c i n o g e n i c i t y , mutagenicity, and t e r a t o g e n i c i t y , 
2 3 4 5 

has been e x t e n s i v e l y documented ' ' ' . Although t h e r e i s no evidence 

of a d i r e c t nature l i n k i n g n i t r o s a m i n e exposure to cancer i n man, 

n i t r o s a m i n e s are potent animal carcinogens. Over 100 N-nitroso-compounds 

have been t e s t e d f o r c a n c e r - c a u s i n g p o t e n t i a l i n a wide v a r i e t y of 

animals, with a high percentage of these producing tumours i n one or 
5 

more s p e c i e s and i n one or more organs . Yet, comparatively l i t t l e i s 

known of the c h e m i s t r y of these compounds, and more s p e c i f i c a l l y of 

t h e i r r e a c t i o n mechanisms. 

N-nitrosamines ( I ) are c h a r a c t e r i s e d by the d i r e c t attachment of 
6 V 

the n i t r o s o group - NO to the amine n i t r o g e n c e n t e r ' In p r a c t i c e , only 
those compounds where R a n j R are not a hydrogen atom have any r e a l 

g 
e x i s t e n c e , although methylnitrosamine , where R^ = CH^ and R^ = H, has 

o 
been prepared and i d e n t i f i e d i n e t h e r e a l s o l u t i o n s at -70 C. 

\ 
I 

y 
N - N = 0 

( R 1 = R 2 = a l k y l ° r a r y l ) 

Upon warming to -25 C i t decomposes to diazomethane. In most cases , 

when e i t h e r s u b s t i t u e n t i s a hydrogen atom the unstable tautomeric 

•"0* S C I E N C E * ^ 
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d i a z o i c a c i d ( I I ) i s obtained. 

R - N = N - OH 

I I 

E a r l y q u a l i t a t i v e s t u d i e s on the decomposition of s e v e r a l n i t r o -

samines i n aqueous mineral a c i d have shown t h a t the r e a c t i o n proceeds 

v i r t u a l l y q u a n t i t a t i v e l y and smoothly to form the secondary amine, 

provided the formed n i t r o u s a c i d i s removed from the r e a c t i o n mixture. 
g 

In 1932, Jones and Kenner achieved t h i s by c a r r y i n g out the r e a c t i o n 

i n the presence of cuprous c h l o r i d e , a mild reducing agent which converts 

the n i t r o u s a c i d to n i t r i c oxide, as i l l u s t r a t e d i n the scheme below. 

H +, H 20 
R N - NO R NH + HNO 

CuCl 

S i m i l a r l y , for reasons t h a t w i l l emerge l a t e r i n the chapter, Macmillen 

and R e a d e ^ found t h a t the e l i m i n a t i o n of the n i t r o s o group occurred 

r a p i d l y i n the presence of urea and t h i o u r e a , but not i n the presence 

of potassium t h i o c y a n a t e . 

The f i r s t attempts to f i t a m e c h a n i s t i c scheme to a s e t of e x p e r i ­

mentally-determined k i n e t i c data came from a group of R u s s i a n w o r k e r s ^ ' ^ 

They examined the d e n i t r o s a t i o n of aromatic N-nitrosamines i n hydro­

c h l o r i c and s u l p h u r i c a c i d s , and found the r e a c t i o n f a s t e r i n the former. 



3 

They suggested that a hydrogen bonded complex between the n i t r o s o -

amine and an a c i d HA was formed, which y i e l d e d the product amine e i t h e r 

by unimolecular s c i s s i o n of N0 + or by n u c l e o p h i l i c a t t a c k on the complex 

by the anions HSO^ or CI . F u r t h e r , i t was claimed t h a t the r e a c t i o n of 

p a r a - s u b s t i t u t e d aromatic N-nitrosamines supported such a mechanism. 
14 

L a t e r , a paper by the same authors proposed r e a c t i o n i n s u l p h u r i c a c i d 

by way of the mono- and di-protonated forms of the n i t r o s a m i n e . 

These m e c h a n i s t i c i n t e r p r e t a t i o n s are open to severe c r i t i c i s m . 

F i r s t , t h e i r c o n c l u s i o n from a simple c o r r e l a t i o n of the Hammett type, 
15 

i n p a r t i c u l a r from a minimum i n the log k a g a i n s t a p l o t , that two 

p a r a l l e l mechanisms operate c o n c u r r e n t l y . For r e a c t i o n s which proceed 

v i a protonated s u b s t r a t e s such a c o r r e l a t i o n i s meaningless, unless a l l 

of the s u b s t r a t e s show e x a c t l y the same a c i d i t y dependence fo r the 

i n i t i a l p r o t o n a t i o n . I t i s now known that the r e l a t i v e r e a c t i v i t i e s 

f o r s e v e r a l r i n g s u b s t i t u t e d N - m e t h y l a n i l i n e s toward d e n i t r o s a t i o n do 

indeed depend upon the a c i d i t y , as e x e m p l i f i e d by the d i f f e r e n t slopes f o r 
log k a g a i n s t -H p l o t s for p-N0„ and p-CH and by the a c t i v a t i n g and o o 2 3 
d e a c t i v a t i n g behavior r e l a t i v e to the u n s u b s t i t u t e d n i t r o s a m i n e of p-NO 

2 
16 

at d i f f e r e n t a c i d i t i e s . Any m e c h a n i s t i c i n f e r e n c e s , t h e r e f o r e , are 

f u t i l e . 

Secondly, i t seems h i g h l y improbable under the a c i d c o n d i t i o n s 

employed that d e n i t r o s a t i o n to give k i n e t i c a l l y f r e e N0 + as the n i t r o -

s a t i n g agent would occur. N i t r o s a t i o n by the f r e e nitrosonium ion i s 
17 

only thought to occur at high a c i d i t y ,for example at 60% HCIO^ or at a c i d i t i e s in excess of 9M H„S0 where -H ^ 4.5 - 5.0 and the water — 2 4 o + 
a c t i v i t y i s s u f f i c i e n t l y low to prevent e f f e c t i v e s o l v a t i o n to H 0N0. 

2 

S p e c t r o s c o p i c evidence f o r the t o t a l c o n v e r s i o n of s t o i c h i o m e t r i c con­

c e n t r a t i o n s of n i t r o u s a c i d to N0 + at these a c i d i t i e s has been reported^**' ^ . 



4 -

Under these c i r c u m s t a n c e s , i t seems more l i k e l y that the r e v e r s e r e a c t i o n , 
+ 

N - n i t r o s a t i o n of amine, takes place v i a H 0N0, which i n turn i m p l i e s 
2 

the importance of n u c l e o p h i l i c a s s i s t a n c e by HO i n the d e n i t r o s a t i o n 

p r o c e s s . 

On the b a s i s of the foregoing arguments, the best mechanism put 

forward, at l e a s t f o r aromatic N-nitrosamines, i s one by W i l l i a m s , the 

d e t a i l s of which are presented below. 

Much of what i s known of the mechanism of d e n i t r o s a t i o n stems from 

the i n v e s t i g a t i o n of one p a r t i c u l a r s p e c i e s , namely N-methyl-N-nitro-

s o a n i l i n e (NMNA) i n connection with the Fisher-Hepp rearrangement of 
20 

aromatic N-nitrosamines, d i s c o v e r e d i n 1886 . U n t i l r e c e n t l y , i t was 
21 

b e l i e v e d t h a t the mechanism was m t e r m o l e c u l a r , but i t has now been 
22 

f i r m l y e s t a b l i s h e d , v i a a d e t a i l e d k i n e t i c examination , as being i n t r a ­

molecular, with a concurrent, competing pathway of d e n i t r o s a t i o n . I t 

w i l l be noted i n the scheme below that the protonated form the n i t r o -

samine i s common to both r e a c t i o n pathways. 

The products of e i t h e r r e a c t i o n pathway may be maximised by imposing 

c e r t a i n p h y s i c a l l i m i t s upon the system. Thus d e n i t r o s a t i o n can be made 

q u a n t i t a t i v e by the a d d i t i o n of a c r i t i c a l c o n c e n t r a t i o n of n i t r i t e 

t rap, X, and by the presence of an e f f i c i e n t n u c l e o p h i l e , Y . The so-

c a l l e d c r i t i c a l c o n c e n t r a t i o n of n i t r i t e trap, by experimental d e f i n i t i o n , 

i s the minimum amount r e q u i r e d to suppress completely the r e v e r s e of 

d e n i t r o s a t i o n , N - n i t r o s a t i o n , such t h a t k
3 [ x ] > > > k

 2 [ N M A ] ' W n a t t h i s 

means p h y s i c a l l y i s t h a t NOY i s r a p i d l y removed as soon as i t i s formed i n 

an i r r e v e r s i b l e r e a c t i o n with a n i t r o u s a c i d t r a p u s u a l l y to form molecular 

n i t r o g e n . 
2 3 

For example, Williams demonstrated fo r the d e n i t r o s a t i o n of 



H 
NO H Me 

Me-N-NO N 
K A 
— r y . i I + H + I + v I * NOY 

several steps 

Me. /H 
N 

NOY + X v a r i o u s decomposition products (X = urea, sulphamic 

a c i d , hydrazine, e t c . ) . 

NMNA i n 3.05 M HC1, where Y = CI , t h a t k , the observed f i r s t - o r d e r — ' o' 
r a t e c onstant, i n c r e a s e d with i n c r e a s i n g c o n c e n t r a t i o n s of urea u n t i l 

-4 -1 

i t g r a d u a l l y l e v e l l e d o f f to a l i m i t i n g value of 14.0 x 10 s , as 

shown i n Table 1. I t i s here on the f | a, t p a r t of the curve where the 

rearrangement product i s no longer d e t e c t a b l e and where the r e a c t i o n 

r a t e becomes zero-order with r e s p e c t to the c o n c e n t r a t i o n of n i t r i t e 

t r a p . The same l i m i t was r e a l i z e d for other t r a p s , to wit sodium azide 
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JureaJ 

Table 1 

/M 10 4k ( s _ 1 ) 

0.01 6.25 

0.05 11.7 

0.10 14.4 

0.25 12.9 

and sulphamic a c i d , a l b e i t at d i f f e r e n t c o n c e n t r a t i o n s because of t h e i r 

v a r y i n g r e a c t i v i t i e s . Hence, with the rearrangement and the gen e r a l 

r e v e r s i b i l i t y of the d e n i t r o s a t i o n completely suppressed, i t i s p o s s i b l e 

to examine the mechanistic f e a t u r e s of the d e n i t r o s a t i o n process, and, 

perhaps, to compare the r e s u l t s with the r e v e r s e r e a c t i o n N - n i t r o s a t i o n , 

a r e a c t i o n now w e l l understood. 

In aqueous h y d r o c h l o r i c a c i d s o l u t i o n s , using sulphamic a c i d as 

the n i t r o u s a c i d trap to ensure i r r e v e r s i b i l i t y , the d e n i t r o s a t i o n of 

NMNA r e s u l t e d i n curved p l o t s for a g a i n s t | CI ] and h^, r e s p e c t i v e l y , 

while a p l o t of k Q a g a i n s t h | C I ] was l i n e a r over the e n t i r e a c i d 
24 

range . The r e s u l t s c l e a r l y show th a t c h l o r i d e ion and hydrogen ion 

c a t a l y s i s are o p e r a t i v e , both of which are accounted for i n the fo l l o w i n g 

m e c h a n i s t i c scheme. 

K 
^ + 

PhN(Me)NO + H + ^ PhNH(Me)NO 

k 2 

PhN+H(Me)N0 + C l " PhNHMe + NOCl 
slow 

k 
3 

NOCl + NH SO H N„ + S0„ + HO + HC1 
2 3 ^ 2 3 2 

f a s t 
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The i n v e r s e s o l v e n t isotope e f f e c t s k : k of 2.9 and 3.2 at 

3.05 M and 1.55 M HC1 r e s p e c t i v e l y , are t y p i c a l of r e a c t i o n s that have 

as t h e i r f i r s t step a r a p i d p r e - e q u i l i b r i u m of a small c o n c e n t r a t i o n 

of s u b s t r a t e followed by a slower, t h e r e f o r e 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 
25 

a t t a c k . For convenience, the protonation i s shown to occur i n a 

s i n g l e step at the amino ni t r o g e n atom, when, i n f a c t , i t may not be t h i s 
26 

simple. Indeed, r e s e a r c h by J a f f e and co-workers i n d i c a t e a t l e a s t 

four s p e c t r o s c o p i c a l l y d i s t i n g u i s h a b l e protonated s p e c i e s i n aqueous 

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 pro p o r t i o n of each dependent upon 

the c o n c e n t r a t i o n of a c i d . The p r e c i s e s t r u c t u r e s , however, were not 

de s c r i b e d . F u r t h e r d i s c u s s i o n concerning the step of protonation w i l l 

be found i n Chapter 2 of t h i s t h e s i s . 

An analogous scheme i s held to be o p e r a t i v e as the f i r s t s t a g e s of 
27 

the Orton rearrangement of N - c h l o r o a n i l i d e s 

.CI . CI 

PhN' + H + PhNH 0 1 j > PhNHCOR + C 1 „ 
\ \ 

COR ^ COR 

Assuming a Hammett a c i d i t y dependence for the i n i t i a l p rotonation, 

the e x p e r i m e n t a l l y d e r i v e d r a t e e x p r e s s i o n for the observed f i r s t - o r d e r 

r a t e constant, k , i s given by 

K1 K k o o 

I t must be noted here that the n i t r i t e t r a p c o n c e n t r a t i o n i s conspicuously 

absent from the r a t e e x p r e s s i o n . The f o l l o w i n g reasons are given: (1) 

at the l i m i t i n g c o n d i t i o n s of n i t r i t e t r a p c o n c e n t r a t i o n k l o s e s i t s 
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k i n e t i c dependence on both the nature and the c o n c e n t r a t i o n of X and 

(2) a d i r e c t r e a c t i o n between the t r a p and the nitrosamine i s b e l i e v e d 

not to occur. Evidence for t h i s l a t t e r p oint l i e s i n the o b s e r v a t i o n 

of h a l i d e ion c a t a l y s i s i n the n i t r o s a t i o n of such t r a p s as h y d r a z o i c 
28 29 a c i d i n the presence of e i t h e r a nitrosamine or n i t r o u s a c i d 

While the above statements hold true for most of the conventional 

n i t r i t e t r a p s , there i s a d i s c r e p a n c y i n the case of the a n i l i n e s . 

C h a l l i s and Osborne s t u d i e d n i t r o s a t i o n s brought about by N - n i t r o s o -

diphenylamine and found t h a t a d i r e c t t r a n s f e r of N0 + to N - m e t h y l a n i l i n e 

occurred, while for HN an i n d i r e c t t r a n s f e r through the intermediacy 
3 

28 
of the n i t r o u s a c i d d e r i v a t i v e was favoured . No such r e a c t i o n between 

24 

NMNA and a n i l i n e , however, was observed . L a t e r , Thompson et a l . put 

forward strong evidence for r e a c t i o n between the protonated form of N-

nitrosodiphenylamine and the a n i l i n i u m ion, with i n i t i a l a t t a c k taking 

p l a c e at the r i n g to form a n-complex r a t h e r than at the amine-
30 

n i t r o g e n atom . S u b s t i t u e n t e f f e c t s along with the a c i d i t y dependence 

support t h e i r proposal for such a mechanism. 
30 

The d e n i t r o s a t i o n of N-nitrosodiphenylamlne (NDA) i n aqueous a c i d 

media a l s o obeys the above r a t e e x p r e s s i o n for k^ when 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 n i t r i t e t rap i s present to maintain the i r r e v e r s i b i l i t y 

of the r e a c t i o n such that k3 ^ x j > > > k
 2 [ P h 2 N H ] " T h e m u c h r e d u c e d 

b a s c i s l t y of diphenylamine i n comparison w i t h N-methylaniline d i c t a t e s 

that s i g n i f i c a n t l y g r e a t e r c o n c e n t r a t i o n s of trap are r e q u i r e d to reach 

the l i m i t i n g c o n d i t i o n , s i n c e N - n i t r o s a t i o n t y p i c a l l y occurs v i a the f r e e 

base form of the amine at moderate a c i d i t i e s . 

C a t a l y s i s by d i f f e r e n t n u c l e o p h i l e s , Y , i s e a s i l y demonstrated by 

e f f e c t i n g r e a c t i o n s i n s u l p h u r i c a c i d at any one a c i d i t y by v a r y i n g the 
24 c o n c e n t r a t i o n s of the appropriate n u c l e o p h i l e . Experiments by Williams 
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on the d e n i t r o s a t i o n of NMNA at constant a c i d i t y r e s u l t e d i n good l i n e a r 

l i n e s for p l o t s of a g a i n s t added j^nucleophilej for a number of 

nu c l e o p h i l e s , and from the i n d i v i d u a l s l o p e s and a knowledge of h 

v a l u e s for k^K can be c a l c u l a t e d . As p r e d i c t e d , these v a l u e s were i n ­

dependent of the s o l v e n t a c i d i t y and the n i t r i t e t rap c o n c e n t r a t i o n , 

provided the c r i t i c a l c o n c e n t r a t i o n was p r e s e n t to enforce the l i m i t i n g 

c o n d i t i o n xj >>> k ̂ NMAj . The sequence of n u c l e o p h i l i c r e a c t i v i t y 

i s i n the expected order: 

CI < Br~ < SCN < SC(NH.) 0 < i 

with the r e l a t i v e r a t e c o n s t a n t s f o r d e n i t r o s a t i o n of 1 : 55 : 5500 : 

13,500 : 15,000. The s i n g u l a r aspects of th i o u r e a c a t a l y s i s w i l l be 

di s c u s s e d l a t e r i n the chapter. 
39 

In the same way, Thompson e s t a b l i s h e d the i d e n t i c a l sequence of 

r e a c t i v i t y f o r the same n u c l e o p h i l e s and obtained v a l u e s of k K for the 

d e n i t r o s a t i o n of NDA. The K values for n i t r o s a m i n e s have never been 

determined d i r e c t l y , presumably due to t h e i r c o n s i d e r a b l e i n s t a b i l i t y 

i n a c i d s o l u t i o n , and, t h e r e f o r e , the k K va l u e s are taken to r e p r e s e n t 

the corresponding r e a c t i v i t y of each n u c l e o p h i l e toward the nitrosamine 
31 

i n q u estion. A p p l i c a t i o n of the Swain-Scott equation to both s e t s of 
data give reasonable c o r r e l a t i o n of log k K ag a i n s t 'n', the determined 

32 

n u c l e o p h i l i c constant of each n u c l e o p h i l e given by Pearson . A l l the 

p o i n t s for NMNA l i e c l o s e to the l i n e , while f o r NDA the p o i n t s f o r 

iodide and t h i o u r e a l i e s i g n i f i c a n t l y below the l i n e and are a s c r i b e d 

to a s t e r i c e f f e c t . The slope of the l i n e s give a qu a n t i t y ' s ' , the 

s u s c e p t i b i l i t y constant, a measure of the d e n i t r o s a t i o n r e a c t i o n s toward 

changes i n 'n'. A slope of 1.41 for NMNA compares with that of 0.97 f o r 

NDA, r e f l e c t i n g the former's g r e a t e r s e l e c t i v i t y and lower r e a c t i v i t y . 
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In f a c t , NDA i s a f a c t o r of 100 more r e a c t i v e than NMNA. The 

r a t i o n a l e for t h i s i s not e a s i l y a s c e r t a i n e d , s i n c e k^K are not se p a r a b l e 

q u a n t i t i e s . Assuming t h a t K i s probably s m a l l e r f o r NDA, the determining 

f a c t o r must r e s i d e with k the r a t e c o n s t a n t for n u c l e o p h i l i c a t t a c k . 

I t seems not unreasonable that k should be i n c r e a s e d given the e l e c t r o n 

a t t r a c t i o n of a phenyl group r e l a t i v e to a methyl group. T h i s would 

make the amine l o n e - p a i r of e l e c t r o n s g e n e r a l l y l e s s a v a i l a b l e , thereby 

f a c i l i t a t i n g a t t a c k by n u c l e o p h i l i c s p e c i e s , Y . The e f f e c t of b a s c i s i t y 

on n u c l e o p h i l i c a t t a c k i s i l l u s t r a t e d i n the scheme below for the n i t r o -

s a t i o n v i a n i t r o s y l bromide of a n i l i n e d e r i v a t i v e s c o n t a i n i n g e l e c t r o n 

withdrawing s u b s t i t u e n t s , 

NH NKNO 2-

NOBr K 
X X 

Br 

CI, "COOK-NO,) k 3 (several steps) 

+ 
N 
2. 

X 
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I t was found t h a t the d e n i t r o s a t i o n step, k became k i n e t i c a l l y 

dominant at higher c o n c e n t r a t i o n s of bromide ion f o r a n i l i n e d e r i v a t i v e s 

whose pK < 4; w h i l e for X = H, OMe, Me the d e n i t r o s a t i o n s t e p was not a 
33 

k i n e t i c a l l y important 

D e n i t r o s a t i o n has a l s o been c a r r i e d out i n the absence of added 

s a l t s over a range of s u l p h u r i c a c i d c o n c e n t r a t i o n s . In comparable 

h y d r o c h l o r i c a c i d c o n c e n t r a t i o n s the corresponding r e a c t i o n s i n 

s u l p h u r i c a c i d were much lower, as a n t i c i p a t e d i f water i s the e f f e c t i v e 
24 

n u c l e o p h i l e . Under these c o n d i t i o n s , Biggs and Williams found t h a t 

the a l t e r n a t i v e , simultaneous pathway of rearrangement now c o n s t i t u t e d 

an important c o n t r i b u t i o n to k Q, which was c o r r e c t e d based upon the 

observed y i e l d of rearrangement product, to y i e l d the r a t e constant for 

d e n i t r o s a t i o n , k^ . A p l o t of log k^ a g a i n s t H q was l i n e a r , but a 

value of -1.58 f o r the slope i s not i n accordance with a simple f i r s t -

order dependency upon h . The p o s s i b i l i t y of n u c l e o p h i l i c c a t a l y s i s 

by hydrogen sulphate was r u l e d out when s u b s t a n t i a l amounts of added 

sodium sulphate produced no i n c r e a s e i n k Q beyond what may be a t t r i b u t e d 

to s a l t e f f e c t s . The best c o r r e l a t i o n r e s u l t e d i n a graph with two 

d i s c r e t e l i n e s , with a sharp break o c c u r r i n g at 5 M H^SO^. T h i s was 

i n t e r p r e t e d i n terms of the two equations below. 

+ 
H 0 + PhNH(Me)NO ^ PhNHMe + H ONO 
2 2 

H O + PhNH (Me)NO > PhNH Me + H ONO 

At low a c i d i t y water i s b e l i e v e d to be the a c t i v e n u c l e o p h i l e , i n 

agreement with the graphs of k Q a g a i n s t added ^ n u c l e o p h i l e ^ where the 
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common i n t e r c e p t r e p r e s e n t s r e a c t i o n brought about by the s o l v e n t water 
+ 

molecule; whereas a t higher a c i d i t y a t t a c k by the hydronium ion, H^O i s 

thought to occur. That r e a c t i o n between two p o s i t i v e l y charged s p e c i e s 
34 

may occur was proposed by Ridd and K a l a t z i s for r e a c t i o n between a 

protonated aromatic amine and the n i t r o u s acidium ion, and more r e c e n t l y 
35 

by K a l a t z i s et a l . f or the n i t r o s a t i o n of [--aminopyridines. 
30 

For s i m i l a r r e a c t i o n s with NDA , up to 3.0 M H^SO^, no count e r p a r t 

of the p - n i t r o s o - s p e c i e s could be detected s p e c t r o p h o t o m e t r i c a l l y and a 

graph of log k Q versus -H^ produced a good s t r a i g h t l i n e with slope of 

1.0. The r e s u l t s are i n f u l l agreement with 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 a water molecule. 

I t was s t a t e d p r e v i o u s l y that d e n i t r o s a t i o n i s v i r t u a l l y q u a n t i t a t i v e 

i n the presence of an excess of n i t r i t e t r a p when the l i m i t i n g c o n d i t i o n 
k

3 [ x j >>> k 2 £ NMAJ i s s a t i s f i e d . Moreover, i t was shown that for Y = 

C l ~ at higher c o n c e n t r a t i o n s and Y~ = Br", SCN , I ~ and SC(NH ) at a l l 
2 2 

co n c e n t r a t i o n s , the experimentally-determined r a t e e x p r e s s i o n i s 

de s c r i b e d by: 

k = k K h T Y 1 o 2 o L J 

I f , however, the d e n i t r o s a t i o n i s c a r r i e d out i n the presence of a 

va r y i n g c o n c e n t r a t i o n of excess N-methylaniline, the product of de­

n i t r o s a t i o n of NMNA, the l i m i t i n g c o n d i t i o n i s no longer a p p l i c a b l e and 

k^ must now be defined by a more general r a t e e x p r e s s i o n to account for 

the o v e r a l l r e v e r s i b i l i t y of the r e a c t i o n . 
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PhN(Me)NO + H PhNH(Me)NO 

k 2 + 
PhNH (Me)NO + Y ^_ r PhNHMe + NOY 

k-2 

k 3 NOY + X v a r i o u s decomposition products 

The r a t e equation f o r the above scheme i s : 

k = 2 3 

k„k„Kho[Y-][x 

° k _ ^ M A ] + k j x ] 

which reduces to k = k„Kh |Y 1 when the i r r e v e r s i b i l i t y of the r e a c t i o n 
o 2 o l J 

i s maintained. R e w r i t i n g t h i s equation i n the r e c i p r o c a l form 

- i k

2 [ H 1 

k = — - + 
o 

k 3 -1 leads to the determination of /k r a t i o s from a p l o t of k a g a i n s t 
— £t O 

^NMA"^ at constant a c i d i t y , n u c l e o p h i l e , and n i t r i t e crap c o n c e n t r a t i o n s . 
36 37 

In t h i s manner, Williams ' developed an i n d i r e c t k i n e t i c method to 

e s t a b l i s h the r e l a t i v e r e a c t i v i t i e s of a number of n i t r i t e t r a p s toward 

the f r e e n i t r o s a t i n g agent, NOY, and thereby obtained information 

concerning t h e i r e f f i c i e n c i e s as n i t r i t e t r a p s . For each n u c l e o p h i l e , 

Y , the f o l l o w i n g order i s deduced: 

hydrazoic a c i d > hydrazine > sulphamic a c i d ^ a s c o r b i c a c i d 

> a n i l i n e > hydroxylamine > urea 
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4 A f a c t o r of 10 approximately covers the range. Hence, urea i s needed 
in the hi g h e s t c o n c e n t r a t i o n and hydrazoic a c i d i n the lowest c o n c e n t r a t i o n 
to ensure the l i m i t i n g c o n d i t i o n of zero-order behaviour i n the con­
c e n t r a t i o n and nature of X. 

Apart from e s t a b l i s h i n g the e f f i c i e n c y of n i t r i t e t r a p s i n a c i d 

s o l u t i o n , the above procedure a l s o enables a comparison of the v a r i o u s 

n i t r o s a t i n g agents, themselves. F or each X s p e c i e s the r a t e r a t i o s , 
k 3 

/k , are s m a l l e s t for the n i t r o s y l t h i o u r e a adduct and n i t r o s y l —2 

t h i o c y a n a t e and l a r g e s t f o r the n i t r o u s acidium i o n . They are 

arranged in the f o l l o w i n g sequence of r e l a t i v e r e a c t i v i t y : 

0NSC(NH ) ^ ONSCN < NOBr < NOCl < H ONO 

I n terms of the s e l e c t i v i t y - r e a c t i v i t y p r i n c i p l e , i t would seem th a t 

w h i l s t the two sulphur c o n t a i n i n g n i t r o s a t i n g agents show s i m i l a r 

r e a c t i v i t i e s toward the v a r i o u s t r a p s p e c i e s , t h e i r r e a c t i v i t y i s 
+ 

c o n s i d e r a b l y l e s s than NOBr. Thus, i t would seem that NOSCN and N0SC(NH ) 

are not p a r t i c u l a r l y r e a c t i v e n i t r o s a t i n g agents. More d i s c u s s i o n 

c e n t e r i n g on t h i s p oint can be found i n the second h a l f of t h i s t h e s i s . 

N i t r o s a t i o n r e a c t i o n s i n a c i d i c media are known to involve the 
38 

f r e e base form of the amine i n the presence of h a l i d e ions , and as 
k 
3 such the /k r a t i o s do not r e p r e s e n t the true r a t e c o e f f i c i e n t s for 2 

the v a r i o u s n i t r o s a t i o n r e a c t i o n s . However, the true r a t e c o n s t a n t s , 
k' k 3 3 /k ', can be obtained from the /k v a l u e s by a l l o w i n g for protonation 2 —2 
e q u i l i b r i a of N-methylaniline and the X s p e c i e s i n a c i d i c s o l u t i o n . 

k • 
3 These new /k ' r a t i o s observe the same trend of r e a c t i v i t y o u t l i n e d —2 

above. 
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Subsequently, Stedman and co-workers, working under s u b s t a n t i a l l y 

d i f f e r e n t experimental c o n d i t i o n s of a c i d i t y and ha?ide ion c o n c e n t r a t i o n s , 
39 40 n i t r o s a t e d hydrazine and hydroxylaraine d i r e c t l y using a f a s t r e a c t i o n 

technique. T h e i r r e s u l t s show d i s t u r b i n g d i s c r e p a n c i e s for the h a l i d e 

ion c a t a l y s e d r e a c t i o n . For example, f o r the r e l a t i v e r e a c t i v i t i e s of 

hydrazine to hydroxylamine Stedman obtained r a t i o s of .024 and .00062 

for the c h l o r i d e ion and bromide ion c a t a l y s e d r e a c t i o n s , r e s p e c t i v e l y , 

while the corresponding v a l u e s f o r the i n d i r e c t method above y i e l d e d 

v a l u e s of .004 and .000038. 

To e x p l a i n the l a c k of s a t i s f a c t o r y agreement between the two 
41 k 3 procedures, W i l l i a m s re-determined /k r a t i o s for a number of 

t r a p s over a wider range of a c i d and bromide ion c o n c e n t r a t i o n . The 
k

3 

r e s u l t s of the study show q u i t e c l e a r l y t h a t the /k v a l u e s are 

s u b j e c t to change w i t h changing experimental c o n d i t i o n s , p a r t i c u l a r l y 

at d i f f e r e n t a c i d i t y but a l s o w i t h the c o n c e n t r a t i o n of bromide ion. 
k 
3 

I t must be emphasized, t h e r e f o r e , that the /k r a t i o s do give a 

measure of the r e l a t i v e r e a c t i v i t i e s of the n i t r o s a t i n g agents, but only 

under the defined c o n d i t i o n s of the experiment. 

H i t h e r t o the d i s c u s s i o n has r e f e r r e d to r e a c t i o n s in moderate 

a c i d i t y , e i t h e r i n HC1 or H SO in the presence or absence of added 

n u c l e o p h i l e s where the observed f i r s t - o r d e r r a t e constant l o s e s i t s 

k i n e t i c dependence upon the c o n c e n t r a t i o n and nature of X. Biggs and 
42 

Williams a l s o report r e s u l t s for the d e n i t r o s a t i o n of NMNA in the 

presence of an excess c o n c e n t r a t i o n of X f o r an e x t e n s i v e range of 

a c i d i t y . Experiments i n aqueous HC1 show that a graph of log k^ a g a i n s t 
-H i s l i n e a r up to 5.5 M HC1, w h i l s t above t h i s a c i d c o n c e n t r a t i o n the o • - ' 

l i n e a r r e l a t i o n s h i p breaks down. The d e v i a t i o n i n l i n e a r i t y f i r s t 

occurs for urea, followed by hydroxylamine, and then sulphamic a c i d , with 
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hydrazine and hydrazoic a c i d showing r e l a t i v e l y l i t t l e change. I n ­

t e r e s t i n g l y , t h i s i s the i d e n t i c a l sequence of r e a c t i v i t y of the trap s 

toward v a r i o u s n i t r o s a t i n g agents e s t a b l i s h e d e a r l i e r . I t i s suggested, 

t h e r e f o r e , that the change i n behaviour at higher a c i d i t y i s due p r i n c i p a l 

to the departure from zero-order dependency in X, which i s furthermore 

a s s o c i a t e d with the r e l a t i v e e f f i c i e n c e s of these s p e c i e s as n i t r i t e 

t r a p s . 

For the l e a s t r e a c t i v e t r a p s , urea, hydroxylamine, and sulphamic 

a c i d k Q i n c r e a s e s in a l i n e a r f a s h i o n w i t h i n c r e a s i n g a c i d i t y u n t i l a 

maximum i s reached, a f t e r which a f u r t h e r i n c r e a s e in -H causes a 
o 

decrease i n k Q. The p o s i t i o n of the maximum v a r i e s from trap to trap, 

and a l s o with the c o n c e n t r a t i o n of the t r a p . At low a c i d i t y i t i s 

assumed t h a t the r e a c t i v e forms toward e l e c t r o p h i l i c n i t r o s a t i o n are 
+ + 

CO(NH ) NH SO H (and NH SO ~) and NH OH. At higher a c i d i t i e s i t seems 

reasonable that f u r t h e r protonation to other mono - or di-protonated 

forms are p o s s i b l e , to an extent that the c o n c e n t r a t i o n s of the r e a c t i v e 

forms are s i g n i f i c a n t l y reduced such that kg£xj i s no longer markedly 

g r e a t e r than k 2 [ ^ M ^ ] - Thus, the simple l i n e a r r e l a t i o n s h i p between 
log k and -H can no longer e x i s t , and k i s more a p t l y d e s c r i b e d by the o o ' o 
general form of the r a t e expression: 

k 2 h o K k

3 [ X 1 t Y 1 

° k 3 ^ + k - 2 [ H 
k = 

For the more r e a c t i v e t r a p s , hydrazine and hydrazoic a c i d , i t i s 

now known that the r e a c t i v e s p e c i e s toward n i t r o s a t i o n are N^H and 
+ + + + 
NH NH F u r t h e r p rotonation to H N and NH NH does not occur to an 3 2 ^ 3 3 3 

a p p r e c i a b l e extent a t the a c i d i t i e s used i n the study. Consequently, 

i t i s expected t h a t the i n e q u a l i t y k

3 J x ] > > > k ^NMA.J remains v a l i d a t 
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a l l a c i d i t i e s , when k reduces t o : -
o 

k = k„ h K [Y~1 o 2 o L J 

E x p e r i m e n t a l l y , there i s no i n d i c a t i o n of a r a t e maximum, as for the 

l e s s r e a c t i v e t r a p s , up to 8.9 M HC1. The l a c k of l i n e a r c o r r e l a t i o n 

then must be sought elsewhere. I t i s , i n f a c t , a s c r i b e d to a l a r g e 

p r o p o r t i o n of pro t o n a t i o n of the nitrosamine, whence the l i m i t i n g form 

of the r a t e equation should be r e p l a c e d by:-

„ k2 K [ Y 1 h o 
k = o 1 + K h o 

which s i m p l i f i e s f u r t h e r t o : -

k o = k

2 [ Y 1 

when the nitr o s a m i n e i s completely protonated f o r a l l p r a c t i c a l purposes. 

Thus, at high a c i d i t y k Q becomes independent of h Q . The slope of log k Q 

a g a i n s t -H decreases but does not reach a maximum as the t r a n s i t i o n o 

between the l i m i t i n g forms of the r a t e equations from low a c i d i t y to 

high a c i d i t y o c c u r s , s i n c e the dependence i n HC1 becomes p r o p o r t i o n a l 

to only [ c i ~ ] r a t h e r than to h ^ C l j . 

I t may be concluded t h a t the e f f e c t i v e n e s s of a p a r t i c u l a r n i t r i t e 

t r a p i n a c i d s o l u t i o n i s mainly dependent upon the nature of the r e a c t i v e 

s p e c i e s toward e l e c t r o p h i l i c n i t r o s a t i o n . 

K i n e t i c 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 i n the 

16 

d e n i t r o s a t i o n of N-nitrosoaromatic amines have been examined . For 

bromide ion c a t a l y s e d r e a c t i o n s i n s u l p h u r i c a c i d media a f a c t o r of 10 
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covered the r e a c t i v i t y range for the r a t e sequence of N-alkyl-N-

n i t r o s o a n i l i n e s : -

NMe < NBu 1 < NEt ^ Npr" < Npr 1 

A s i m i l a r sequence was e s t a b l i s h e d for r e a c t i o n s in HC1, with the 

r e a c t i v i t y of butylnitroso-amine p a r a l l e l i n g n-propylnitroso-amine. 

In H SO i n the absence of added h a l i d e i o n s , where H„0 i s thought 2 4 2 

to a c t as the n u c l e o p h i l e , the same p a t t e r n of r e a c t i v i t y i s found. With 

the notable exception of the t e r t i a r y - b u t y l group i t i s argued that the 

r a t e sequence may r e f l e c t the i n c r e a s i n g v a l u e s of the b a s c i s i t i e s of the 

nitroso-compounds, i f t h e i r pK v a l u e s f o l l o w the same trend as the 
a 

parent amines. The a t y p i c a l r e a c t i v i t y of the t e r t i a r y - b u t y l group i s 

then a t t r i b u t e d to s t e r i c e f f e c t s . Indeed, 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 Q(Me) of 2.45, 2.39, 1.45, 0.94 f o r C l ~ , H 20, Br~ and 

I , r e s p e c t i v e l y , formally demonstrates the degree of d i f f i c u l t y the 

l a r g e r n u c l e o p h i l e s have i n approaching the n i t r o s o - n l t r o g e n atom when 

the bulky t e r t - b u t y l group i s p r e s e n t at the n i t r o g e n c e n t r e . Although 

the observed r a t e c o n s t a n t s are a f u n c t i o n of the product of the i n i t i a l 

p r otonation, K, and the r a t e constant, k fo r n u c l e o p h i l i c a t t a c k , i t 

appears t h a t the dominant f a c t o r for the N - s u b s t i t u t e d d e r i v a t i v e s i s 

that e x e r t e d on K by the e l e c t r o n - d o n a t i n g a b i l i t i e s of the d i f f e r e n t 

a l k y l groups. I t i s probable, however, th a t both e f f e c t s operate. 

For meta- and para- r i n g s u b s t i t u e n t s , the s t e r i c c o m p l i c a t i o n s f o r 

n u c l e o p h i l i c a t t a c k are removed, and the o v e r a l l s m a l l magnitude i n the 

range of r e a c t i v i t y i s i n t e r p r e t e d as the r e s u l t of the two opposing 

e f f e c t s on k^ and K. In g e n e r a l , e l e c t r o n - r e l e a s i n g s u b s t i t u e n t s 

r e t a r d the r e a c t i o n r a t e , w h i l e e l e c t r o n - a t t r a c t i n g s u b s t i t u e n t s i n c r e a s e 
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the r e a c t i v i t y . For example, the r a t e sequence for the h a l i d e c a t a l y s e d 

r e a c t i o n s for p a r a - s u b s t i t u e n t s i s : -

CI > H > Me > OMe 

i n d i c a t i n g that the major e f f e c t i s the i n f l u e n c e on . T h i s sequence 

i s j u s t r e v e r s e d for the un c a t a l y s e d r e a c t i o n i n H SO , and i s taken 

as confirmatory evidence f o r the a t t a c k on the protonated n i t r o s a m i n e by 

the p o s i t i v e s p e c i e s I t w i l l be r e c a l l e d that H^0 + i s r e s p o n s i b l e 

f o r the displacement of N0 + from the protonated nitrosamine a t higher 
. . . 24 a c i d i t i e s 

One aspect of the d e n i t r o s a t i o n r e a c t i o n of c u r r e n t i n t e r e s t i s 

the a b i l i t y of n e u t r a l sulphur c o n t a i n i n g s p e c i e s to c a t a l y s e the r e a c t i o n . 

The d i r e c t r e a c t i o n between n i t r o u s a c i d and s e v e r a l sulphur d e r i v a t i v e s 
43 44 

i s w e l l known ' , but t h e i r r e a c t i o n with a nitrosamine i s comparatively 

new. In a p r e l i m i n a r y communication, t h i o u r e a was reported to e x h i b i t 

n u c l e o p h i l i c r e a c t i v i t y somewhat between that of bromide ion and iodide 
45 

ion f o r i t s r e a c t i o n toward NMNA . G r e a t e r d e t a i l s of the r e a c t i o n were 
46 

presented by Wi l l i a m s i n a l a t e r p u b l i c a t i o n , t h e e s s e n t i a l p o i n t s of 
which are d i s c u s s e d below. 

47 

H i s t o r i c a l l y , Storch was f i r s t to study 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 i n moderate c o n c e n t r a t i o n s of mineral a c i d s . Upon 

mixing s o l u t i o n s of a c i d i f i e d t h i o u r e a and n i t r o u s a c i d , he observed the 

formation of a s h o r t - l i v e d red c o l o u r a t i o n . The new product CC'-

dithiodiformamidinium ion, de p i c t e d below, was i s o l a t e d i n high y i e l d 

from the r e a c t i o n mixture. 

+ + 
( N H 2 ) 2 CSSC ( N H 2 ) 2 
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L a t e r , Werner showed that e i t h e r a red or a yellow coloured s o l u t i o n 

could be obtained depending upon the c o n c e n t r a t i o n of a c i d and that two 

sep a r a t e , but simultaneous r e a c t i o n pathways were e v i d e n t . One r e a c t i o n 
49 

was favoured at low a c i d i t y and one was favoured at high a c i d i t y :-

Low 
HN0„ + SC(NH V > H + + SCN" + N + H 0 2 2 2 . . 2 2 A c i d i t y 

High + + 
2H + + 2HN0 + 2SC(NH ) > < N Ho>o C S S C ( N H , ) 0

 + 2 N 0 + 2 H o ° 
A c i d i t y 

In a k i n e t i c i n v e s t i g a t i o n using a f a s t r e a c t i o n technique, Stedman 
50 

and co-workers concluded that the yellow colour was due to an i n i t i a l 
+ 

S - n i t r o s a t i o n to form the uns t a b l e i n t e r m e d i a t e ON-S = C(NH ) , which 
2 2 

slowly fades to y i e l d e i t h e r of the above products. 

For r e a c t i o n between t h i o u r e a and NMNA i n the absence of a n i t r i t e 
46 

t r a p Williams a l s o observed the formation of the t r a n s i e n t y e l l o w 

colour, and obtained the product CC -dithiodiformamidinium ion i n high 

y i e l d . The r e s u l t s suggest t h a t , as f o r r e a c t i o n with n i t r o u s a c i d , 

t h i o u r e a r e a c t s with the nitrosamine to give the S-nitroso-adduct, which 

subsequently decomposes to the d i s u l p h i d e , as shown i n the scheme 

below. 

K 
.+ ^ + 

PhN (Me)N0 + H _ PhNH(Me)N0 

k 2 
PhNH(Me)N0 + SC(NH ) ON-S = C(NH Q)_ + PhNHMe 

k-2 
k 

+ 3 + + 

ON-S = C ( N H 2 ) 2 ^> ( N H 2 } 2 C S S C ( N H 2 } 2 + 2 N ° 
(y e l l o w ) 
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The d i s s o l v e d n i t r i c o x i d e undergoes a e r i a l o x i d a t i o n t o f o r m 

n i t r o u s a c i d , and when a l l o f t h e t h i o u r e a has been consumed, t h e n l t r o -

samine i s e v e n t u a l l y r e g e n e r a t e d by the a c t i o n o f n i t r o u s a c i d on N-

m e t h y l a n i l i n e . I n deoxygenated s o l u t i o n s , r e - n i t r o s a t i o n o f t h e secondary 

amine c o u l d n o t be d e t e c t e d s p e c t r o p h o t o m e t r i c a l l y . 

I n t h e presence o f a n i t r i t e t r a p , however, no c h a r a c t e r i s t i c y e l l o w 

c o l o u r i s observed, and t h e major i s o l a b l e p r o d u c t i s N - m e t h y l a n i l i n e , 

the p r o d u c t o f d e n i t r o s a t i o n , r a t h e r t h a n t h e d i s u l p h i d e . Under these 

c o n d i t i o n s , t h e t r a p r e a c t s r a p i d l y and i r r e v e r s i b l y w i t h t h e n i t r o s y l 

t h i o u r e a adduct t o r e - f o r m t h i o u r e a , as o u t l i n e d below. 

K + 
H +

 + P h N ( M e ) N O ^ f : PhNH(Me)NO 

i PhNH(Me)NO + SC(NH ) ^ PhNHMe + ONSC(NH ) 2 2 2 2 

k 
+ 3 

ONSC(NH ) + X ^ S C ( N H ) + v a r i o u s d e c o m p o s i t i o n 
p r o d u c t s 

The k i n e t i c s o f t h e system were conducted under s t r i c t l y f i r s t -

o r d e r c o n d i t i o n s , w i t h £thiourea J >>> J n i t r o s a m i n e j and w i t h sodium 

a z i d e p r e s e n t i n s u f f i c i e n t excess t o p r e v e n t c o m p l i c a t i o n s from 

r e v e r s i b i l i t y . By a l t e r n a t e l y v a r y i n g t h e c o n c e n t r a t i o n s o f t h i o u r e a 

and a c i d , good f i r s t - o r d e r b e h a v i o u r w i t h r e s p e c t t o each was d e t e r m i n e d . 

Assuming a Hammett a c i d i t y dependence, as b e f o r e , f o r t h e i n i t i a l 

p r o t o n a t i o n , one may w r i t e : -

k = k K h [ Y~ ) o 2 ol J 
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The s l o p e o f t h e l i n e from t h e graph o f k Q a g a i n s t t h i o u r e a i s 

k„ K h , and s i n c e h i s a known q u a n t i t y t h e v a l u e f o r k K i s c a l c u l a t e d 2 o' o 2 

t o be 0.55. T h i s compares w i t h .63 f o r I ~ , .22 f o r SCN~, .0022 f o r Br~ 

and .000042 f o r CI . Thus, t h i o u r e a i s v e r y near i o d i d e i o n i n i t s 

n u c l e o p h i l i c r e a c t i v i t y , and i s a l s o i n l i n e w i t h Pearson's 'n' v a l u e s . 

The r e s u l t s l i e i n d i r e c t c o n t r a s t w i t h t h e r e l a t i v e l y s m a l l s p r e a d o f 

r a t e c o n s t a n t s f o r t h e r e a c t i o n o f these n u c l e o p h i l e s w i t h t h e n i t r o u s 

a c i d i u m i o n , where i t i s b e l i e v e d t h e r e a c t i o n r a t e s approach those 
38 

e x p e c t e d f o r a d i f f u s i o n - c o n t r o l l e d r e a c t i o n 
More r e c e n t l y , an e x t e n s i o n o f t h i s work t o o t h e r t y p e s o f n e u t r a l 

s u l p h u r s i t e s , i n c l u d i n g a number o f N - a l k y l t h i o u r e a s , was conducted by 
51 

H a l l e t t e t a l . . For convenience, t h e r e s u l t s are summarised i n T a b l e 2, 

a l o n g w i t h p r e v i o u s r e s u l t s , i n terms o f t h e i r r e l a t i v e r e a c t i v i t i e s . 

I t i s p o s t u l a t e d t h a t each n u c l e o p h i l e behaves s i m i l a r l y t o t h i o u r e a 

towards NMNA, i n t h a t t h e same r e a c t i o n scheme i s f o l l o w e d and t h a t 

r e a c t i o n o c c u r s a t t h e s u l p h u r atom. By mere i n s p e c t i o n o f the d a t a i n 

Table 2, i t i s a p p a r e n t t h a t t h e i n t r o d u c t i o n o f an S-methyl group f o r 

S - m e t h y l c y s t e i n e and m e t h i o n i n e i n c r e a s e s t h e r e a c t i v i t y o f n i t r o s a t i o n 

i n comparison w i t h t h e -CH SH group f o r c y s t e i n e and g l u t a t h i o n e . 

The s t r i k i n g f e a t u r e o f Tabl e 2 i s t h e s i m i l a r r e a c t i v i t y , w i t h i n 

e x p e r i m e n t a l e r r o r , o f t h e N - a l k y l t h i o u r e a s . I t i s t h o u g h t t h a t t h i s 

does n o t r e f l e c t a tendency o f the r e a c t i o n r a t e s toward t h e d i f f u s i o n -

c o n t r o l l e d l i m i t . I f t h i s were the case, t h e n a r e a s o n a b l e v a l u e f o r k^ 

would be 1.0 x 1 0 1 0 I raol_1s-1, l e a d i n g t o v a l u e o f -10 f o r t h e pK o f 
a 

NMNA. Wh i l e t h i s has never been measured d i r e c t l y , i t has been e s t i m a t e d 

t o be near -2. I n a d d i t i o n , t h e Pearson p l o t shows no i n d i c a t i o n o f 

l e v e l l i n g o f f a t t h e h i g h e r 'n' v a l u e f o r i o d i d e i o n , and a v a l u e o f 1.41 
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T a b l e 2 

N u c l e o p h i l e R e l a t i v e R e a c t i v i t y 

C h l o r i d e i o n 1 

C y s t e i n e 2 

G l u t a t h i o n e 3 

S - m e t h y l c y s t e i n e 35 

Bromide i o n 55 

M e t h i o n i n e 65 

T h i o c y a n a t e i o n 550 

T r i r a e t h y l t h i o u r e a 12250 

T h i o u r e a 13000 

N - m e t h y l t h i o u r e a 14250 

N - N ' - d i m e t h y l t h i o u r e a 14500 

T e t r a m e t h y l t h i o u r e a 14250 

I o d i d e i o n 15750 

f o r the s l o p e a f f i r m s t h e s e n s i t i v i t y o f NMNA t o t h e r e a c t i v i t y o f the 

n u c l e o p h i l e . R a t h e r , t h e p r e f e r r e d i n t e r p r e t a t i o n i s one i n w h i c h t h e 

c o n t r i b u t i o n from s t r u c t u r e s shown below t o s t a b i l i z e t h e p o s i t i v e charge 

on S and C i n t h e t r a n s i t i o n s t a t e i s n e g l i b l e . 

ON - S - C ^ 
\ N R 2 

I n such c i r c u m s t a n c e s , i n c r e a s e d N-methyl s u b s t i t u t i o n i s n o t e x p e c t e d 

t o s t a b i l i z e t h e t r a n s i t i o n s t a t e t o any g r e a t e x t e n t , and t h e t h i o u r e a s , 

t h e r e f o r e , e x h i b i t s i m i l a r r e a c t i v i t i e s . 
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D e n i t r o s a t i o n r e a c t i o n s so f a r have been c o n f i n e d t o aqueous media. 

I n c h a n g i n g s o l v e n t s f r o m water t o e t h a n o l , however, m^ny d i f f e r e n c e s 

o c c u r . C o n s i d e r t h e g e n e r a l scheme o u t l i n e d below. 

R* k R* NO k R 1 

2 
N - NO + H N + Y~ ^ .NH + NOY 

R k - l R H 

R 3 
X + NOY ^ p r o d u c t s 

A p p l y i n g t h e q u a l i t a t i v e t h e o r y o f s o l v e n t e f f e c t s proposed by 
52 

Hughes and I n g o l d a l l o w s p r e d i c t i o n s t o be made c o n c e r n i n g t h e r e l a t i v e 

magnitudes o f k ^ Y j and k ^. Simply, t h e t h e o r y s t a t e s t h a t t h e 

d e s t r u c t i o n and d i f f u s i o n o f charges w i l l be i n h i b i t e d by an i n c r e a s e 

i n t h e i o n - s o l v a t i n g power o f t h e medium. I n terms o f t h e above r e a c t i o n 

scheme, t h e e f f e c t o f an i n c r e a s e i n t h e i o n s o l v a t i n g a b i l i t y o f t h e 

s o l v e n t would t h e n be t o lower t h e magnitude o f k C o n v e r s e l y , a 

s o l v e n t o f l o w e r i o n i s i n g power would i n c r e a s e t h e magnitude o f k T h i s 

seems r e a s o n a b l e g i v e n t h e g r e a t e r degree o f s t a b a l i s a t i o n o f t h e 

p r o t o n a t e d form o f t h e n i t r o s a m i n e i n s o l v e n t s o f h i g h e r i o n i s i n g power. 

S i m i l a r l y , t h e e f f e c t upon k^ i s a l s o a r e t a r d i n g one i n s o l v e n t s 

o f g r e a t e r i o n i s i n g a b i l i t y , so t h a t i n moving t o a s o l v e n t o f g r e a t e r 

i o n i s i n g power w h i l s t m a i n t a i n i n g t h e c o n c e n t r a t i o n o f Y c o n s t a n t 

r e s u l t s i n a l o w e r i n g o f the magnitude o f k ^ Y J. I n c o n t r a s t , t u r n i n g 

t o s o l v e n t s o f l o w e r i o n i s i n g a b i l i t y w h i l s t k e e p i n g t h e c o n c e n t r a t i o n 

o f Y c o n s t a n t r e s u l t s i n an i n c r e a s e i n t h e magnitude o f k^Y J. 
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Although these e f f e c t s of the s o l v e n t a l t e r k I Y~] and k i n 

the same d i r e c t i o n , i t might be expected that the main e f f e c t operates 

on k s i n c e t h i s s t e p demands a gr e a t e r d e l o c a l i s a t i o n of charge. 

With the foregoing remarks i n mind, i t i s a n t i c i p a t e d that k ^ Y ] 

would become s i g n i f i c a n t l y g r e a t e r than k f o r the d e n i t r o s a t i o n of 

NMNA as the s o l v e n t i s changed from water to ab s o l u t e e t h a n o l . Indeed, 
53 

a study conducted by J o h a l et a l . on the d e n i t r o s a t i o n of NMNA i n 
_3 

e t h a n o l i c HC1 r e p o r t s t h a t the a d d i t i o n of 4.59 x 10 M NaBr produced 

no observable change i n 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 same 

co n c e n t r a t i o n of Br i n c r e a s e d the r a t e about f i v e - f o l d f o r r e a c t i o n 

i n aqueous s o l v e n t . The much more powerful n u c l e o p h i l e SCN a l s o had 

no e f f e c t on the r a t e of r e a c t i o n i n e t h a n o l i c s o l v e n t . 

These r e s u l t s demonstrate that the n u c l e o p h i l e p l a y s no d i r e c t 

r o l e i n determining the r a t e of r e a c t i o n . T h i s f u r t h e r suggests e i t h e r 

(a) t h a t l o s s o f NOY i s an u n a s s i s t e d unimolecular p r o c e s s , or (b) that 

the r a t e - d e t e r m i n i n g s t e p i s an e a r l i e r one i n the r e a c t i o n sequence, 

namely the pro t o n a t i o n . I t i s d i f f i c u l t to r a t i o n a l i z e a unimolecular 

s c i s s i o n of N0 + i n t h i s case, and, t h e r e f o r e , e x p l a n a t i o n (b) i s 

pr e f e r r e d . A k i n e t i c s o l v e n t isotope e f f e c t k /'.; _ of 3.8 i s i n 
L t UH Et UD 

f u l l support of a r a t e - c o n t r o l l i n g proton t r a n s f e r . Under these con­
d i t i o n s k |Y J >>> k and the r a t e e x p r e s s i o n for k i s d e s c r i b e d by:-

21 J —1 O 

k = k h o 1 x 

where h^ r e f e r s to some ap p r o p r i a t e a c i d i t y f u n c t i o n . D e n i t r o s a t i o n 
53 

of NDA in HCl/ethanol s o l u t i o n s behaved i n a s i m i l a r f a s h i o n to NMNA. 



CHAPTER 2 

The E f f e c t o f I n c r e a s i n g C o n c e n t r a t i o n s 

o f N u c l e o p h i l e s on t h e Mechanism o f 

D e n i t r o s a t i o n 
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2.1 I n t r o d u c t i o n 

I n t h e p r e c e e d i n g i n t r o d u c t i o n d i s c u s s i o n r e f e r r e d t o r e a c t i o n o f 

N - n i t r o s a m i n e s i n aqueous a c i d s o l v e n t i n t h e presence o f moderate 

c o n c e n t r a t i o n s o f v a r i o u s n u c l e o p h i l e s . Under such c o n d i t i o n s the 

r e a c t i o n i s s u b j e c t t o a c i d and n u c l e o p h i l e c a t a l y s i s , w i t h t h e s o l v e n t 

i s o t o p e e f f e c t k^ n/^n n * 1-0 s u p p o r t i n g a mechanism i n which the r a t e D 0 H_0 2 2 

i s governed by n u c l e o p h i l e a t t a c k upon t h e p r o t o n a t e d s u b s t r a t e . The 

work p r e s e n t e d i n t h i s c h a p t e r i n v e s t i g a t e s t h e e f f e c t o f t h e c o n c e n t r a t i o n 

and t h e n a t u r e o f t h e n u c l e o p h i l e i n much g r e a t e r d e t a i l . 
28 

C h a l l i s and Osborne f i r s t r e p o r t e d t h a t t he e f f e c t o f i n c r e a s i n g 
E tOH 

c o n c e n t r a t i o n s o f n u c l e o p h i l e i n 50% /HO s o l v e n t was t o make t h e 

observed f i r s t - o r d e r r a t e c o n s t a n t e s s e n t i a l l y independent o f t h e con­

c e n t r a t i o n o f such n u c l e o p h i l i c s p e c i e s . These o b s e r v a t i o n s o f C h a l l i s 

and Osborne f o r t h e d e n i t r o s a t i o n o f N - n i t r o s o d i p h s n y l a m i n e (NDA) were 
54 

c o n f i r m e d i n 100% aqueous s o l v e n t by Thompson u s i n g s u f f i c i e n t l y h i g h 
55 

c o n c e n t r a t i o n s o f bromide i o n and by H a l l e t t u s i n g b o t h bromide i o n 

and t h i o c y a n a t e i o n . 

A l l agreed t h a t t h e di s a p p e a r a n c e o f n u c l e o p h i l i c c a t a l y s i s a t h i g h 

c o n c e n t r a t i o n s o f t h e a p p r o p r i a t e n u c l e o p h i l e was t h e r e s u l t o f a s h i f t 

i n t h e r a t e - d e t e r m i n i n g s t e p t o an e a r l i e r one i n t h e r e a c t i o n pathway. 

Given t h e scheme 

k k 
1 + 2 n i t r i t e 

Ph 2NN0 + H+ Ph^NHNO + Y~ )> Ph^NH + NOY p r o d u c t s 
k t r a p 

t h i s must now mean t h a t t h e p r o t o n t r a n s f e r from t h e s o l v e n t t o t h e 
5 

n i t r o j a m i n e e f f e c t i v e l y becomes the r a t e - c o n t r o l l i n g f a c t o r . A s o l v e n t 

i s o t o p e e f f e c t k /k o f 0.8 f o r t h e d e n i t r o s a t i o n o f NDA a t h i g h D O H O 2 2 
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54 c o n c e n t r a t i o n s o f bromide i o n c o r r o b o r a t e s t h e i r h y p o t h e s i s 

An e x t e n s i o n o f t h i s t o i n c l u d e N - n i t r o s o - N - m e t h y l a n i l i n e f o r o t h e r 

n u c l e o p h i l e s and t o o f f e r f u r t h e r e v i d e n c e f o r t h e e x i s t i n g mechanism 

o f d e n i t r o s a t i o n i s p r e s e n t e d i n t h e pages t h a t f o l l o w . 

2.2 D e n i t r o s a t i o n i n t h e Presence o f High C o n c e n t r a t i o n s o f N u c l e o p h i l e 

2.2.1 D e r i v a t i o n o f t h e Rate E q u a t i o n 

Consider t h e r e a c t i o n scheme s e t f o r t h by W i l l i a m s : 

k 
1 ^ + 

SH + + PhN (Me)NO PhNH (Me )N0 + S 
k 
- 1 

R 2 
Y + PhNH (Me )N0 PhNHMe + NOY 

* 3 

NOY + X ^ v a r i o u s d e c o m p o s i t i o n p r o d u c t s 

where s = s o l v e n t and X = n i t r i t e t r a p . 

I n t h e presence o f an excess c o n c e n t r a t i o n o f n i t r i t e t r a p , X, 

Rate = k j Y~] [phNH(Me)No] 

Assuming t h a t [phNH(Me)Noj i s r e l a t i v e l y s m a l l and does n o t 

accumulate d u r i n g t h e c o u r s e o f t h e r e a c t i o n a l l o w s t h e a p p l i c a t i o n o f 

th e s t a t i o n a r y - s t a t e a p p r o x i m a t i o n . Thus, 

r a t e o f f o r m a t i o n = r a t e o f d e s t r u c t i o n 

£SH +] [phN(Me)N0j ^ = [ PhNH(Me)No] [s] k_ l + k 2 £ PhNH(Me)NO j [ Y ~ ] 
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so t h a t , 

+ k.JsH +]£phN(Me)No] 

[ PhNH (Me )NO j = [ s ] k ^ + [ Y " ] ^ 

The c o n c e n t r a t i o n o f s o l v e n t , £ SJ, i s n e c e s s a r i l y c o n s t a n t , and 

t h e r e f o r e i s i n c o r p o r a t e d i n t o k Hence, 

Rate 
k l k 2 [ Y ~ ] [ S H + ] [ p h N ( M e > N 0 ] 

k - l + K
2 [ Y 1 

However, s i n c e t h e observed f i r s t - o r d e r r a t e c o n s t a n t , k , i s d e f i n e d ' o' 
by: 

- d[phN(Me)N0] 
Rate = = k [phN(Me)Nol 

d t 

one may w r i t e , 

k k 2 [ Y - ] [ s H + ] 
k = — _ — 

k - l +

 k

2[Y1 
Two l i m i t i n g c o n d i t i o n s o f t h e above e q u a t i o n f o r k Q e x i s t : 

( 1 ) I f k
2 [ Y ] K < < k \' a k i n e t i c dependence upon b o t h t h e a c i d 

and 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 a r e ex p e c t e d , as k^ reduces t o : 

k-1 

T h i s i s t h e e x p e r i m e n t a l form f o r k^ observed by W i l l i a m s f o r low 

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 . 
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(2) I f k
2 [ Y J > > y k t n e k i n e t i c terras f o r n u c l e o p h i l i c 

c a t a l y s i s are removed from t h e r a t e e x p r e s s i o n , as k Q now becomes: 

k Q = k l [ S H + ] 

Thus, t h e r a t e o f r e a c t i o n f o r any one n i t r o s a m i n e i s dependent o n l y 

upon t h e c o n c e n t r a t i o n o f a c i d . 

2.2.2 The L i m i t i n g C o n d i t i o n kg £Y~] >>> k ^ 

R e a c t i o n s were c a r r i e d o u t i n aqueous s u l p h u r i c a c i d s o l v e n t w i t h 

sodium a z i d e p r e s e n t as t h e n i t r i t e t r a p i n s u f f i c i e n t excess t o p r e v e n t 

c o m p l i c a t i o n s f r o m r e v e r s i b i l i t y . Each i n d i v i d u a l k i n e t i c r u n showed 

good f i r s t - o r d e r b e h a v i o u r when l o g ( a - x ) a g a i n s t t i m e was p l o t t e d . The 

d a t a f o r bromide, t h i o c y a n a t e and t h i o u r e a are s e t o u t i n T a b l e s 3-5 

f o r k^ as a f u n c t i o n o f added n u c l e o p h i l e a t c o n s t a n t a c i d i t y and 

sodium a z i d e c o n c e n t r a t i o n s . 

C o nstant c o n d i t i o n s f o r each k i n e t i c e x p e r i m e n t : 

£ H
2

S 0
4 ] = - 4 7 6 M, [ N a N

3 ] = 3.1 x 1 0 ~ 3 M, £NMNA j = 1.0 x 10 _ 4M 

T a b l e _ 3 

£KBrj /M 1 0 ~ 4 k o ( s - 1 ) 

.8 11.1 

1.6 26,3 

2.2 46.7 

3.0 25.7 



- 30 -

T a b l e 4 

I O 2 [ S C ( N H 2 ) 2 ] / ^ 

1.2 

1.5 

1.8 

3.0 

4.0 

9.0 

12.8 

29. 3 

28.8 

39.7 

42.1 

48.8 

Table 5 

IO 2[KSCN]/M 

. 32 

.64 

.96 

1.27 
1.61 
3.21 
4.82 
6.83 
7 60 

16. 1 
19.1 
24.2 
38.2 
59.0 
76.4 
83.2 

103 
108 

4 -1 10 k s 1 

o 

46.2 

57. 1 

68. 9 

87 .2 

109 

159 

163 

185 

192 

196 

199 

201 

4 - l 10 k s 1 

o 

6.69 
12 .5 
18.0 
23.4 
26.6 
49.1 
63.4 
79. 8 
89.5 
136 
144 
154 
175 
184 
200 
195 
202 
202 
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These same d a t a a r e i l l u s t r a t e d g r a p h i c a l l y i n F i g u r e 1. C l e a r l y , 

k becomes independent o f t h e c o n c e n t r a t i o n o f b o t h t h i o c y a n a t e and o 
54 

t h i o u r e a . W h i l s t bromide s u c c e s s f u l l y reached t h e l i m i t f o r NDA , 

i t appears t o be i n s u f f i c i e n t l y r e a c t i v e toward NMNA as the r e q u i r e d 

h i g h c o n c e n t r a t i o n s o f i t s s a l t a c t u a l l y depressed k^. On the f l a t p a r t 

o f t h e c u r v e k
2 [ Y ] y > > k - l a n c i t n e r a t e e x p r e s s i o n i s g i v e n by:-

k Q = k l [ s H + ] 

Thus, s i n c e the same n i t r o s a m i n e i s used and s i n c e t h e a c i d i t y i s 

m a i n t a i n e d a t a c o n s t a n t l e v e l t h r o u g h o u t t h e s t u d y , the l i m i t t o 

w h i c h t h e d i f f e r e n t n u c l e o p h i l e s e x t e n d s h o u l d be t h e same, r e g a r d l e s s 

o f t h e r e a c t i v i t y o f each n u c l e o p h i l e . That t h i s i s p a t e n t l y t h e case 
-2 - 1 

i s e x h i b i t e d by t h e common l i m i t i n g v a l u e o f 2.0 x 10 s f o r t h i o u r e a 

and t h i o c y a n a t e i o n , a l t h o u g h d i f f e r e n t c o n c e n t r a t i o n s o f each were 

r e q u i r e d . 

P e r t i n e n t d e t a i l s o f r e a c t i o n s i n D„S0 - D O s o l v e n t a t h i g h and 
2 4 2 8 

low c o n c e n t r a t i o n s o f t h i o u r e a a re drawn up i n T a b l e 6. G e n e r a l l y , f o r 

a c i d c a t a l y s e d r e a c t i o n s t h a t proceed v i a : -
+ ^ 

S + H SH (1) 

SH + ^ p r o d u c t s ( 2 ) 

where S r e p r e s e n t s t h e s u b s t r a t e , t h e r e a re t h r e e p l a u s i b l e m e c h a n i s t i c 

c h o i c e s . These a r e d e s i g n a t e d as t h e A-S 2, A - 2 and t h e A - 1 
E 

mechanisms. The analogue o f t h e A - l mechanism, ' h i c h i n v o l v e s a slow 

u n i m o l e c u l a r r e a c t i o n o f t h e p r o t o n a t e d s u b s t r a t e i n s t e p 2, i s e l i m i n a t e d 

under t h e p r e s e n t c o n d i t i o n s by t h e o b s e r v a t i o n o f t h i o u r e a c a t a l y s i s . 
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T a b l e 6 

A c i d ^ T h i o u r e a j /M 

.478M H SO 
- 2 4 

.474M D SO 
- 2 4 

421 
431 

4 - 1 10 k (s ) o 

199 
126 

k /k V H 20 

.63 

.478M H 2S0 4 

, 470M D SO, 
— 2 4 

.030 

.031 

87.2 

94. 3 
1. 1 

.480M H SO, 
- 2 4 

.474M D SO, 
— 2 4 

.015 

.015 

56. ?. 

81.2 
1.4 

For an A-S 2 mechanism p r o t o n t r a n s f e r from t h e s o l v e n t t o t h e E 
s u b s t r a t e i s r a t e - c o n t r o l l i n g , and s t a t i s t i c a l m echanical c a l c u l a t i o n s 

p r e d i c t t h a t t h e s o l v e n t i s o t o p e e f f e c t k n/k w i l l be l e s s t h a n D„0 rl O 2 2 56 u n i t y . The v a l u e o f 0.63 f o r k /k a t h i g h c o n c e n t r a t i o n s o f 
2 2 

t h i o u r e a i s i n l i n e w i t h such a mechanism. I t appears, t h e r e f o r e , t h a t 

t h e i n i t i a l p r o t o n t r a n s f e r f r o m t h e s o l v e n t t o N - m e t h y l - N - n i t r o s o a n i l i n e 

i s indeed r a t e - d e t e r m i n i n g under t h e s t a t e d c o n d i t i o n s . There i s an 

e x t r a o r d i n a r i l y c l o s e analogy here between t h i s work and some s t u d i e s 

c a r r i e d o u t on t h e a c i d - c a t a l y s e d d e c o m p o s i t i o n o f carbamates, i n t h a t a 

r a t e - l i m i t i n g p r o t o n t r a n s f e r from t h e s o l v e n t t o t h e s u b s t r a t e i s a l s o 
75 

observed t o o c c u r . T h i s i s o t o p e e f f e c t compares f a v o u r a b l y w i t h t h a t 
o f 0.8 f o r d e n i t r o s a t i o n o f NDA at h i g h bromide i o n c o n c e n t r a t i o n s and w i t h 

57 58 
t h a t o f 0.5 f o r N - n i t r o s o a m i d e s ' and 0.7 f o r N - r a e t h y l - N - n i t r o s o t o l u e n e -

59 

p-sulphonamlde , where the i n i t i a l p r o t o n t r a n s f e r i s t h o u g h t t o be 

r a t e - d e t e r m i n i n g a t a l l 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 . 

The A-2 mechanism i s d e f i n e d by a f a s t , r e v e r s i b l e p r o t o n a t i o n 

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 s t e p w i t h some n u c l e o p h i l i c r e a g e n t i n 

s t e p 2 o f t h e above scheme. I t i s found t h a t these r e a c t i o n r a t e s 
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t y p i c a l l y proceed f a s t e r i n heavy water than i n l ^ g h t water by f a c t o r s 
60 

v a r y i n g from ^ 1.5 - 3.5 The s m a l l n e s s of the k o^H 0 r a t i o s i n 

2 2 

the p r e s e n t case f o r the lower t h i o u r e a c o n c e n t r a t i o n s may be taken to 

r e f l e c t the l i m i t i n g curve f o r k Q verus J t h i o u r e a ^ i n DgO, but 

g e n e r a l l y the r e s u l t s a r e c o n s i s t e n t with the A-2 mechanism for s p e c i f i c 

a c i d c a t a l y s i s . 

I t i s i n t e r e s t i n g to p o i n t out, however, t h a t l a r g e r isotope 

e f f e c t s are not n e c e s s a r i l y expected i f the second step shows an is o t o p e 

e f f e c t . T h i s could be the c a s e , f o r example, i f the pr o t o n a t i o n i n c l u d e d 

a s e r i e s of steps r a t h e r than the simple, s i n g l e - s t a g e protonation at 

the amine n i t r o g e n c e n t r e . 

A K A k A H Y~ , k 
\ ^ \ 1 y \ + / 2 

N - N = 0 + H+ N - N 7 N products / " / \ + / \ 7 

B F a s t B 0 F a s t B NO slow 

Under these c o n d i t i o n s , an i n c r e a s e i n the observed r a t e constant, due to 

an i n c r e a s e i n the e q u i l i b r i u m c o n c e n t r a t i o n of the 0-protonated s p e c i e s 

i n D SO -D 0 s o l v e n t , i s masked by the r e t a r d i n g e f f e c t of the r e -& 4 2 
arrangement process i n s t e p k Hence, the k_ 0 / k n r a t i o s may be 

1 D 20 H 20 

sm a l l e r than u s u a l . The s u b j e c t of pr o t o n a t i o n i s d i s c u s s e d more f u l l y 

i n s e c t i o n 2.3 of t h i s c h apter. 

2.2.3 N o n - l i m i t i n g C o n d i t i o n s 

In the intermediate ranges of 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 f o r 

th i o c y a n a t e and t h i o u r e a , n e i t h e r of the l i m i t i n g c o n d i t i o n s apply and 

the g e n e r a l form of the r a t e e x p r e s s i o n f o r k Q must now be used. 
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R e w r i t i n g t h i s e q u a t i o n i n t h e r e c i p r o c a l f o r m 

k 1 

k - i . 'I * 

s h o u l d t h u s y i e l d a l i n e a r l i n e f o r a graph o f k Q
 1 a g a i n s t ^ Y ] . Th 

d a t a l i s t e d i n T a b l e s 7 and 8 are t a k e n from t h e p r e v i o u s s e c t i o n , and 

a g r a p h o f k Q
 1 v e r s u s [ v ] 1 i s d e p i c t e d i n F i g u r e 2. Bromide i o n 

i s shown f o r comparison purposes. 

T a b l e 7 

83.8 216 

66.7 175 

55.5 145 

33.3 115 

25.0 91.7 

11.1 62.9 

7.81 61.3 

3.47 52.1 

4.93 54.1 

2.52 51.0 

2.38 50.3 

2.05 49.8 
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Table 8 

KSCN! - 1 k - 1 

L * o 

313 1495 
157 800 
105 556 

78. 7 427 
62.1 376 
3.12 204 

20.7 158 
15.5 125 
13.2 112 
6.21 76.9 
5.24 69.4 
4.13 65.0 
2. 62 57.1 
1.70 54.0 
1.31 50.0 
1.20 51. 3 
.971 49.5 
.926 49.5 

Such a p l o t i s indeed l i n e a r for each of the n u c l e o p h i l e s , with the 

v a l u e s for the sl o p e s and y - l n t e r c e p t s summarized i n Table 9. 

Table 9 

Nucleophile slope y - i n t e r c e p t 

Br~ 526 

SCN" 4.67 ± .004 52.8 ± .07 

S C ( N H 2 ) 2 1.98 ± .003 44.5 ± .10 
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The sl o p e s of the l i n e s r e p r e s e n t the value of ~ / k
1

k
2 [ S H + ] • a n d 

i n the case f o r bromide ion t h i s was obtained from the slope of k 
o 

a g a i n s t £ Br J. Si n c e k ^ and are n e c e s s a r i l y c o n s t a n t at any one 

a c i d i t y f o r a given nitrosamine, these values may be taken to y i e l d 

the f o l l o w i n g r a t i o s : -

k
2( S C N") 

k
2( B r") 

k
2 ( S C ( N H 2 )

2 ) 

k2 (MM-) 

113 

2.4 

In t h i s form the r a t i o s give an i n v e r s e measure of the r e l a t i v e 

r e a c t i v i t i e s of the n u c l e o p h i l e s , and these compare q u i t e w e l l with the 
- - 24 4 v a l u e s of SCN /Br = 100 and SC(NH ) /SCN = 2 . 5 obtained by Williams ' 2 it 

from measurements a t low 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 . The present value 
SCN - — 

of 113 f o r /Br" i s a l s o i n d i r e c t comparison w:\th the value of 5.4 
55 

for r e a c t i o n of NDA obtained by H a l l e t t , r e f l e c t i n g NMNA's gre a t e r 

d i s c r i m i n a t i o n between bromide and thiocyanate i o n s . 

The y - i n t e r c e p t i s given by Vk^SH +j. Given t h a t the a c i d i t y i s a 

known qu a n t i t y , the c a l c u l a t i o n of k̂ ( the bimolecular r a t e constant for 

r e a c t i o n between the proton and the nitrosamine, i s t h e r e f o r e p o s s i b l e . 

The d i f f e r e n c e i n the v a l u e s of the y - i n t e r c e p t s , rnd hence i n the values 

fo r k̂ , almost c e r t a i n l y l i e s i n a s i g n i f i c a n t degree of protonation of 

these n u c l e o p h i l e s at higher c o n c e n t r a t i o n s . The nominal a c i d i t y , 

t h e r e f o r e , was c o r r e c t e d i n the f o l l o w i n g way to make allowances. 

file://w:/th
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pK = - l o g K y a B a 

TOTAL ^ N u c l e o p h i l e j = Free | NucleophileJ + Protonated | NucleophileJ 

TOTAL TNucleophilej 
Protonated |Nucleophile = — — • — — 

I NaN j + Protonated | Nuc l e o p h i l e l 
C o r r e c t e d ^H 2S0 4 j = TOTAL [ ^ S O ^ - 1 — !: . 

The pKa v a l u e s of t h i o c y a n a t e 6 1 and thiourea** 2 are -0.701 and -1.19, 

r e s p e c t i v e l y . Assuming sodium a z i d e i s f u l l y protonated, and e x t r a ­

p o l a t i n g from the point on the graph where k Q reaches a l i m i t i n g value 

for the c o n c e n t r a t i o n s of t h i o c y a n a t e and t h i o u r e a , the c o r r e c t e d H + i s , 

approximately, .560 M for SCN~ and .600 for SC(NH ) The H + con-

c e n t r a t i o n was i n t e r p o l a t e d from a graph of H+M ag a i n s t H 2
S ° 4 M taken 

6 3 
from information reported by Robertson and Dunford, . Thus, 

3.5 x 10~ 2 I mol 1 s 1 k J s C N - ) 

k i | s C ( N H 2 ) 2 ] = 3.8 x 10~ 2 I m o l ~ 1 s " 1 

C l e a r l y , the determined value of i s independent of the c o n c e n t r a t i o n , 

as w e l l as the nature of the n u c l e o p h i l e . 

From c o n s i d e r a t i o n s of the b a s i c i t i e s of diphenylamine (pK . = 0.85) 
a 

and N-me t h y l a n i l i n e (pK = 4.85), i t i s a n t i c i p a t e d that the magnitudes 
a 

of k^ for NMNA should be s i g n i f i c a n t l y g r e a t e r than k^ f o r NDA. Un­

f o r t u n a t e l y , the pK va l u e s of ni t r o s a r a i n e s a r e not known, but i t i s 
a 

perhaps expected that they should show the same trend as the corresponding 

parent amines. In f a c t , the value f o r k^ for NDA as computed by 
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H a l l e t t i s 0.14 I mol s , a f a c t o r of 4 l a r g e r than that for NMNA. 
53 

In ethanol s o l v e n t , was a l s o l a r g e r f o r NDA by a f a c t o r of 5 . I t 

w i l l be r e c a l l e d that the i n c r e a s e d r e a c t i v i t y ^ 100, measured i n the 

form of the product K k i n water s o l v e n t was r a t i o n a l i s e d i n terms of 

enhanced n u c l e o p h i l i c a t t a c k due to the g r e a t e r e l e c t r o n withdrawing 

c h a r a c t e r of a phenyl group r e l a t i v e to a methyl group. I t now seems 

tha t t h i s cannot be the e n t i r e e x p l a n a t i o n . 

With t h i s apparent ambiguity i n mind, the study was extended to 

i n c l u d e s e v e r a l N - a l k y l a t e d N-nitroso-amlnes. 

2.3 D e n i t r o s a t i o n of a S e r i e s of N-alkyl-N - n i t r o s o a n i l i n e s 

2.3.1 I n t r o d u c t i o n 

R e a c t i o n s of s e v e r a l N - a l k y l s u b s t i t u e n t s have been examined with 

the express purpose of i n v e s t i g a t i n g the e l e c t r o n - d o n a t i n g e f f e c t s of 

the a l k y l groups on the r a t e of p r o t o n a t i o n . T h i s i s achieved by 

using high c o n c e n t r a t i o n s of t h i o u r e a and by conducting the r e a c t i o n 

i n e t h a n o l i c s o l v e n t . The s u b s t i t u e n t s are l i s t e d i n Table 10, along 
64 

with the pK v a l u e s of t h e i r r e s p e c t i v e parent amine taken from Smith 

Table 10 

N - a l k y l s u b s t i t u e n t (R) pk 
3. 

Me 4.85 

E t 5.11 

P r 1 1 5.02 

P r 1 5.77 
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Williams p r e v i o u s l y s t u d i e d these same s u b s t i t u t e d compounds i n 
16 

s u l p h u r i c a c i d c o n t a i n i n g sodium bromide . The r e a c t i o n s were c a t a l y s e d 

by both a c i d and bromide ion, and a t constant c o n c e n t r a t i o n s of each 

the r a t e s of r e a c t i o n i n c r e a s e d as the pK of the parent amine i n c r e a s e d . 
a 

A f a c t o r of 10 covered the r e a c t i v i t y range. Gi v e r the r e a c t i o n 

sequence 
K + n i t r i t e 

NRNA + H + * NRNAH + B r " > NRA + NOBr > decomposition 
^ products 

trap 

i t i s expected by i n c r e a s i n g N - a l k y l s u b s t i t u t i o n that K should be 

in c r e a s e d , w h i l s t k may be understood to be a f f e c t e d i n the opposite 

d i r e c t i o n . Although k may be a f f e c t e d a d v e r s e l y , i t appears from the 
tit 

data that the o v e r r i d i n g i n f l u e n c e i s exerted on K and that t h i s com­

ponent of k K i s t h e r e f o r e r e s p o n s i b l e f o r the observed range of 

r e a c t i v i t y . I t i s p r e d i c t e d , t h e r e f o r e , that t h i s ^ i n turn, should be 

r e f l e c t e d i n the val u e s of k^ . 

2.3.2 R e a c t i o n s u s i n g high c o n c e n t r a t i o n of thiourea 

R e s u l t s f o r k as a v a r i a t i o n of t h i o u r e a are recorded i n Tables 
o — — 

11-13, and presented g r a p h i c a l l y i n Figur e 3. The data for the methyl 

s u b s t i t u e n t may be found i n the pr e v i o u s s e c t i o n . 
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najNgj = a.iu x I U M, ^NhitWAj = 3.7b x 10 4" 

.2r 

H
2

S 0
4 ] = .479M, [NaN„l = 8.40 x 10"JM. [NEtNAl = 3.76 x 10 *M 

Table _11 

^NaN3j = 8.40 x 10"3M, £ NEtNAJ 

! [ S C ( N H 2 ) 2 ] 4 -1 10 K (S ) o 

1.64 138 
4.93 198 
8.22 220 

16. 4 231 
24.7 229 
44.1 240 
58.8 227 
73.5 235 

Table 12 

£ H 2 S 0 4 J = .479 M, ^NaN3] = 6.94 x 10~ 2 M, £ N-PI-^NA] = 3.34 x 10~ 3 M 

[ S C ( N H 2 ) 2 ] 4 -1 10*k ( s ) o 

1.64 209 
8.22 254 

16.4 247 
25.8 274 
38.7 260 
51.6 278 
58.1 282 
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Table 13 

H 2 S 0 4 j = .479 M, [NaN 3J = 8.40 x 10~ 3 M, [ N-Pr" NAl = 2.95 x 1 0 _ 4 M 

[SC(NH 2) 2] 10 4k ( s 1 ) o 

1.47 93. 4 
2.94 110 
4.92 128 
5.88 129 

12.3 140 
14. 7 145 
24.6 178 
36.9 177 
44. 1 144 
48.6 145 
61.5 146 

As f o r NMNA. the observed r a t e constant, k , f o r each nitrosamine > ' o 

becomes independent of added t h i o u r e a a t s u f f i c i e n t l y high c o n c e n t r a t i o n s , 

when k^ s i m p l i f i e s to: 

k o = k l [ S H
+ ] 

For moderate c o n c e n t r a t i o n s of t h i o u r e a the double r e c i p r o c a l p l o t s 

of k Q
 1 a g a i n s t [ t h i o u r e a ] 1 produced reasonably l i n e a r l i n e s , w ith 

k 1 
slope of _ 1 / k k f s H + l and y - i n t e r c e p t of ^k [SH + 1. The r e s u l t s are 1 21 * 1L » 
summarised in Table 14. 
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Table 14 

N-subst i t u e n t slope y - i n t e r c e p t 

Me 1.98 i .003 44.5 ± .1 

Et .523 ± .018 40.3 ± .5 

P r " .626 ± .080 66.1 ± 2.5 

P r 1 .200 ± .016 35.8 ± .4 

By maintaining the a c i d i t y at a constant c o n c e n t r a t i o n , the slopes 

of the l i n e s may be taken to c a l c u l a t e the r e l a t i v e r e a c t i v i t i e s of the 

s u b s t i t u t e d compounds r e l t v t i v e to NMNA in the form of the r a t i o : 

slope (Me) _ k
2

K ( R ) 

slope (R) k K(Me) 

The r e s u l t s t a b u l a t e d i n Table 15 are shown wi t h data obtained by 
42 

Williams for r e a c t i o n i n 2.15 M H 2S0 4 c o n t a i n i n g .24 M NaBr. While 

the trend i n r e a c t i v i t y i s not exact between the two, the agreement i s 

g e n e r a l l y q u i t e good. 

Table 15 

N- s u b s t i t u e n t R e l k ( S C ( N H
2 ) 2 ) R e l k ( B r ^ 

Me 1 1 

E t 3.8 2.2 

Pr 1 1 3.2 2.4 

P r 1 10 11 
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Consider the v a l u e s of the y - i n t e r c e p t s . C o r r e c t i n g the s o l v e n t 

a c i d i t y , as before, f o r the protonation of the high c o n c e n t r a t i o n s of 

t h i o u r e a (pK = -1.19), and assuming complete protonation of sodium 

azi d e , the v a l u e s f o r were computed. 

Table 

N - s u b s t i t u e n t 

Me 
E t 

16 
2 - l -1 10 ^ I mol s 

3.81 
4.21 
2.56 
4. 75 

On f i r s t i n s p e c t i o n , i t i s noted t h a t while the v a l u e s for k^ are 

i n the expected order, w i t h the e x c e p t i o n of the anomalous values of the 

n-propyl group, the spread of the v a l u e s i s r a t h e r s m a l l , and c e r t a i n l y 

does not r e f l e c t the o v e r a l l r e a c t i v i t y evident at moderate t h i o u r e a 

c o n c e n t r a t i o n s given i n Table 15, c o n t r a r y to p r e d i c t i o n s . T h i s suggests 

t h a t another f a c t o r a p a rt from the e l e c t r o n i c e f f e c t s of the a l k y l 

groups i s indeed making an important c o n t r i b u t i o n toward the r a t e of 

protonation. On f u r t h e r i n s p e c t i o n , i t i s noted that the i n d i v i d u a l 

magnitudes of k^ f a l l markedly below those expected for a simple s i n g l e -

stage protonation at the amino n i t r o g e n atom. These r e s u l t s w i l l be 

compared and d i s c u s s e d at g r e a t e r length with the r e s u l t s in the next 

s e c t i o n f o r r e a c t i o n s c a r r i e d out i n e t h a n o l . 

2.3.3. Reactions i n Ethanol Solvent 

R e a c t i o n s were conducted under s t r i c t l y f i r s t - o r d e r c o n d i t i o n s i n 

e t h a n o l i c HC1, wi t h | A s c o r b i c Acid] >>> Jnitrosamine] . L i n e a r p l o t s 

for log (a-x) a g a i n s t time were obtained i n the determination of each r a t e 



47 

constant. The i n d i v i d u a l r a t e constants are l i s t e d i n Tables 17-20, 

as a f u n c t i o n of added HC1, accompanied by values of H , an a c i d i t y 
65 

f u n c t i o n for HC1 i n ethanol given by Braude . C l e a r l y , the r e a c t i o n s 

are a c i d c a t a l y s e d . 

Table 17 

[ A s c o r b i c A c i d j = 4.22 x lO" 3*!, [NMNA] = 3.54 x 10~ 4M 

[ H C I ] -H +1 10 4k ( s _ 1 ; x o 

0 0 0 
.214 .711 33.8 
.414 1.01 85.9 
.615 1.18 157 
.813 1.31 222 

1.01 1.42 289 

Table 18 

[ A s c o r b i c A c i d j = 4.22 x 10 M, ^NEtNA j r; 2.12 x 10 

[HCI] -H + 1 1 0 \ ( S
_ 1 ) 

I J x 

0 0 0 
.128 .787 12.7 
.302 .867 75.2 
.597 1.18 191 
.901 1.35 339 

1.23 1.49 484 
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Table 19 

Ascorbic Acid] = 4.27 x 10~3M, fN-Pr" NA] = 2.12 x 10~ 4M 

^HCl]/M -H +1 
X 

4 -1 10 k Q ( g X ) 

0 0 0 
. 107 . 403 17.2 
.257 . 795 45 .2 
.502 1 . 09 113 
.758 1 .28 188 

1.01 1 .41 286 

Table 20 

^Ascorbic Acid] = 4.36 x 10 2M, J N - P r 1 N A ] = 2.28 x 10" 

^HClj/M 

3M 

-H +1 10 4k ( s " 1 ) x o 

0 0 0 
.264 .804 105 
.533 1.12 240 
.754 1.28 376 
1.05 1.43 540 

A t y p i c a l graph i s given i n F i g u r e 4 for NMNA i n the form k^ 

a g a i n s t h and h |C1 J, r e s p e c t i v e l y . The f i r s t p o int of i n t e r e s t i s 
X X I * 

observed from the g r a p h i c a l data i n t h a t the e f f e c t of changing s o l v e n t s 

from water to ethanol i s undoubtedly to make the protonation the r a t e -

determining stage, as a p l o t of k Q a g a i n s t nx£ci ] i s s i g n i f i c a n t l y 

curved, whereas the p l o t of k Q a g a i n s t h^ i s l i n e a r over the e n t i r e 

a c i d range. Under these c i r c u m s t a n c e s , for a l l c o n c e n t r a t i o n s of 
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c h l o r i d e ion, Y j >>> k ^, and the r a t e e x p r e s s i o n for k Q i s a p t l y 

d e s c r i b e d by 

k = k h o 1 x 

Thus, for each N - s u b s t i t u t e d nitrosamine the slope of the l i n e for 

each p l o t of k Q a g a i n s t h^ r e p r e s e n t s the a c t u a l value of k^. C a l ­

c u l a t i o n of the slop e s , v i a a l e a s t squares treatment, are summarised i n 

Table 21. 

Table 21 

2 -1 -1 N - s u b s t i t u e n t 10 k (£ mol s ) 1 

Me 1.14 ± .06 

Et 1.62 ± .08 

P r 1 1.11 ± .06 

P r " 2.03 + .07 

As for r e a c t i o n s s u b j e c t to high c o n c e n t r a t i o n s of t h i o u r e a , the 

range i n the k^ va l u e s i s extremely s m a l l , and the i n d i v i d u a l magnitudes 

of k^, too, l i e f a r below those expected for a s i n g l e - s t a g e protonation. 

Unquestionably, the above r e s u l t s are i n d i c a t i v e of a more complex 

stage of prot o n a t i o n . Indeed the great s i m i l a r i t y i n the e s t a b l i s h e d 

trend of r e a c t i v i t y for k^ between r e a c t i o n s i n ethanol and i n aqueous 

media c o n t a i n i n g high c o n c e n t r a t i o n of t h i o u r e a shown i n Table 22 

r e p r e s e n t s the most outstanding f e a t u r e of the study, f o r i t lends 

evidence to the c o n c l u s i o n that the r a t e - d e t e r m i n i n g s t e p of the 

protonation i s at l e a s t common to both experimental systems. 
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Table 22 

N - s u b s t l t u e n t k ^ h i g h t h i o u r e a ) k^EtOH) 

Me 1.0 1.0 

Et 1.1 1.4 

P r " .7 1.0 

P r 1 1.3 1.8 

Moreover, the p l o t s i n F i g u r e 5 f o r log k Q a g a i n s t -H^ are a l l approxi­

mately p a r a l l e l , i n d i c a t i n g that each of the N - a l k y 1 - N - n i t r o s o a n i l i n e s 

responds i n p r e c i s e l y the same way toward the step of pr o t o n a t i o n . 

One p l a u s i b l e m e c h a n i s t i c a l t e r n a t i v e to the simple one-stage 

protonation at the amine n i t r o g e n atom i s a two-step protonation, of the 

type o u t l i n e d below. 

N=0H R. .NO R 
N K Q 

* H 

H 

R~ KhNO 

^5 y 
» Products 
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Here a f a s t , i n i t i a l p rotonation occurs at the oxygen atom of the 

n i t r o s o group, followed by a slower, hence rate-determining, r e ­

arrangement to the amine ni t r o g e n c e n t r e . The r a t e - c o n t r o l l i n g step 

i s now r e p r e s e n t e d by k^, and the v a l u e s of k^ more a c c u r a t e l y d e s c r i b e 

a composite r a t e constant, i n c o r p o r a t i n g the product K k . C e r t a i n l y , 

3 , r 
t h i s o f f e r s a reasonable r a t i o n a l e for the small magnitudes of the ex-

28 

p e r i m e n t a l l y - d e r i v e d values of k^. C h a l l i s and Osborne f i r s t proposed 

such a scheme i n an attempt to e x p l a i n n e g l i b l e s o l v e n t isotope e f f e c t s 

at high h a l l d e ion c o n c e n t r a t i o n s for the i n d i r e c t t r a n s f e r of the 

n i t r o s o group from NDA to sodium a z i d e . 

P r o t onation of the nitroso-oxygen i s f u l l y c o n s i s t e n t with the w e l l 

known d i p o l a r c h a r a c t e r of N-nitrosamines, f i r m l y e s t a b l i s h e d by the 
66 67 work of P h i l l i p s and Karabatsos 

R. R. l\ X =.V 0 
N - N = 0 ^ ^ N = N \ / 

I I I 

These two isomes, I and I I , have been i s o l a t e d by TLC at low temperatures 
68 73 69 

' and by HPLC , and evidence that the d i p o l a r form makes a s i g n i f i c a n t 

c o n t r i b u t i o n to the s t r u c t u r e of N-nitrosamines i s presented by X-ray 
70 71 c r y s t a l l o g r a p h y and e l e c t r o n d i f f r a c t i o n s t u d i e s 

72 

Kuhn and Mclntyre o f f e r evidence from nmr i n v e s t i g a t i o n s of N,N-

d i a l k y l n i t r o s a m i n e s i n s o l u t i o n s of f l u o r o s u l p h u r i c a c i d that only one 

proton i s captured by the nitrosamine and t h a t the s i t e of p rotonation 

i s the oxygen atom of the n i t r o s o group r a t h e r than the n i t r o g e n c e n t r e . 
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However, other protonation s t u d i e s by J a f f # and h i s co-workers 

l e d them to conclude that there are at l e a s t four s p e c t r o s c o p i c a l l y 

d i s t i n g u i s h a b l e protonated s p e c i e s p r e s e n t i n aqueous s u l p h u r i c a c i d 

s o l u t i o n s , with the proportions of each dependent upon the c o n c e n t r a t i o n 

of a c i d , although t h e i r p r e c i s e s t r u c t u r e s were not given. In non-polar 

s o l v e n t s they a l s o observed the e x i s t a n c e of two protonated nitrosamines, 

both of which are a r e s u l t of hydrogen bonding with the u n d i s s o c l a t e d 

a c i d , f i r s t a t the O - s i t e of the n i t r o s o group and then a t the O - s i t e 
74 

and the n i t r o g e n c e n t r e , simultaneously 

I t must be s t a t e d , t h e r e f o r e , that w h i l e the above proposal for 

a two-stage protonation s a t i s f a c t o r i l y accounts f o r the present 

experimental o b s e r v a t i o n s , i t may not n e c e s s a r i l y be a p p l i c a b l e to 

other experimental c o n d i t i o n s . In p a r t i c u l a r , i t may w e l l be, for 

example, th a t the s i t e of p r o t o n a t i o n i s h i g h l y dependent upon the 

s o l v e n t a c i d i t y , with O - s i t e protonation predominating at lower a c i d i t i e s 

and d i r e c t protonation at the amine nitro g e n becoming important at higher 

a c i d i t i e s . 

In the l a c k of f u r t h e r e x p e r i n e n t a l evidence, no d e f i n i t e c o n c l u s i o n s 

concerning the s i t e of p r o t o n a t i o n may be reached. However, whatever 

the complexity of the protonation of N-nitrosamines, and i r r e s p e c t i v e 

of whether or not i n i t i a l p r o t o n a t i o n occurs at the oxygen atom of the 

n i t r o s o group, i t i s c u r r e n t l y held that the a c t i v e protonated s p e c i e s 

l e a d i n g to d e n i t r o s a t i o n i s the N-protonated form. 



CHAPTER 3 

D e n i t r o s a t i o n of D tL-N-Acetyl-N-

Nitrosotryptophan 
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3.1 I n t r o d u c t i o n 

Tryptophan ( I ) , R = -CH CH(NH )C0 H i s one of the many e s s e n t i a l 

n a t u r a l l y o c c u r r i n g amino a c i d s found i n a v a r i e t y of foods, and i s 

known to be a p r e c u r s o r of se r o t o n i n , a r e g u l a t o r of g a s t r i c j u i c e 

s e c r e t i o n 

HNO-

I I I NO 
NHCOCH 

R= "CH2CHC00H 
3 

To avoid c o m p l i c a t i o n due to p o s s i b l e a t t a c k i n the s i d e chain R, lea d i n g 

to deamination, the N - a c e t y l d e r i v a t i v e was used throughout the study. 

The n i t r o s a t i o n of D,L-N-acetyltryptophan ( I ) (NAT) y i e l d s the N-

n i t r o s o d e r i v a t i v e I I (NANT), where s u b s t i t u t i o n takes p l a c e at the r i n g 
77 

i n d o l e n i t r o g e n atom . The methyl e s t e r of I behaves s i m i l a r l y . These 

n i t r o s a m i n e s which are model compounds f o r n i t r o s a t i o n s t u d i e s of peptides 
78 

and p r o t e i n s have been shown to be mutagenic, suggesting that n i t r o s a t i o n 

of s i d e c h a i n s of a-amino a c i d s may be important i n the a e t i a l o g y of 

cancer of the g a s t r o i n t e s t i n a l t r a c t . In c o n t r a s t to n i t r o s a m i n e s 
79 

g e n e r a l l y , the ni t r o s o - t r y p t o p h a n d e r i v a t i v e s do not r e q u i r e e x t e r n a l 

metabolic a c t i v a t i o n such as enzymatic h y d r o x y l a t i o n before becoming 

b i o l o g i c a l l y a c t i v e . I t seems important and r e l e v a n t to the p o s s i b i l i t i e s 

of n itrosamine - induced c a r c i n o g e n e s i s i n humans to examine n i t r o s o -

tryptophan d e r i v a t i v e s as p o t e n t i a l n i t r o s a t i n g agents. Such a k i n e t i c 

a n a l y s i s i s presented and d i s c u s s e d i n t h i s chapter f o r the d e n i t r o s a t i o n 

of NANT . 
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80 There a r e two d i s t i n c t c l a s s e s of nitroso-compounds , the N-

ni t r o s a m i n e s and the N-nitrosoamides. The l a t t e r are N-nitrosoamlnes 

where one of the s u b s t i t u e n t s i s an a c y l group; because the same ch a r a ­

c t e r i s t i c s are found when one of the s u b s t i t u e n t s s a s u l f o n y l group, 

these compounds may a l s o be considered to f a l l w i t h i n the category of 

nitrosoamides. The o v e r a l l mechanism f o r N-nitrosamines was d i s c u s s e d 

i n c o n s i d e r a b l e d e t a i l i n the i n t r o d u c t i o n , and some f i n e r m e c h a n i s t i c 

f e a t u r e s were d i s c u s s e d i n chapter 2. G e n e r a l l y , f o r r e a c t i o n i n 

aqueous media the d e n i t r o s a t i o n of nitr o s a m i n e s are c h a r a c t e r i s e d by 

a c i d and n u c l e o p h i l e c a t a l y s i s , with a s o l v e n t isotope e f f e c t H 0/k 

of 0.3 arguing i n favour of a rate-determining a t t a c k by a n u c l e o p h i l e 

on the protonated form or the n i t r o s a m i n e . 

N-nitrosoamides, however, a l l undergo d e n i t r o s a t i o n with a c i d 

c a t a l y s i s but without any k i n e t i c dependence upon the c o n c e n t r a t i o n or 

nature of the n u c l e o p h i l e . F u r t h e r , a l l show k i n e t i c s o l v e n t isotope 
81 

e f f e c t s w i t h i n the range 1.5 - 1.9 . T h i s p a t t e r n of behaviour has a l s o 

been accomplished f o r n i t r o s a m i n e s , as shown for NMNA i n the previous 

chapter, by r e a c t i o n at high c o n c e n t r a t i o n s of a s u f f i c i e n t l y r e a c t i v e 

n u c l e o p h i l e and f o r r e a c t i o n i n ethanol s o l v e n t . 

I n t e r e s t i n g l y , the d e n i t r o s a t i o n of NANT(II) follow the pa t t e r n s e t 

by n i t r o s a m i n e s a t very low a c i d i t i e s i while behaving as a nitrosamide 

at the higher a c i d i t i e s . The pre s e n t study of NANT was c a r r i e d out over 

a range of a c i d i t y and i n the presence of v a r i o u s n u c l e o p h i l e s . The 

f i r s t - o r d e r r a t e constant, k , i s d e f i n e d by:-

and i n p r a c t i c e good f i r s t - o r d e r behaviour i n NANT was always observed, 

[ NANT J f NANTJ 
dt 
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as v e r i f i e d by the l i n e a r i t y of the log (a-x) versus time p l o t s f o r each 

k i n e t i c experiment. 

3.2 R e a c t i o n s i n S u l p h u r i c Acid 

3.2.1 The E f f e c t of a N i t r i t e Trap 

The v a r i a t i o n of k with added sodium a z i d e , a t the constant a c i d i t y 
o ' J 

-2 
of 3.96 x 10 M H SO i s given i n Table 23. In t h i s c o n c e n t r a t i o n 
range and under these experimental c o n d i t i o n s i t i s known that sodium 

36 
a z i d e i s an e x c e l l e n t trap for f r e e n i t r o u s a c i d 

Table 23 

10 3[NaN 3 j 1 0 4 k o ( s - 1 ) 

0 32.4 

3.38 29.2 

6.75 30.9 

13.5 30.1 

I t i s c l e a r t h a t k i s independent of the sodium a z i d e c o n c e n t r a t i o n , o 

demonstrating t h a t under these c o n d i t i o n s the r a t e of the r e v e r s e r e a c t i o n , 

N - n i t r o s a t i o n of NAT, i s i n s i g n i f i c a n t l y s m a l l compared with that of 

d e n i t r o s a t i o n . T h i s c o n c l u s i o n i s a l s o borne out by the f a i l u r e of 

added NAT to reduce the observed v a l u e s of k , as d i s c u s s e d i n s e c t i o n 
o' 

3.2.4. Under these circumstances, the presence of a n i t r o u s a c i d t r a p 

should have no e f f e c t on the r a t e of d e n i t r o s a t i o n . In c o n t r a s t , the 

r a t e s of r e a c t i o n f o r NMNA3^ and NDA3^ showed a marked dependency upon 

the sodium a z i d e c o n c e n t r a t i o n , u n t i l a s u f f i c i e n t c o n c e n t r a t i o n was 

reached at which the r e a c t i o n became i r r e v e r s i b l e and independent of 

a d d i t i o n a l i n c r e a s e s i n c o n c e n t r a t i o n . 
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A s i m i l a r t r a p dependency, however, was found i n the case of the 
59 

nitrosoamides. For example, Williams found the r a t e of d e n i t r o s a t i o n 

f o r N-methyl-N-nltroso-p-sulphonamide to be independent of sulphamic 

a c i d , and C h a l l i s and h i s co-workers too found the r a t e s of r e a c t i o n f o r 
57 58 N-n-butyl-N-nitrosoacetamide and N-nit r o s o - 2 - p y r r o l i d o n e to be 

independent of the c o n c e n t r a t i o n of n i t r o u s a c i d t r a p , i n t h e i r case 

s u l p h a n i l a m i d e . 

Apart from a n e g l i b l y slow r a t e f o r the r e v e r s e r e a c t i o n , a second 

reason f o r the independence from the n i t r i t e t r a p c o n c e n t r a t i o n may be 

due to a competing pathway to d e n i t r o s a t i o n which does not in v o l v e the 

r e l e a s e of k i n e t i c a l l y f r e e n i t r o u s a c i d . T h i s s i t u a t i o n i s observed 

for the decomposition of the two nitrosoamides s t u d i e d by C h a l l i s and co­

workers, where d e n i t r o s a t i o n i s accompanied and sometimes dominated by 

the concurrent pathway of deamination. 

To i n v e s t i g a t e the p o s s i b i l i t y of an a l t e r n a t i v e , competing pathway 

for the d e n i t r o s a t i o n of NANT, a t y p i c a l run was c a r r i e d out i n the 

presence of an excess of p - c h l o r a n i l i n e to determine the t o t a l r e l e a s e 

of n i t r o u s a c i d . A f t e r ten h a l f l i v e s , an a l i q u o t c o n t a i n i n g the r e s u l t a n t 

diazo compound, produced by the r e a c t i o n between p - c h l o r o a n i l i n e and the 

f r e e n i t r o s a t i n g agent, NOY, was removed and coupled with an excess con­

c e n t r a t i o n of 2-Napthol-3,6-di sulphonic a c i d i n borax. The r e s u l t i n g 

absorbance from the red azo dye was measured a t 500 nm (log z = 4.34). 

Based upon the i n i t i a l c o n c e n t r a t i o n of NANT, the y i e l d of n i t r o u s a c i d 

was 101%. Moreover, the r a t e constant, k f o r t h i s p a r t i c u l a r r e a c t i o n 
-2 -4 -1 con t a i n i n g 3.96 x 10 M ^SO^ was 31.1 x 10 s , i n e x c e l l e n t agreement 

with the data i n Table 23. 
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Thus, the d e n i t r o s a t i o n of NANT i s e n t i r e l y q u a n t i t a t i v e under these 

c o n d i t i o n s , r u l i n g out any k i n e t i c c o m p l i c a t i o n s due to an a l t e r n a t i v e 

r e a c t i o n pathway and confirming the i r r e v e r s i b i l i t y of the r e a c t i o n . 
59 

In t h i s r e s p e c t , NANT resembles MNTS , which a l s o gave q u a n t i t a t i v e 

r e l e a s e of n i t r o u s a c i d i n a c i d s o l u t i o n . 

3.2.2 V a r i a t i o n of k Q w i t h { NucleophileJ 

A number of k i n e t i c runs c o n t a i n i n g v a r i o u s n u c l e o p h i l e s i n v a r y i n g 

c o n c e n t r a t i o n s were c a r r i e d out to determine the exact r o l e of the n u c l e o p h i l e 

i n the d e n i t r o s a t i o n of NANT. Since the r e a c t i o n was formally shown to 

be independent of the n i t r i t e trap c o n c e n t r a t i o n , the present r e a c t i o n s 

were conducted i n the absence of such s p e c i e s , although i t was added to 

some runs as a check. The r e s u l t s are t a b u l a t e d i n Table 24 f o r 
-2 r e a c t i o n at 3.96 x 10 M H SO . - 2 4 

Table 24 

^Nucleophilej 10 4k ( s - 1 ) o 

32 .4 

4.15 x 10~ 3 M KBr 32.1 

20.7 " " " 31.8 

41.5 " " " 30.9 

8.0 x 10 ~ 3 M KSCN 34.6 

16.0 " " " 32.9 

24.0 " " " 33.7 

9.38 x 10~ 3 M SC(NH ) 33.3 * 

18.8 " " " 33.2 
-2 

* c o n t a i n i n g 1.69 x 10 M NaN 



- 60 -

C l e a r l y , the a d d i t i o n of the n u c l e o p h i l e s produced no c a t a l y t i c 

e f f e c t on the r a t e of r e a c t i o n , i n comparison with NMNA and NDA 

where s i m i l a r c o n c e n t r a t i o n s produced s u b s t a n t i a l i n c r e a s e s in k . 
o 

-4 
For example, the a d d i t i o n of 9.5 x 10 KSCN i n c r e a s e d the r a t e of 

24 
r e a c t i o n f o r NMNA by a f a c t o r of 96, and for the more r e a c t i v e 

82 

NDA the a d d i t i o n of 3.8 x 10 M KSCN i n c r e a s e d the r a t e 9 f o l d . 

Another important m e c h a n i s t i c o b s e r v a t i o n , t h e r e f o r e , i s 

that the n u c l e o p h i l e p l a y s no d i r e c t r o l e i n determining the r a t e of 

r e a c t i o n . In c o n j u n c t i o n with the pre v i o u s s e c t i o n , t h i s means that 

n e i t h e r the a t t a c k by the n i t r o u s a c i d on the n i t r i t e t r a p nor 

the r e l e a s e of n i t r o u s a c i d from the conjugate a c i d complex i s 

k i n e t i c a l l y s i g n i f i c a n t . I n s t e a d , an e a r l i e r step in the r e a c t i o n 

pathway must now be rate-determining, namely the protonation. In 

t h i s way, the d e n i t r o s a t i o n of NANT behaves g e n e r a l l y as a n i t r o -

soamide, where the absence of n u c l e o p h i l i c c a t a l y s i s has been w e l l 
81 

documented f o r s e v e r a l compounds 

With r e f e r e n c e to the scheme below, t h i s d i f f e r e n t behaviour 

for nitrosoamides i s explained as fo l l o w s . I t was shown i n the 

l a s t chapter for nit r o s a m i n e s t h a t the presence or 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 governed by the i n e q u a l i t i e s k >>> 

k 2 [ Y - j and k_ x « < k 2 [ Y " ) 

k k 1 v + 2 
. + — — ^ R. R NNO + H R R NHNO + Y~ R R_ NH + NOY 

1 X •< I 2. ' \ L 
k •1 

I t appears for n i t r o s a m i n e s g e n e r a l l y i n aqueous a c i d i c s o l v e n t at 

low 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 t h a t the former i n e q u a l i t y a p p l i e s , 
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l e a d i n g to a f i r s t - o r d e r dependence upon^Y^; whereas f o r n i t r o -

soamides the zero-order dependency upon^Y j i s r a t i o n a l i s e d in terms 

of the p o w e r f u l l y electron-withdrawing s u b s t i t u e n t s = 0 and 

-SO -, both of which s e r v e to i n c r e a s e markedly the value f o r k 

such t h a t the l a t t e r i n e q u a l i t y a p p l i e s f o r a l l c o n c e n t r a t i o n s of 

^Y^. Independence from £Y j f o r n i t r o s a m i n e s i s a l s o accomplished 

by working i n the l e s s p o l a r s o l v e n t ethanol and by working at high 

c o n c e n t r a t i o n s of powerful n u c l e o p h i l e s , such as SCN or SC(NH ) 

thus i n c r e a s i n g k g [ Y 1 r e l a t i v e to k ^. T h i s e x p l a n a t i o n i s con­

s i s t e n t with the dependence of k^ upon £ Y jor otherwise, and a l s o with 

the simultaneous change i n the k i n e t i c s o l v a n t isotope e f f e c t s . 

However, s i n c e the a t t a c k by the n u c l e o p h i l e i s p o s t - l i m i t i n g , 

the k i n e t i c a n a l y s i s does not a l t o g e t h e r r u l e out a unimolecular l o s s 
+ 

of NO from the protonated form of the nitrosoamide. I t could w e l l 

be, f o r example, t h a t the N-N bond i s c o n s i d e r a b l y weakened by 

the 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 to such an extent that there 

i s e x t e n s i v e bond breaking i n the t r a n s i t i o n s t a t e , so that i t 

resembles more of the f i n a l s t a t e and no n u c l e o p h i l i c c a t a l y s i s 

t h e r e f o r e i s observed. 

D i r e c t evidence f o r the e x i s t e n c e of a r a t e - l i m i t i n g proton 

t r a n s f e r from the s o l v e n t to NANT comes from the s o l v e n t deuterium 

isotope e f f e c t s . The experimental d e t a i l s are drawn up i n Table 25, 

and are a l s o r epresented g r a p h i c a l l y i n F i g u r e 6 along with r e a c t i o n s 

in H 2S0 4 - H 20. 
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T a b l e 25 

[D 2SOJ I O 4 ^ " 1 ) 

1 0 5 39.8 

7 6 9 138 

8 2 7 

From the s l o p e s of the two i n d i v i d u a l p l o t s i n F i g u r e 6, 

the isotope e f f e c t H o/Vo i s 1.3, i n f u l l support of a r a t e -ja 2 

c o n t r o l l i n g proton t r a n s f e r and arguing a g a i n s t a f a s t pre-

e q u i l i b r i u m formation of the conjugate a c i d complex of NANT, as i s 

the case f o r other n i t r o s a m i n e s a t low 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 . 

T h i s isotope e f f e c t i s perhaps s m a l l e r than that expected, but i t 

does agree reasonably w e l l with other r e a c t i o n s b e l i e v e d to undergo 
59 

a r a t e - l i m i t i n g proton t r a n s f e r , such as 1.5 f o r MNTS , 1.6 for 

NMNA at high t h i o u r e a c o n c e n t r a t i o n s , and 1.9 f o r N - n i t r o s o - 2 -

p y r r o l i d o n e 
83 84 

I t i s known, w i t h the e x c e p t i o n of one or two cas e s ' th a t 
proton t r a n s f e r to both oxygen and n i t r o g e n bases i s t y p i c a l l y 

85 

f a s t , often o c c u r r i n g a t 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 . The 

slow proton t r a n s f e r f o r nitrosoamides i s thought t o be r e f l e c t e d 

i n the extremely low b a s c i s i t y of these compounds. For example, 

c o n s i d e r the nitrosoamide MNTS. Benzene sulphonamide i t s e l f has a 
86 

pK value of approximately -7, and the n i t r o s o group i s expected 
£1 

to reduce t h i s value by s e v e r a l u n i t s . Thus, the amino n i t r o g e n 

atom i s very weakly b a s i c , and the r a t e of protonation i s expected 

to l i e c o n s i d e r a b l y below 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 . I t i s 

worth bearing i n mind, however, the proposal presented i n the 
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pre v i o u s chapter f o r n i t r o s a m i n e s f o r a two-stage protonation, as 

the N-protonated form of the nitrosoamide may a r i s e by a s i m i l a r 

type of 0 — ^ N rearrangement. 

C l e a r l y , as f o r nitrosoamides, the s t r u c t u r e of NANT i s such as 

to pr e d i s p o s e i t toward a r a t e - l i m i t i n g proton t r a n s f e r from the 

s o l v e n t . U n l i k e n i t r o s a m i n e s and nitrosoamides, where the a c t i v e 

protonated form l e a d i n g to d e n i t r o s a t i o n i s the N-protonated one, a 

more l i k e l y s i t e f o r protonation at these a c i d i t e s in case of the 

tryptophan d e r i v a t i v e i s i n f a c t a t the C-3 p o s i t i o n of the indole 

r i n g . Furthermore, t h i s s i n g l e f e a t u r e i s h e l d to be r e s p o n s i b l e 

f o r the n i t r o s o a m i d e - l i k e c h a r a c t e r of NANT under these experimental 

c o n d i t i o n s . 

Evidence f o r p r o t o n a t i o n at the C-3 p o s i t i o n comes from UV 

and NMR s p e c t r o s c o p i c s t u d i e s of i n d o l e s i n strong a c i d i c s o l u t i o n s , 

i n which the p r i n c i p a l conjugate a c i d i s shown to be the C-3 
87 88 

protonated isomer, even w i t h a s u b s t i t u e n t a t C-3 ' Moreover, 

b a s c i s i t y s t u d i e s of a number of i n d o l e s l e d Hlnman and Lang to 

conclude t h a t the UV s p e c t r a o f a number of p a r t i a l l y protonated 

i n d o l e s are compatible w i t h j u s t two s p e c i e s , the fr e e base form 

and the C-3 conjugate a c i d , and that no s i g n i f i c a n t protonation a t 
89 

the n i t r o g e n atom occurs . T h i s i s c o n s i s t e n t w i t h the b a s i c 
90 

s t r u c t u r e of i n d o l e s , where the unshared p a i r of e l e c t r o n s on 

the n i t r o g e n atom are e x t e n s i v e l y d e l o c a l i s e d to the carbon atoms 

of the r i n g , p a r t i c u l a r l y to C-3. Indeed t h i s simple c h a r a c t e r i s t i c 

c o r r e c t l y p r e d i c t s some of the most fundamental chemical p r o p e r t i e s 

of the in d o l e r i n g . 

With the foregoing remarks i n mind, the scheme below o u t l i n e s 

two of the p o s s i b l e m e c h a n i s t i c a l t e r n a t i v e s i n which the r e l e a s e 
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of N0 + from the conjugate a c i d of NANT occurs e i t h e r (a) by n u c l e o ­

p h i l i c a s s i s t a n c e or (b) by a unimolecular p r o c e s s . In a l t e r n a t i v e 

( a ) i t i s understood that the water molecule a c t s as the e f f e c t i v e 

n u c l e o p h i l e , Y , i n the absence of any added n u c l e o p h i l e . 

R R H 

N N N 
NO NO NO 

a R H R H 
>NOY + + / N 

HO* y 

R 

N Z1 H 
b / R H R H 

K + > NO N N 
NO 
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Assuming an h Q a c i d i t y dependence, a l t e r n a t i v e (a) l e a d s t o an 

e x p r e s s i o n f o r k Q given by:-

k 
k l k 2 h o [ Y 1 

° k - l +
 k

2 [ Y 1 

which accounts for the zero-order behaviour in£y~Jonly i f k 2 [ Y ~ ] 

k when k reduces to -1 o 

k = k h o 1 o 

the form observed e x p e r i m e n t a l l y . 

A l t e r n a t i v e (b) accommodates the experimental o b s e r v a t i o n s without 

the n e c e s s a r y i m p o s i t i o n of a l i m i t i n g c o n d i t i o n , as k Q i s d e s c r i b e d 

by:-

k - k l k 3 h o 

° k - l + k 3 

Thus, s i n c e the same k i n e t i c r e l a t i o n s h i p i s e s t a b l i s h e d f o r both 

mechanisms, namely a f i r s t - o r d e r dependence upon h Q and indedendence 

upon [ Y ] , i t i s n°t p o s s i b l e to make a f i r m c o n c l u s i o n as to which i s 

o p e r a t i o n a l under these experimental c o n d i t i o n s . On the other hand, 

s i n c e there i s no compelling evidence to suggest why n u c l e o p h i l i c 

p a r t i c i p a t i o n by Y might not be n e c e s s a r y i n t h i s , and other, 

s i t u a t i o n s a l t e r n a t i v e (a) i s the p r e f e r r e d scheme. 

The k i e n t i c evidence here i s a l s o i n accord w i t h a one step mechanism 

given by: 
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NO N NH + NO ' 1 
H 

in which NO+ is expelled simultaneously with H + attack. I t would, 

however, be d i f f i c u l t to explain a change even to this mechanism for 

nitrosamines at high concentrations of thiocyanate and thiourea, where 

the same experimental characteristics are found as for nitrosoamides 

and here now for NANT. In that case, i t seems clear that the rate-

l i m i t i n g step must change to an e a r l i e r one as a result of an increase 

in £Y J . This effe c t should be more pronounced for the most powerful 

nucleophiles, as shown i n chapter 2 for NMNA. 

3.2.3 The Variation of k w i t h T f r S o l o l 2 4J 

To confirm the presence of acid catalysis, reactions were carried 

out over a range of sulphuric acid concentrations, given i n Table 26. 

The corresponding h Q values were interpreted from data given by 
63 

Robertson and Dunford 

Table 26 

10 2[H„S0 "j/M h 104k ( s ~ l ) I 2 4J — o o 

3.96 .051 32.4 
7.92 .109 40.4 
9.90 .137 44.3 
15.8 .218 54.1 
29.7 .418 76.7 
59.4 .927 141 
69.3 1.10 160 * 
119 2.37 315 

•containing 7.43 x 10 M NaN 
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A graph of k Q against [ H +] deviated s i g n i f i c a n t l y from l i n e a r i t y 

at the higher a c i d i t i e s , and therefore use of the h Q a c i d i t y function was 

made. The graph of k Q against h Q is given i n Figure 6. 

Clearly, the reactions are acid catalysed, and the graph further 

denotes a f i r s t - o r d e r dependency upon h Q. Under these circumstances, 

the experimentally-derived f i r s t - o r d e r rate constant k Q is defined by:-

k = k h o 1 o 

From the slope of the graph for k versus h the value fo r k i s 0.012 
o o 1 

I mol - 1s 1, which compares with 0.035 £ mol~ 1s~ 1 for NMNA and 0.059 
_1 1 e n 

I mol s for MNTS . 
There i s a small but s i g n i f i c a n t intercept to the k versus aci d i t y 

o 
plo t indicating that the reaction has an uncatalysed, spontaneous 

pathway in addition to the acid-catalysed route. 

3.2.4 The Variation of k with NAT 

o ^ 

The overall r e v e r s i b i l i t y of the denitrosation of NANT was i n ­

vestigated further by noting the va r i a t i o n i n k Q as a function of added 

excess parent amine, NAT. The results of the experiments are recorded 
_2 

in Tables 27 arid 28 for reaciton i n 3.96 x 10 M and .297 M ^2
S°4' 

respectively. Table 27 

1 0 3 [ N A T ] 1 0 4 k o ( s _ 1 ) 

0 31.4 

1.67 38.2 

3.33 40.1 

6.67 41.3 
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Table 28 

10 3 [ N A T ] 4 -1 10 k (s ) 

0 78.5 

1.73 89.4 

3.45 91.4 

6.90 99.7 

11.7 99.7 

I t is apparent that k Q i s not decreased by the addition of NAT. In 

fact, at each aci d i t y there is a small but undoubtedly real increase in 

the values of k . This may be at t r i b u t e d to the effect of NAT on the o 
ac i d i t y of the medium, or possibly NAT i t s e l f i s acting as a general acid 

here, though the ef f e c t does seem perhaps a l i t t l e large for t h i s . 

The one certain conclusion, however, concerning the data i s that the 

reaction i s eesentially i r r e v e r s i b l e under the stated experimental 
conditions. An analogous s i t u a t i o n exists for the denitrosation of 

59 
MNTS , where the addition of similar concentrations of parent amine also 

produced no observed change i n the value of the rate constants. 

Thus, the denltrosation of NANT closely p a r a l l e l s the denitrosation 

of MNTS, in that both were found to be independent of the concentrations 

of added n i t r i t e trap, nucleophile, and, as demonstrated here, parent 

amine. 

3.2.5 The Effect of Methanol on the Rate Constartt 

The effect of change of solvent on NANT denitrosation was examined 

b r i e f l y using a series of methanol-water solvent mixtures, for two specific 

reasons. F i r s t , a small quantity of methanol (<5%), necessary for the 

solution of NANT, was present in a l l the experiments; and secondly, because 

of the i n s o l u b i l i t y of NAT in water the stock solution contained 15% 
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methanol, with the result that the percent composition over the range of 

NAT concentrations i n the k i n e t i c runs varied from 5 - 10% methanol. 

The results in Table 29 indicate that there i s a small decrease in 

k Q as the methanol component of the solvent is increased. Whilst 

contrasting with the t y p i c a l behaviour of nitrosamines at low nucleophile 

concentrations where a large increase i n the rate of reaction occurs as 
53 

the p o l a r i t y of the solvent i s lowered , the results here are similar 
53 

to those for MNTS in ethanol solvent 

Table 29 

% MeOH 10 4k ( s _ 1 ) 
o 

5 31.4 

14 30.5 

24 23.6 

43 19.8 

62 12.8 

Thus, there are now three experimental c r i t e r i a which distinguish 

between the two l i m i t i n g forms of the mechanism of denitrosation. These 

are summarised in Table 30. Features in the left-hand column are generally 

shown by nitrosamines, while those i n the right-hand column are t y p i c a l 

of nitrosoamides, nitrosamines at very high [ Y ~ ] , nitrosamines in ethanol 

solvent, and i n the present case NANT. Again,the explanation as to 

why NANT should follow the pattern set by nitrosamides rather than the 

nitrosamines i s thought to be a direct result of C-3 protonation, such 

that the inequality k <<< k [Y I i s favoured. 



Table 30 

Rate-limiting Y attack, 

1. 

2. 

k - l > y > k2 

Nucleophilic catalysis 

Large rate increase with 

decreasing solvent p o l a r i t y 

E a r l i e r Rate-limiting step, 
k

2 [ Y 1 y > > k - l 

NO nucleophilic catalysis 

V> / kv> 1 , 3~ 1 , 9 

2 2 
Small rate decrease with 

decreasing solvent p o l a r i t y 

3.3 Denitrosation of NANT in Mcllvaine's C i t r i c Acid-Phosphate Buffer 

3.3.1 Introduction 

The examination of the kinetics of the denitrosation of NANT was 

undertaken at much lower a c i d i t i e s , over the pH range 2-6 in a c i t r i c 
93 

acid-phosphate buffer solution , since these conditions are somewhat 

closer to the in vivo s i t u a t i o n than are the higher sulphuric acid con­

centrations. Denitrosation again cocurred readily md i r r e v e r s i b l y as 

shown by the complete disappearance of the absorbance at 335 nm due to 

NANT, and the excellent f i r s t - o r d e r k i n e t i c behaviour over greater than 

two h a l f - l i v e s . The pH of each ki n e t i c run was measured on a pH meter, 

aft e r f i r s t standardising with known buffer strengths of pH 4.0 and pH 9. 

The results for k Q as a var i a t i o n of added nucleophiles and of pH are 

presented and discussed below. 

3.3.2 Reactions at pH6 

As at higher a c i d i t y , the reactions are acid catalysed, as demon­

strated by the data in Table 31 for k as a var i a t i o n of pH. 
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Table 

PH 

2.41 

3.12 

3.96 

4.93 

5.45 

5.88 

6.15 

6.82 

10 4k ( s " 1 ) o 

28.0 

27.7 

23.3 

17.1 

12.1 

7. 38 

5.88 

2.16 

The s i t u a t i o n regarding nucleophilic catalysis, however, is 

surprisingly quite d i f f e r e n t at pH6, compared with the previous results 
-2 

for reaction at 3.96 x 10 M H 2S0 4 (pH ̂  1) i n that very d e f i n i t e 

catalysis is observed. The results are l i s t e d i n Tables 32-36 

for k as a function of added Cl~, Br -, SCN~, I ~ and N ~. 

Table 32 

10 2 f K C l J / M 1 0 4 k o ( s - 1 ) 

0 5.88 

3.79 6.36 

7.59 6.76 

15.2 7.63 

22.7 8.24 
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Table 3 3 
2 r 1 4 -

1 0 KBr I/M 1 0 k (s J — o 

0 5 . 8 8 

1 . 5 8 9 . 6 6 

3 . 1 7 1 1 . 5 

6 . 3 3 1 4 . 0 

1 1 . 0 1 5 . 2 

2 1 . 9 1 7 . 3 

3 2 . 9 1 8 . 0 

Table 3 4 

i o 3 [ K S C N ] 1 0 4 k Q ( s " 

0 5 . 8 8 

2 . 1 5 8 . 8 0 

5 . 8 2 1 1 . 8 

8 . 6 0 1 2 . 5 

1 1 . 6 1 4 . 0 

2 3 . 3 1 6 . 4 

3 4 . 9 1 7 . 5 

5 2 . 4 1 8 . 4 
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Table 35 

10 I "I 4 -1 10 k (s ) o 

0 

9.73 

19.6 

38.9 

58.4 

63.2 

126 

190 

253 

5.88 

8.60 

9.92 

12.1 

12.7 

13.6 

15. 7 

17.0 

17.6 

Table 36 
10 3 [NaN 3J 1 0 4 k o ( s _ 1 ) 

0 

3.50 

7.59 

13.0 

17.4 

34.4 

43.8 

5.88 

11.5 

13.7 

15.9 

17.0 

18.4 

18.0 

These results are shown graphically i n Figure 7 for a l l 

nucleophiles except I , where the graph i s very close to that of N 
3 

For chloride ion, over the concentration range studied, k Q i s l i n e a r l y 
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dependent upon [ c i J, but for the more powerful nucleophlles the f i r s t -

order dependence i s soon l o s t with increasing concentrations, as k Q 

-4 -1 
tends toward the l i m i t i n g value for each nucleophile of 19.0 x 10 s 

_2 
This l i e s i n dire c t contrast with the results obtained at 3.96 x 10 M 

Ĥ SÔ , where there i s no indication of any nucleophilic catalysis. 

From Figure 7 i t i s apparent that order of r e a c t i v i t y i s as expected, 

with Cl~ < Br~ < SCN~ < I ~ ̂  N ~. This i s the f i r s t time that nucleophilic 
3 

attack by the azide ion has been detected in denitrosation reactions. 
30 36 

In other situations ' , the work was conducted at much higher a c i d i t i e s 

where the azide ion exists almost completley in i t s protonated form HN̂ , 

and i n t h i s capacity acts as an e f f i c i e n t nitrous acid trap, not reacting 

d i r e c t l y with the conjugate acid of the nitrosamine. At pH6, however, 

thi s i s not the case, with the predominate species now being the free 
- -5 form of azide, N . For example, using the K value of 2.0 x 10 given o a 

94 
by Smith and the equation 

[ - , - ] -
Total [azide] 

1 + 

to determine the concentration of free azide, i t i s calculated for the 

t o t a l concentration of 4.38 x 10~ 2 M that £ N
3~] * s 4.17 x 10~ 2 M. Thus, 

the azide ion appears to have r e a c t i v i t y comparable with that of iodide 

ion toward NANT. 

Because the individual plots of k Q against £ Y ] are curved, the rate 

equation for a l l nucleophiles but chloride ion for k Q i s that of the 

general form:-
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° " - 1 * K 2 [ " " ] 

k = 

since neither of the l i m i t i n g conditions are now applicable. For 

chloride ion, k ^ >>> £ Y~j leading to a f i r s t order dependence upon 

[ c i ] . As described in section 2.3.3. the simple algebraic manipulation 

of t h i s equation leads to an expression which predicts a linear correlation 
V f1/ -1 

for the graph of k Q againstL Y J. In the present case, the values of 
k from Tables 32-36 were corrected to allow for the uncatalysed com-o 
ponent of the reaction, since i t represents a s i g n i f i c a n t contribution 

toward k , so that the reciprocal values of k are those of the o' o 
catalysed component only. The pH of the solutions over the range of con­

centration of each nucleophile d r i f t e d s l i g h t l y from 6.11 to 6.01, and 

the average value of 6.06 was taken to interpolate the value of the un­

catalysed reaction from a graph of k Q against pH. This was determined 

to be 6.30 x 10~ 4s - 1. 

A representative graph i s shown in Figure 8 for k Q
 1 against 

disclosing that such a p l o t i s indeed linear. The slopes of the individual 

graphs for each nucleophile are assembled in Table 37. The value for 

chloride ion i s the reciprocal of the slope taken from a p l o t of k Q 

against [ c i ~ ] • 

Table 37 

Nucleophile Slope 

CI 990 

Br" 35.2 ± .7 

SCN~ 7.09 ± .16 

I ~ 3.51 ± .12 

N,~ 4.31 ± .22 
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The slope of the l i n e i s given by Vk^k^H^], and assuming the 

aci d i t y is constant f o r a l l the nucleophile allows the calculation of 

the r a t i o s 

given in Table 38, shown i n comparison with those obtained for the 

denitrosation of NMNA and H„ONO . 

Table 38 

NANT NMNA f̂ ONO 

CI 1 1 1 

Br" 28 54 1.2 

SCN" 140 5,300 1.5 

I ~ 282 15,000 1.4 

N ~ 230 

Thus, while the denitrosation of NANT is d i s t i n c t l y less sensitive 

to the nature of the nucleophile than i s NMNA, i t l i e s i n marked contrast 

to the corresponding reaction of those nucleophiles with the nitrous 
+ 

acidium ion, H 0N0, where the rate constants change only by a factor 

of 1.5 over the range. This lack of discrimination has been explained 

in terms of the rates being close to the diffusion-controlled l i m i t . I t 

is quite clear that t h i s cannot be the case here for NANT. Given that 

the reaction i s acid catalysed, the l e v e l l i n g o f f of k Q at high 

concentration of added nucleophile is therefore only consistent with 
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the t r a n s f e r r a l of the r a t e - l i m i t i n g step to an e a r l i e r one i n the reaction 

pathway, and is not a result of the rate constants encroaching upon the 

diffusion-controlled l i m i t . 

I t i s d i f f i c u l t to see why a zero-order dependency upon [ Y~] is 

observed at higher a c i d i t i e s , whereas a f i r s t - o r d e r dependence upon [ V ~ J 

is observed at pH6 at least for chloride ion and low concentrations of the 

other nucleophiles. As explained e a r l i e r , t h i s difference depends upon 

the r e l a t i v e magnitudes of the terms k and ^l^"]' a n d t n e r e i s n o 

reason to suppose why t h i s should be pH dependent. A more l i k e l y 

explanation of the d i f f e r e n t behaviour is that d i f f e r e n t sites of 

protonations are involved at the two d i f f e r e n t a c i d i t i e s . This explanation 

is borne out by the examination of the log k Q versus pH p r o f i l e given 

in Figure 9. 

The p r o f i l e includes a l l the results for the experiments in the 

buffer solutions and some of the results obtained i n sulphuric acid. 

Even though both sets of results do not correspond to exactly the same 

experimental conditions, the graphical representation i s quite clear, that 

there are indeed two d i f f e r e n t acid-catalysed pathways, one operative in 

the pH range 5-7 and the other below pH2. 

Between pH2 and pH4 there i s l i t t l e change i n the rate constants, 

corresponding to the formation of one f u l l y pronotated form. Taking the 

extrapolated l i m i t i n g value for that mechanism as 4 + log k Q = 1.45, i t 

is possible to calculate the pK value of ̂  5.5 for th i s protonation. 

Hinman and lang have measured the pK & value of 3-methy1-indole, a good 

model for NAT, as -4.55, probably f o r protonation at C-3. I t seems very 

unlikely that either amino-N-protonation or nitroso 0-protonation i n NANT 

could have a pK value approaching 5.5. L i t t l e of the free base form is a 
95 

apparently protonated in NAT at around pH6 , as measured by spectral 
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changes, and cer t a i n l y no s i g n i f i c a n t changes in t h i s region were 

detected i n t h i s work. 

Generally, a sigmoidal log k Q versus pH curve that has i t s maximum 

at low pH i s indicative of general acid catalysis by the un-ionised form 

of a neighbouring group, in this particular case the carboxy1 group. Thus, 

at these much reduced a c i d i t i e s a much more feasible s i t e for protonation, 

and one which accounts for the determined pK value of 5.5, i s the 
a 

carboxylate anion of the side chain. 

The proposed intramolecular acid-catalysed mechanism is set out 

below, in which a hydrogen atom i s donated i n t e r n a l l y from the carboxyl 

group to the C-3 position of the indole r i n g . From the viewpoint of 

ring size, the hydrogen atom is conveniently located as to form a s i x -

membered r i n g . Other examples of t h i s type of mechanism are well known, 

s p e c i f i c a l l y i n the hydrolysis reactions of 2-carboxylphenyl-^-D-
97 98 99 glucaside , 2-methoxy-methoxybenzoic acid , and several polyuronides 

H 
A/HCOCH H 3 

s N 0 ' 

NO NO Y 

Produc t s 
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Thi s i s the f i r s t time an i n t r a m o l e c u l a r mechanism has been proposed 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 . 

Thus, i t i s c l e a r t h a t two mech a n i s t i c pathways e x i s t for the de­

n i t r o s a t i o n , as shown by the pH p r o f i l e and by the d i f f e r e n t 

dependencies upon 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 a t the two d i f f e r e n t 

a c i d c o n c e n t r a t i o n s . I t i s probable t h a t d i r e c t C-3 prot o n a t i o n occurs 

at the h igher a c i d i t i e s , w h i l s t i t i s probable t h a t protonation occurs 

v i a an i n t r a m o l e c u l a r mechanism at the lower a c i d i t i e s . 

3.4 N i t r o s a t i o n of 4 - n i t r o a n i l i n e u s i n g NANT 

T r a n s n i t r o s a t i o n r e a c t i o n s by the methyl e s t e r of NANT, i n which 

the n i t r o s o group i s t r a n s f e r r e d to another amine, have been reported 
96 

i n the l i t e r a t u r e , s p e c i f i c a l l y f o r the n i t r o s a t i o n of diphenylamine 

Conceivably, t h i s may occur e i t h e r by a d i r e c t r e a c t i o n w i t h the NANT 

d e r i v a t i v e , i t s e l f , or by an i n d i r e c t r e a c t i o n whereby a p r i o r h y d r o l y s i s 

occurs to give k i n e t i c a l l y f r e e n i t r o u s a c i d , which then a c t s as the 

e f f e c t i v e n i t r o s a t i n g agent. Taking i n t o c o n s i d e r a t i o n the r e s u l t s of the 

present study, i t seems more l i k e l y t h a t t h i s t a k e s p l a c e by the i n d i r e c t 

route v i a the intermediacy of n i t r o u s a c i d . 

T h i s was t e s t e d f u r t h e r with NANT, usi n g 4 - n i t r o a n i l i n e as the 

re c e p t o r amine. T h i s was chosen because of i t s r e a c t i v i t y i n d i a z o t i s a t i o n 

and a l s o f o r s p e c t r a l reasons, so tha t the product diazonium ion and the 

amine i t s e l f c o uld be observed s p e c t r o p h o t o m e t r i c a l l y without much 

i n t e r f e r e n c e from NANT or NAT. When the r e a c t i o n was c a r r i e d out i n 

the absence of sulphamic a c i d , the product diazonium ion was detected by 

an i n c r e a s e i n i t s absorbance a t 310 nm and a l s o by a concurrent 

decrease i n the absorbance a t 360 nm due to 4 - n i t r o a n i l i n e . However, 

when NANT was added to an 4.0 M H SO, s o l u t i o n c o n t a i n i n g 4 - n i t r o a n i l i n e 
— 2 4 

with a s l i g h t excess of sulphamic a c i d no product diazonium ion could be 
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detected and the peak a t 360 nm remain unchanged. While t h i s confirms 

t h a t NANT does not d i r e c t l y a c t as a n i t r o s a t i n g s p e c i e s , p r e f e r r i n g to 

undergo i n i t i a l d e n i t r o s a t i o n to y i e l d n i t r o u s a c i d , i t must be emphasis 

t h a t t h i s a p p l i e s only at the higher a c i d i t i e s where d i r e c t C-3 

pro t o n a t i o n i s favoured. I t i s p o s s i b l e a t much reduced a c i d i t i e s that 

some type of adduct between NANT and the recep t o r amine could be formed, 

and c e r t a i n l y the r e s u l t s obtained a t pH6 do not a l t o g e t h e r discount 

t h i s p o s s i b i l i t y . 
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4.1 I n t r o d u c t i o n 

N - n i t r o s a t i o n i s c l a s s i f i e d as an 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 , i n which the e l e c t r o p h i l e , N0 +, bonds w i t h the unshared p a i r 

of e l e c t r o n s at the n i t r o g e n a t o m 1 ^ . As d i s c u s s e d subsequently, 

the e l e c t r o p h i l e , depending upon the c o n d i t i o n s of the r e a c t i o n medium, 

may be a f r e e p o s i t i v e ion or may be a p o s i t i v e s p e c i e s attached to a 

c a r r i e r which breaks o f f i n the course of a t t a c k or s h o r t l y after-. 

- N + NO - Y - N +- NO + Y" 

F u r t h e r r e a c t i o n of the ammonium ion i n t e r m e d i a t e depends l a r g e l y on 

the other groups attached to the n i t r o g e n atom. Hence, n i t r o s a t i o n of 

secondary amines*^*, both a l i p h a t i c and aromatic, stop at the n l t r o -

samine stage; whereas primary n i t r o s o a r y l a m i n e s are t y p i c a l l y t r a n s -
102 

formed i n t o r e l a t i v e l y s t a b l e diazonium s a l t s . Nitrosamine formation 

occurs a l s o w i t h ammonia and primary a l i p h a t i c amines, but the r e s u l t a n t 

diazonium ions are extremely u n s t a b l e and normally at o r d i n a r y temp­

e r a t u r e s undergo deamination to form molecular n i t r o g e n and s h o r t -
102 

l i v e d carbonium ions . At low temperatures, however, both aromatic 8 103 primary n i t r o s a m i n e s and primary a l i p h a t i c diazonium ions have been 

i d e n t i f i e d i n e t h e r e a l s o l u t i o n s of the amine and n i t r o s y l c h l o r i d e . 

T e r t i a r y amines have a l s o been n i t r o s a t e d 1 ^ 4 ' i n which i n i t i a l 

n i t r o s a t i o n at the n i t r o g e n atom lea d s to an e x p u l s i o n of one of the 

groups around n i t r o g e n and to the formation of n i t r o u s oxide. The 

product n i t r o s o - d e r i v a t i v e i s then formed by the a c t i o n of n i t r o u s 

a c i d on the r e s u l t a n t secondary amine. The e x p e l l e d group appears i n 
106 

the products as an aldehyde or a ketone. L i n z i n s k y and Singer , 
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however, concluded t h a t such n i t r o s a t i o n s do not proceed v i a secondary 

amines, T h e i r c o n c l u s i o n was based upon the o b s e r v a t i o n t h a t the 

n i t r o s a t i o n of the t e r t i a r y amine, aminopyrine, to g i v e n i t r o s o -

dimethylamine proceeds more r e a d i l y than the n i t r o s a t i o n of dimethy1amine 

i t s e l f under s i m i l a r c o n d i t i o n s , but any f u r t h e r m e c h a n i s t i c d e t a i l s 

were not r e p o r t e d . 

Thus, the v a r i o u s products obtained from r e a c t i o n with n i t r o u s 

a c i d and a p a r t i c u l a r amino-compound a l l proceed by way of an i n i t i a l 

N - n i t r o s a t i o n , and can be c o n v e n i e n t l y represented by the f o l l o w i n g 
i 

general scheme where i t i s understood t h a t B = H f o r primary 

s u b s t r a t e s . 

Except f o r d i a z o t i s a t i o n i n very concentrated a c i d , i t i s now known 

th a t the f i r s t s t e p of n i t r o s a t i o n i s r a t e - c o n t r o l l i n g for a l l these 

r e a c t i o n s , r e g a r d l e s s of whatever subsequent s t e p s may occur. There­

fore, the observed k i n e t i c s f o r d i a z o t i s a t i o n , n i t r o s a t i o n of secondary 

amines,and deamination are l a r g e l y dominated by the v a r i o u s mechanisms 

of n i t r o s a t i o n . Confirmation of t h i s as a g e n e r a l phenomenon i s provided 
34 

by the work of K a l a t z i s and Ridd , where s i m i l a r r a t e equations were 

obtained f o r the d i a z o t i s a t i o n of a n i l i n e and the n i t r o s a t i o n of N-

m e t h y l a n i l i n e . 

I n v e s t i g a t i o n i n t o the mechanisms of n i t r o s a t i o n , however, are 

complicated by the f a c t t h a t there are s e v e r a l i n o r g a n i c n i t r o s a t i n g 

agents which may e x i s t i n e q u i l i b r i u m with molecular n i t r o u s a c i d 

depending upon the c o n d i t i o n s . For n i t r o s a t i o n i n an aqueous system 

RRNH ^ RRNNO ^ RN deamination 
products 
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c o n t a i n i n g e i t h e r s u l p h u r i c or p e r c h l o r i c a c i d , sodium n i t r i t e , and an 

aromatic amine, f o r example, the only a c t i v e s p e c i e s p o s s i b l e a r e N0 +, 
+ 

H 0N0, and N O I t i s thought that n i t r o u s a c i d , HNO i t s e l f , i s too 

u n r e a c t i v e to n i t r o s a t e amines d i r e c t l y , and the n i t r i t e ion NO i s 

a l s o r e a d i l y d i s r e g a r d e d as i t can hardly be thougl-t of as an e l e c t r o p h i l i c 

reagent. In the presence of h a l i d e ion, the formation of the 

corresponding n i t r o s y l h a l i d e becomes important. In i n c r e a s i n g order 

of r e a c t i v i t y these a r e : 

N O n i t r o u s anhydride « 3 
NOX n i t r o s y l h a l i d e 

+ 

H*2ONO n i t r o u s acidium ion 

N0 + nitrosonium ion 

A d d i t i o n a l k i n e t i c c o m p l e x i t i e s stem from the f a c t that t h e r e are 

s e v e r a l mechanisms fo r n i t r o s a t i o n , some of which i n c l u d e two p o t e n t i a l l y 

r a t e - d e t e r m i n i n g s t e p s . Under these c i r c u m s t a n c e s , the a c t i v e n i t r o ­

s a t i n g s p e c i e s i s removed as q u i c k l y as i t i s formed by r e a c t i o n w i t h the 

amine, and the o v e r a l l r a t e equation i s then best d e s c r i b e d by the 

formation of the n i t r o s a t i n g agent. 

S i n c e the f i e l d of n i t r o s a t i o n has been reviewed i n c o n s i d e r a b l e 
38 101 107 

d e t a i l elsewhere ' ' , the f o l l o w i n g i n t r o d u c i t o n i n t o the v a r i o u s 

mechanisms of n i t r o s a t i o n i s given w i t h the i n t e n t i o n of s e r v i n g as a 

b a s i c background f o r the work i n t h i s s e c t i o n on h a l i d e ion c a t a l y s i s . 

4.2 N i t r o u s Anhydride Mechanism 

At high c o n c e n t r a t i o n s of sodium n i t r i t e and comapartively low 

c o n c e n t r a t i o n s of a c i d , t y p i c a l l y < 0.5 M H SO or HC10 and < 0.1 M 
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HC1, t h i s i s the predominant mechanism f o r the n i t r s o a t i o n of amines 

comparable i n b a s c i s i t y to a n i l i n e . 
108 

In 1928 T a y l o r observed t h i r d - o r d e r k i n e t i c s f o r the deamination 

of methylamine i n d i l u t e aqueous s o l u t i o n s of n i t r o u s a c i d , d e s c r i b e d 

by the r a t e equation: 

Rate = k famine] £ HN0 2] 

The same k i n e t i c form was observed by T a y l o r f o r the deamination of 
, 108 , 109 110 ammonia and dimethylamine , and subsequently by Schmid f o r the 

d i a z o t i s a t i o n of a n i l i n e i n 0.2 M H SO.. 
— 2 4 

To e x p l a i n the second-order dependence upon n i t r o u s a c i d and the 

o v e r a l l observed t h i r d - o r d e r r a t e e x p r e s s i o n , Hammett 1 1 1 suggested a 

mechanism i n which n i t r o u s anhydride, N O was formed i n a f a s t pre-

e q u i l i b r i u m s t e p which then e n t e r e d i n t o a slower, hence r a t e -

determining r e a c t i o n w i t h the unprotonated amine i n the next s t e p . 

FAST ^ + 
H + HN0o H 0N0 

2 ^ 2 
FAST 

J5b 
H 0N0 + N0„ , N„0„ + HO 
2 2 2 3 2 

slow 
+ 

ArNH + N O ^ ArNH NO + N0~ 

FAST 

A/ 
ArN* + H 0 2 2 

Confirmation of the proposed scheme was l a t e r shown by Hughes, 
112 113 

Ingold and Ridd ' , who i n a d d i t i o n to d u p l i c a t i n g the t h i r d - o r d e r 
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k i n e t i c s of Schmid a t about .01 M HCIO^, succeeded i n o b t a i n i n g second-

order k i n e t i c s of the form 

a t the much reduced a c i d i t i e s of .002 M. Under these c o n d i t i o n s , the 

p r o p o r t i o n s of n u c l e o p h i l i c f r e e amine base i s s i g n i f i c a n t l y higher and 

being more r e a c t i v e than the protonated form towards e l e c t r o p h i l i c 

a t t a c k i t e f f e c t i v e l y removes N O as r a p i d l y as i t i s formed, before a 

s i g n i f i c a n t proportion can undergo h y d r o l y s i s . Thus, the second-order 

k i n e t i c s then correspond w i t h r a t e - d e t e r m i n i n g formation of n i t r o u s 

anhydride, and as p r e d i c t e d the r a t e equation i s independent of the 

c o n c e n t r a t i o n of amine. 

114 

I n t e r e s t i n g l y , Hantzsh and Schuman , who p u b l i s h e d the f i r s t 

k i n e t i c r e s u l t s on d i a z o t i s a t i o n i n 1899, a l s o observed second-order 

k i n e t i c s but i n c o r r e c t l y a t t r i b u t e d the observance to a f i r s t - o r d e r 

dependence upon the c o n c e n t r a t i o n s of protonated amine and n i t r o u s a c i d . 
115 

Other e a r l y workers supported t h i s c laim, as w e l l , f o r d i a z o t i s a t i o n . . , _ 116 and deamination 

F u r t h e r evidence f o r the intermediate formation of n i t r o u s anhydride 

comes from s t u d i e s of the exchange of oxygen-18 between n i t r o u s a c i d 

and water, which occurs mainly v i a the h y d r o l y s i s and the formation of 
117 

n i t r o u s anhydride, v i z : -

Rate = k [ H N 0 j 2 

* N-0 + H_0 •i» HNO + HNO —. « 2 

At very low a c i d i t i e s and a t high c o n c e n t r a t i o n s of n i t r i t e ion, the 
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r a t e of t h i s oxygen exchange i s not only second-order w i t h r e s p e c t to 

n i t r o u s a c i d , but i t a l s o proceeds at a s i m i l a r r a t e to the d i a z o t i s a t i o n 

r e a c t i o n under s i m i l a r c o n d i t i o n s . Hence, both p r o c e s s e s must have the 

same r a t e - d e t e r m i n i n g s t e p , namely the r a t e of formation of NO 

Ni t r o u s anhydride i s regarded as a weak e l e c t r o p h i l e i n comparison 
+ 

w i t h H 0N0 and the n i t r o s y l h a l i d e s s i n c e i t does not r e a c t with h i g h l y 
118 

d e a c t i v a t e d amines, such as 4 - n i t r o a n i l i n e and 2 , 4 - d i n i t r o a n i l i n e 

Rate data f o r r e a c t i o n between N O and a number of other amines, however, 
£i 3 

are known, and shows t h a t there i s a reasonable c o r r e l a t i o n between 

r e a c t i v i t y and b a s c i s i t y w i t h i n each c l a s s of amine, although t h i s 

trend does not continue f o r the a l i p h a t i c amines which are f a r l e s s 
38 

r e a c t i v e than t h e i r high b a s c i s i t i e s would suggest 
As the e q u i l i b r i u m constant f o r the formation of n i t r o u s anhydride 

119 129 

i s known, ' the t r u e r a t e c o e f f i c i e n t s f o r the r e a c t i o n between 

the f r e e amine and n i t r o u s anhydride may be estimated. For a n i l i n e , 

t h i s value has been c a l c u l a t e d to be ^ 1 0 7 & mol *s 1 at 25°C, which i s 
121 

indeed c o n s i d e r a b l y l e s s than 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 

4.3 A c i d - c a t a l y s e d Mechanisms 

Given t h a t n i t r o u s anhydride i s such a weak e l e c t r o p h i l e i n c a p a b l e 

of r e a c t i n g w i t h the protonated form of the amine, one would expect 

the observed r a t e constant to decrease w i t h i n c r e a s i n g a c i d i t y because 

of the decrease i n the c o n c e n t r a t i o n of f r e e amine. In f a c t , t h i s i s 

observed w i t h those amines such as a n i l i n e f o r which the n i t r o u s 

anhydride mechanism i s a p p l i c a b l e ; but as the a c i d i t y i s i n c r e a s e d 

f u r t h e r , t y p i c a l l y g r e a t e r than 0.5 M HC10 4, the r a t e p r o f i l e p a s s e s 

through a minimum and then i n c r e a s e s w i t h i n c r e a s i n g c o n c e n t r a t i o n s of 

a c i d . T h i s subsequent i n c r e a s e i s a t t r i b u t e d to a change i n mechanism. 
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The f i r s t of the a c i d c a t a l y s e d mechanisms to be i d e n t i f i e d assumed 

the k i n e t i c form;-

Rate = k [ A R N H
2 ] [ H N 0 2 ] [ H + ] 

122 

which Hughes, Ingold and Ridd i n t e r p r e t e d as evidence f o r r a p i d 

p r e - e q u i l i b r i u m formation of the n i t r o u s acidium ion, which then r e a c t s 

w i t h the f r e e amine i n the r a t e c o n t r o l l i n g step, i n accordance w i t h 

the f o l l o w i n g scheme. 
FAST 

+ 

HNO + H + ^ H 20N0 

slow 
+ + 

ArNH2 + H.ONO > ArNH NO + HO 
FAST 

+ 
ArN 2 + H 20 

The r e a c t i o n i s most e a s i l y s t u d i e d w i t h the weakly b a s i c amines 

for which c o m p l i c a t i o n s from competition with the N O mechanism do not 
A 3 

apply. Moreover, u n l i k e the n i t r o u s anhydride mechanism, the r a t e of 

formation of the n i t r o u s acidium ion cannot be made rate - d e t e r m i n i n g , 

probably due to the f a s t proton t r a n s f e r to and from oxygen. 

The above k i e n t i c form i s a l s o i n accord with r e a c t i o n of the n i t r o -

sonium i o n , N0 +, with the f r e e amine, but has been r u l e d out on the 

b a s i s of the r e s u l t obtained from oxygen-18 experiments, as w e l l as by 

a c o n s i d e r a t i o n of the c a t a l y t i c e f f e c t of h a l i d e ions on the r a t e 

of d i a z o t i s a t i o n . 
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The f a c t t h a t the n i t r o u s accidium ion i s capable of d i a z o t i s i n g 

the n i t r o a n i l i n e s suggests that i t i s a more r e a c t i v e e l e c t r o p h i l e than 
118 N O Indeed, Larkworthy has shown f o r the d i a z o t i s a t i o n of 

<G 3 
amines over a s i m i l a r decrease i n pK v a l u e s t h a t the n i t r o u s acidium 

a 

ion shows l i t t l e d i s c r i m i n a t i o n i n i t s r e a c t i o n s , whereas for the l e s s 

r e a c t i v e n i t r o u s anhydride a f a c t o r of 50 covered the r e a c t i v i t y range 

i n i t s r e a c t i o n s . F or the n i t r o u s acidium ion, t h i s f u r t h e r suggests 

d i f f u s i o n - c o n t r o l , although the t r u e b i m o l e c u l a r r a t e constant f o r the 
+ 

encounter between H 0N0 and an a n i l i n e d e r i v a t i v e cannot be c a l c u l a t e d 
s i n c e the e q u i l i b r i u m c o n s t a n t f o r the i n i t i a l p r o t o n a t i o n i s unknown. 

33 

However, s i n c e i t i s now known that the d i a z o t i s a t i o n of a n i l i n e 

d e r i v a t i v e s of pK >4.0 v i a NOBr and N0C1 c l o s e l y approach a d i f f u s i o n -
+ 

c o n t r o l l e d p r o c e s s and s i n c e H 0N0 i s expected to be even more r e a c t i v e 
than e i t h e r of the n i t r o y l h a l i d e s , i t i s argued t h a t the encounter 

+ 
between H 0N0 and the a n i l i n e s should a l s o be d i f f u s i o n - c o n t r o l l e d . 

At 

A f u r t h e r i n c r e a s e i n the c o n c e n t r a t i o n of a c i d n e c e s s i t a t e s the 

c o n s i d e r a t i o n of two main f a c t o r s , which modify the observed k i n e t i c 

form at the hi g h e r a c i d i t i e s . The f i r s t f a c t o r i s e s s e n t i a l l y a s a l t 

e f f e c t , and i s observed as the only modifying f a c t o r f o r the l e s s 
17 

b a s i c amines i n s o l u t i o n s of p e r c h l o r i c a c i d up to 3.0 M The 
124 

a l t e r n a t i v e suggestion of c a t a l y s i s v i a n i t r o s y l p e r c h l o r a t e seems 

hi g h l y u n l i k e l y , as t h i s compound i s i o n i c and not cov a l a n t under the 
19 12 3 

p r e s e n t experimental c o n d i t i o n s ' . For 4 - n i t r o a n i l i n e i n c r e a s i n g 

the c o n c e n t r a t i o n of p e r c h l o r i c a c i d while maintaining c o n s t a n t i o n i c 

s t r e n g t h by the a d d i t i o n of sodium p e r c h l o r a t e r e s u l t s i n the r a t e 

e x p r e s s i o n : -
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[ArNH 2][HN0 2K Rate = k 

with the i n s e r t i o n of hQ f o r H + being n e c e s s a r y i n the more co n c e n t r a t e d 
17 

a c i d s o l u t i o n s . The observed r a t e c o n s t a n t f o r the r e a c t i o n i s 

v i r t u a l l y independent of the a c i d i t y , s i n c e any i n c r e a s e i n h Q i s 

o f f s e t by the corresponding decrease i n the c o n c e n t r a t i o n of f r e e 

amine. G e n e r a l l y , the mechanism i s the same as the one diagrammed above, 
+ 

namely r a t e - d e t e r m i n i n g a t t a c k upon the f r e e amine by H 0N0, w i t h the 

only d i f f e r e n c e i n the k i n e t i c form being the s u b s t i t u t i o n of the more 

appropriate a c i d i t y f u n c t i o n h Q f o r H + at the higher a c i d i t i e s . 

For the more b a s i c amines, a second modifying f a c t o r m a n i f e s t s 

i t s e l f i n the form of a new m e c h a n i s t i c pathway. Thus, the much st r o n g e r 

c a t a l y t i c e f f e c t of p e r c h l o r i c a c i d , a p a rt from the r a t e enhancement 

a s s o c i a t e d with the i o n i c s t r e n g t h e f f e c t noted f o r the f e e b l y b a s i c 

amines, assumes the k i n e t i c form:-

Rate = k [ A r N H j [ H N 0 2 ] h c 

corresponding to r a t e - d e t e r m i n i n g a t t a c k by the n i t r o u s acidium ion 

125 126 

on the protonated form of the amine ' . Reaction s t i l l occurs much 

more r e a d i l y through the f r e e amine, and i t i s b e l i e v e d that t h i s 

mechanism only becomes k i n e t i c a l l y s i g n i f i c a n t when the p r o p o r t i o n 

of f r e e amine becomes n e g l i b l y s m a l l a t the higher a c i d i t i e s . Hence, 

i t s a p p l i c a b i l i t y to the more b a s i c amines. 

Although a l l the m e c h a n i s t i c d e t a i l s are not e n t i r e l y c l e a r , a 

mechanism i n v o l v i n g the formation of an intermediate IT-complex has been 

proposed on the b a s i s of a study of r i n g s u b s t i t u e n t e f f e c t s i n which 
12 6 

the proton being d i s p l a c e d i s s t i l l p r e sent i n the t r a n s i t i o n s t a t e 
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An analogous s i t u a t i o n e x i s t s f o r d i a z o t i s a t i o n of a n i l i n e by N-

n itrosodiphenylamine, i n which a d i r e c t r e a c t i o n between the protonated 

form of the amine and the nitrosamine appears to be the property of the 

aromatic system, s i n c e the replacement of a n i l i n e with a l i p h a t i c 

amines proved to be v i r t u a l l y i n e r t under the same experimental 
30 127 c o n d i t i o n s . However, Stedman and co-workers have obtained c o n v i n c i n g 

+ 

evidence f o r n i t r o s a t i o n of the N-conjugate a c i d of hydroxylamine, NH OH, 

and i n t h i s case i n i t i a l n i t r o s a t i o n i s b e l e i v e d to occur at the more 

b a s i c oxygen atom. In general, though, N - n i t r o s a t i o n v i a the protonated 

amine appears to be confined to the most b a s i c aromatic amines. 

At these higher a c i d i t i e s , the e x a c t nature of the n i t r o s a t i n g 

agent i s i n some doubt as the n i t r o s a t i o n by the nitrosonium ion, N0 +, 
becomes i n c r e a s i n g l y more important. I t could be, f o r exmaple, t h a t 

+ 
both H 0N0 and NO are o p e r a t i v e . Because NO i s expected to be the 

most r e a c t i v e of the e l e c t r o p h i l e s , the i n c u r s i o n of t h i s mechanism 

should f i r s t become apparent f o r the l e s s b a s i c amines. The k i n e t i c 

form observed f o r the r e a c t i o n between n i t r o u s a c i d and benzamide i n 
128 

s t r o n g s u l p h u r i c a c i d has been e x p l a i n e d i n t h i s way 

4.4 N i t r o s a t i o n a t High A c i d i t i e s 

As the a c i d i t y i s i n c r e a s e d s t i l l f u r t h e r , the r a t e p r o f i l e i s 

observed to r each a maximum at HC10„ = 6 M and t h e r e a f t e r to decrease 
4 — 

w ith i n c r e a s i n g c o n c e n t r a t i o n s of a c i d . The r e a c t i o n then f o l l o w s the 

equation: 

Rate = k [ A r N H j [ HNoJ h Q~ 

The r a t e s of r e a c t i o n f o r such amines as a n i l i n e , p - n i t r o a n i l i n e , and 

17 p - t o l u i d i n e a r e r e p o r t e d to f o l l o w the above e x p r e s s i o n 
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At such a c i d i t i e s n i t r o u s a c i d i s v i r t u a l l y q u a n t i t a t i v e l y p r e s e n t 
129 18 19 as f r e e nitrosonium ion, as shown by Raman and UV s t u d i e s , ' and 

17 
i n view of the l a r g e s o l v e n t isotope e f f e c t 0 / k

D o = 1 0 t h e 

2 2 
17 

f o l l o w i n g mechanism has been proposed to account f o r the experimental 

o b s e r v a t i o n s : FAST v + 
ArNH, + NO ArNH NO + H 

i. v. 2 
-j. slow 

ArNH NO > ArNHNO + H + 

FAST 

Ms 
ArN* + OH' 

I t i s d i f f i c u l t to r e c o n c i l e the k i n e t i c form and the s o l v e n t 

isotope e f f e c t w i t h r a t e - d e t e r m i n i n g N - n i t r o s a t i o n , as i s the case a t 

the lower a c i d i t i e s . Two f a c t o r s operate t h a t probably make the second 
+ 

s t e p r a t e - d e t e r m i n i n g . F i r s t , proton t r a n s f e r from ArNH NO to a 

h i g h l y a c i d i c media would not be expected to occur e a s i l y ; and secondly, 
+ 

r e v e r s i o n of ArNH NO to r e a c t a n t s v i a displacement of NO by a proton 

would be expected to become r a p i d a t high a c i d i t y . 

4.5 N i t r o s y l H a l i d e Mechanism 

Although the c a t a l y s i s of d i a z o t i s a t i o n by h y d r o c h l o r i c a c i d had 
140 

been p r e v i o u s l y reported by a number of authors , the c a t a l y t i c e f f e c t 
131 132 

of c h l o r i d e and bromide ions was f i r s t e l u c i d a t e d by Schmid ' , who 

e s t a b l i s h e d f i r s t - o r d e r k i n e t i c s i n each hydrogen ion, amine, n i t r o u s 

a c i d and h a l i d e i o n . The r a t e equation had the form:-

Rate = k[ArNH 2](H +][HN0 2](x"] 
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where X = C I , Br or I . The same equation a p p l i e s f o r d i a z o t i s a t i o n 

i n p e r c h l o r i c or s u l p h u r i c a c i d c o n t a i n i n g the a p p r o p r i a t e added h a l i d e 

ion. T y p i c a l l y , t h i s mechanism f i r s t becomes important i n the presence 

of r a t h e r low c o n c e n t r a t i o n s of h a l i d e ion, as demonstrated by the f a c t 

t h a t the n i t r o s a t i o n of a n i l i n e v i a n i t r o s y l c h l o r i d e i s the predominate 

mechanism i n h y d r o c h l o r i c a c i d c o n c e n t r a t i o n s exceeding about 0.1 M. 

Hammett 1 1 1 made the suggestion t h a t the o b s e r v a t i o n of c a t a l y s i s 

was c o n s i s t e n t w i t h the r a p i d p r e - e q u i l i b r i u m formation of the 

corresponding n i t r o s y l h a l i d e , which then undergoes a r a t e - c o n t r o l l i n g 

step i n the n i t r o s a t i o n of the amine, v i z : -

FAST v 

HN0o + H+ H o6N0 
2 *c 2 

FAST 
H 0 +N0 + X~ _ NOX + H.O 2 ~x 2 

slow + 
ArNH + NOX ^ ArNH NO + X 2 2 

FAST 

+ 
ArN 2 + H 2 0 

As f o r the n i t r o u s anhydride mechanism, the n i t r o s y l h a l i d e 

mechanism p o s s e s s e s as i t s f i r s t stage a p o t e n t i a l l y r a t e - d e t e r m i n i n g 

i n o r g a n i c step, and t h e r e f o r e the v a l i d i t y of Hammett's 

proposal may be t e s t e d by a d j u s t i n g the experimental c o n d i t i o n s such 

t h a t the r a t e of formation of the n i t r o s y l h a l i d e , NOX, becomes r a t e -
133 

c o n t r o l l i n g . Indeed, t h i s was achieved when Hughes and Ridd showed 
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t h a t f o r bromide ion and io d i d e ion the formation of the n i t r o s y l 

h a l i d e could be made r a t e - d e t e r m i n i n g by conducting r e a c t i o n s i n the 

presence of a s u f f i c i e n t e xcess of amine, which s e r v e s to remove the 

n i t r o s a t i n g agent, NOX, as r a p i d l y as i t i s formed. The r a t e equation 

i s now d e s c r i b e d by:-

Rate = k [ H N 0 2 ] [ H + ] [ x ~ ] 

which corresponds to formation of NOX from the a c t i o n of X~ on H^NO 

r a t h e r than on N O s i n c e otherwise a second-order dependence upon ^ 3 

n i t r o u s a c i d would be observed. 

On the b a s i s of simple e l e c t r o n e g a t i v i t y p r i n c i p l e s , N0C1 i s 

expected to be more r e a c t i v e than e i t h e r of i t s c o u n t e r p a r t s NOBr o r 

NOI, even though the r a t e of formation of N0C1 has not been made r a t e -

determining, a t l e a s t i n the d i a z o t i s a t i o n of aromatic amines. The 

reason f o r t h i s l i e s i n the a c t u a l magnitudes of the e q u i l i b r i u m 

c o n s t a n t s , K^, f o r the formation of NOX, which are i n the expected 

order I > Br > C I . Thus, the c o n c e n t r a t i o n of NOCJ. i s never l a r g e enough 

to make the st e p of n i t r o s a t i o n f a s t e r than the r a t e of i t s own 

formation. T h i s i s a l s o apparent i n th a t the above l i m i t i n g law f o r 

bromide ion c a t a l y s i s was not r e a l i z e d f o r a n i l i n e but was r e a l i z e d f o r 

the weaker base O - c h l o r o a n i l i n e ; whereas f o r iodide ion c a t a l y s i s the 

l i m i t i n g law was succeeded e a s i l y w i t h a n i l i n e . Thus, NOX formation 

i s made most e a s i l y r a t e - d e t e r m i n i n g f o r i o d i d e iou, Moreover, the s i z e 

of the K x value a l s o e x p l a i n s the pronounced c a t a l y t i c e f f i c i e n c i e s of 

iod i d e over bromide and bromide over c h l o r i d e i o n . 

S t u d i e s i n methanolic hydrogen c h l o r i d e have shown t h a t the 

mechanism remains unchanged from the one above, although the r e a c t i o n 
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134 i s c o n s i d e r a b l y slower . T h i s has been a s c r i b e d t o the r e d u c t i o n of 
135 

the NOCl c o n c e n t r a t i o n by methanolysis 

NOCl + MeOH ~ — * MeONO + HC1 

Given the a v a i l a b i l i t y of the e q u i l i b r i u m c o n s t a n t s f o r the forma­

t i o n of the n i t r o s y l h a l i d e s a t s e v e r a l temperatures enabled Schmid and 

co-workers to c a l c u l a t e the t r u e b i m o l e c u l a r r a t e c o e f f i c i e n t s , d e f i n e d 

by: 

Rate = k x [ Amine][NOXj 

f o r the r e a c t i o n of the unprotonated amine with both n i t r o s y l c h l o r i d e 
136,137,138 . , . .. 131,138 ' ' and n i t r o s y l bromide ' 

For NOCl n i t r o s a t i o n a t 25°C, the v a l u e s of ̂  a l l f e l l w i t h i n the 
9 -1 -1 

range 1-3 x 10 I mol s f o r a number of r i n g - s u b s t i t u t e d a n i l i n e s , 

the b a s c i s i t i e s of which v a r i e d by a f a c t o r of 250. O r i g i n a l l y , Schmid 

attempted to c o r r e l a t e these r e s u l t s with the b a s c i s i t i e s of the amines, 
38 

but the v a r i a t i o n i s v e r y s m a l l and i t was l a t e r suggested that the 

r a t e c o n s t a n t s do i n f a c t c l o s e l y approach those expected f o r a 

d i f f u s i o n - c o n t r o l l e d p r o c e s s . Support f o r t h i s proposal came from the 

c a l c u l a t i o n of the a c t i v a t i o n e n e r g i e s observed from the dependence of 

k^ upon temperature. The v a l u e s of 19.1 k J mol 1 f o r a n i l i n e and 

20.7 k J mol 1 f o r 0 - c h l o r a n i l i n e a r e reasonably near the value of 

20 k J mol 1 expected f o r a d i f f u s i o n - c o n t r o l l e d r e a c t i o n i n aqueous 

media. S i m i l a r l y , the r e a c t i o n between NOBr and a n i l i n e at 25°C was 
9 - 1 - 1 

3.0 x 10 h mol s , and the a c t i v a t i o n energy was determined as 6.1 

k J mol 
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I t must be pointed out, however, that the k i n e t i c method of Schmid 

and co-workers u s u a l l y i n v o l v e d the a n a l y s i s of one or two q u i c k l y 

taken p o i n t s , and a number of assumptions were made i n e v a l u a t i n g the 

second-order r a t e c o e f f i c i e n t s . In a d d i t i o n , an i n d i r e c t k i n e t i c method 
146 

developed by W illiams showed t h a t f o r N0C1 a l a r g e range of r e a c t i v i t y 

covered the 4 - n i t r o to 4-methoxy a n i l i n e s , an unexpected r e s u l t i f the 

r a t e c o e f f i c i e n t s k^ are near 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 . 
33 

These c o n t r o v e r s i a l f i n d i n g s l e d Crampt on e t a l to extend the 

e a r l y work of Schmid and co-workers f o r d i a z o t i s a t i o n of a number of 

s u b s t i t u t e d a n i l i n e s v i a N0C1 and NOBr a t 25°C using the f a s t r e a c t i o n 

technique of stopped-flow spectrophotometry. T h i s approach a l s o d i f f e r s 

from the e a r l i e r work by t a k i n g i n t o c o n s i d e r a t i o n the r e v e r s i b i l i t y 

of the N - n i t r o s a t i o n r e a c t i o n , p a r t i c u l a r l y at high c o n c e n t r a t i o n s 

of h a l i d e ion and a l s o f o r a n i l i n e d e r i v a t i v e s c o n t a i n i n g e l e c t r o n 

withdrawing d e r i v a t i v e s . 

In g e n e r a l , the r e s u l t s of the study r e v e a l e d t h a t at low pK v a l u e s , 

e s p e c i a l l y f o r 4 - n i t r o a n i l i n e , N0C1 i s s i g n i f i c a n t l y more r e a c t i v e than 

NOBr, as expected, and t h a t the b i m o l e c u l a r r a t e c o n s t a n t s f o r the 

d i a z o t i s a t i o n r e a c t i o n s do indeed approach 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 1 2 1 of 7.4 x 1 0 9 I m o l - 1 s - 1 f o r r e a c t i o n s i n water at 25°C, 

p a r t i c u l a r l y f o r a n i l i n e d e r i v a t i v e s of pK & >4.0. 
7 -1 -1 

These r e s u l t s compare w i t h the v a l u e s of ^ 10 I mol s f o r 
38 

the corresponding N O r e a c t i o n s , and suggests t h a t the n i t r o s y l 
it 3 

h a l i d e s are more e f f i c i e n t e l e c t r o p h i l e s . 

In a d d i t i o n to the h a l i d e i o n s , t h i o c y a n a t e ion has a l s o been shown 

to e f f e c t c a t a l y s i s of n i t r o s a t i o n r e a c t i o n s 1 * * 9 ' 1 ^ ° ' 1 ^ 1 . As d i s c u s s e d 

p r e v i o u s l y , the g r e a t e r c a t a l y t i c e f f e c t of these i o n s appears to be 

dependent, f o r the most p a r t , on the magnitudes of the i n d i v i d u a l v a l u e s 
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of K^, the e q u i l i b r i u m c o n s t a n t s f o r the formation of the r e s p e c t i v e 

n i t r o s y l h a l i d e or n i t r o s y l t h i o c y a n a t e , NOX. 

The p a r t i c u l a r l y high e f f i c i e n c y of added t h i o c y a n a t e ion i n 

n i t r o s a t i o n , then, i s r e a d i l y a t t r i b u t a b l e to the l a r g e value of K x 

f o r NOSCN formation. Indeed the K va l u e s of 32 l2 m o l - 2 at 20°C 
x 

142 — *\ 2 2 2 '2, 2 f o r NOSCN compares w i t h 1.1 x 10 I mol and 5.1 x 10 1 mol 

a t 25°C f o r NOC1 1 3 8 and NOBr 1 4 3, r e s p e c t i v e l y . Thas, even though the 

tru e r a t e c o n s t a n t s f o r NOX a t t a c k are l a r g e r f o r c h l o r i d e ion than f o r 

bromide ion, i t i s g e n e r a l l y found t h a t bromide ion c a t a l y s i s i s 

s i g n i f i c a n t l y g r e a t e r than c h l o r i d e ion c a t a l y s i s . 
50 144 

Re c e n t l y , Stedman and co-workers ' have measured the r a t e 

c o n s t a n t s f o r the forward and backward s t e p s f o r tha d i r e c t n i t r o s a t i o n 

of t h i o u r e a , a l k y 1 t h i o u r e a s , and c y s t e i n e . The r e a c t i o n s were very 
+ 

r a p i d , forming the i n i t i a l l y u n s t a b l e nitrosulphonium ion ON - S N . 
2 -2 

The d e r i v e d e q u i l i b r i u m constant f o r t h i o u r e a i s 5000 I mol at 

25°C and the r e a c t i o n i s v i r t u a l l y q u a n t i t a t i v e f o r c y s t e i n e . I n t h i s 

s i n g l e f a c t alone, and i n comparison w i t h the h a l i d e ions and 

thi o c y a n a t e ion, i t i s p r e d i c t e d that t h i o u r e a may be an e x c e l l e n t 

c a t a l y s t g e n e r a l l y f o r n i t r o s a t i o n and d i a z o t i s a t i o .. 

I n d i r e c t evidence from e a r l i e r work suggests that these n i t r o -

sosulphonium ions can themselves a c t as n i t r o s a t i n g agents. T h i s 
46 

stems from the k i n e t i c method developed by W i l l i a m s to e s t a b l i s h the 

e f f i c i e n c i e s of v a r i o u s n i t r i t e t r a p s toward the d i f f e r e n t n i t r o s a t i n g 

agents, NOX, as o u t l i n e d i n chapter 1 of t h i s t h e s i s . I t w i l l be 
+ 

r e c a l l e d t h a t the range of s e l e c t i v i t y shown by 0N cC(NH ) for a 

number of n i t r i t e t r a p s , i n c l u d i n g hydrazine, h y d r a z o i c a c i d , and 

sulphamic a c i d , was very s i m i l a r to tha t shown by NOSCN; whereas both 

showed a s i g n i f i c a n t l y l a r g e r s e l e c t i v i t y range than e i t h e r NOBr or N0C1 
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T h i s i m p l i e s not only t h a t the l a t t e r are more r e a c t i v e n i t r o s a t i n g 
+ 

agents, but t h a t 0NSC(NH ) and ONSCN are of comparable r e a c t i v i t y . 
+ 

Any r e a c t i o n v i a 0NSC(NH ) can, of course, be s t u d i e d d i r e c t l y 

by the o b s e r v a t i o n of c a t a l y s i s of n i t r o s a t i o n by t h i o u r e a . T h i s has 
145 

been reported i n the l i t e r a t u r e f o r the n i t r o s a t i o n of dime thylamine 

i n aqueous a c e t a t e b u f f e r a t pH4, and from a co n c e n t r a t i o n - t i m e curve 

the authors showed th a t f o r s i m i l a r c o n c e n t r a t i o n s of added c a t a l y s t , 

t h i o c y a n a t e ion e x h i b i t e d e s s e n t i a l l y no c a t a l y t i c e f f e c t , whereas 

t h i o u r e a a c c e l e r a t e d the formation of the nitrosamine c o n s i d e r a b l y . 

However, no r a t e c o n s t a n t s f o r the r e a c t i o n s were c a l c u l a t e d , and i n 

general no k i n e t i c a n a l y s i s of the experimental r e s u l t s was given. 

I t i s t h e i n t e n t i o n of t h i s work to examine the c a t a l y s i s o f 

n i t r o s a t i o n and d i a z o t i s a t i o n e f f e c t e d by th i o u r e a , together w i t h the 

corresponding r e a c t i o n s i n the presence of t h i o c y a n a t e and bromide 

ions f o r comparison purposes, and to d i s c u s s the r e s u l t s i n terms of the 

r e a c t i v i t y of the v a r i o u s n i t r o s a t i n g agents i n v o l v e d . 



CHAPTER 5 

C a t a l y s i s of N i t r o s a t i o n 

and D i a z o t i s a t i o n by Thiourea 
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5.1 I n t r o d u c t i o n 

In t h i s chapter i s presented a d e t a i l e d k i n e t i c a n a l y s i s of the 

c a t a l y s i s of n i t r o s a t i o n and d i a z o t i s a t i o n e f f e c t e d by t h i o u r e a . 

Morpholine and a n i l i n e were chosen as t y p i c a l examples of secondary 

and primary amines, r e s p e c t i v e l y , f o r the study. C a t a l y s i s by bromide 

ion and t h i o c y a nate ion were a l s o c a r r i e d out f o r comparison purposes, 

the r e s u l t s of which are given and d i s c u s s e d i n the next c h a p t e r . 

F o r each amine a l l the k i n e t i c measurements were performed w i t h 

the c o n c e n t r a t i o n of the r e s p e c t i v e amine i n constant excess over the 

n i t r o u s a c i d c o n c e n t r a t i o n . S i n c e good f i r s t - o r d e r behaviour upon 

^HNOgj was found f o r each k i n e t i c experiment, a m e c h a n i s t i c pathway 

i n c o r p o r a t i n g n i t r o s a t i o n v i a n i t r o u s anhydride may be excluded. Under 

the s e c i r c u m s t a n c e s , the observed f i r s t - o r d e r r a t e constant, k , i s 
> o 

defin e d by: 

Am°2] r , 
= k | HN0„ 

dt o l 2 J 

I n the c a s e of morpholine, the k i n e t i c s were monitored a t 31°C i n 

the c e l l of Beckman model 25 r e c o r d i n g spectrophotometer by observing 

the i n c r e a s e i n absorbance a t 342nm due to the product N-nitrosomorpholine. 

For a n i l i n e , however, the r e a c t i o n s were s u f f i c i e n t l y f a s t as to r e q u i r e 

the usage of a Canterbury stopped-flow spectrophotometer at 30°C. The 

k i n e t i c s were followed by n o t i n g the i n c r e a s e i n absorbance a t 325nm due 

to the formation of the product diazonium ion, which was found to be 

r e l a t i v e l y s t a b l e over the l e n g t h of time needed f o r complete r e a c t i o n . 

For the a n i l i n e experiments the determined v a l u e s of k wore taken from 
o 

the mean va l u e of a t l e a s t f i v e s e parate k i n e t i c runs, and the r e ­

p r o d u c i b i l i t y of the measurements i n a l l c a s e s was b e t t e r than ±5%. 
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5.2 N - n i t r o s a t l o n of Morpholine 

The c a t a l y t i c e f f e c t of added t h i o u r e a was i n v e s t i g a t e d a t constant 

a c i d and morpholine c o n c e n t r a t i o n s , and the r e s u l t s are given i n Table 39 

and shown g r a p h i c a l l y i n F i g u r e 10, together w i t h the r e s u l t s f o r 

bromide ion and thiocyanate i o n , f o r convenience. 

T a b l e 39 

£ NaNOg J = 9.46 x 10~3M, [ H 2
S 0

4 ] = .113M, [ Morpholinej = .154M 

1 0 3 [ S C ( N H 2 ) 2 ] I 0 4 k o ( s _ 1 ) 

1.27 69.3 

2.54 170 

3.81 261 

5.08 334 

6.35 421 

C l e a r l y , there i s s i g n i f i c a n t c a t a l y s i s by t h i o u r e a , and from the 

sl o p e s of k Q a g a i n s t J n u c l e o p h i l e j i n F i g u r e 10 the o v e r a l l c a t a l y t i c 

e f f i c i e n c y f o r the s e r i e s B r " < SCN~ < SC(NH ) i s , more q u a n t i t a t i v e l y , 

1 : 240 : 4200. Indeed, t h i s r e p r e s e n t s the f i r s t p o s i t i v e d i r e c t 

i d e n t i f i c a t i o n of n i t r o s y l t h i o u r e a as a n i t r o s a t i n g agent i n i t s own 

r i g h t , although the i n d i r e c t k i n e t i c a n a l y s i s r e f e r r e d to e a r l i e r 

suggested t h i s p o s s i b i l i t y . 

A s e r i e s of experiments c o n t a i n i n g v a r y i n g c o n c e n t r a t i o n s of 

morpholine were c a r r i e d out w i t h the aim of deteimining the order w i t h 

r e s p e c t to £morpholineJ. The r e s u l t s are ta b u l a t e d i n Table 40 and 

portr a y e d g r a p h i c a l l y i n F i g u r e 11. 
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Table 40 

[NaN0 2] = 8.46 x 10 - 3M, [ H
2

S 0
4 ] = • 124M, J K S C N ] = 3 . 3 3 x 10~ 2M 

1 0 2 £ Morpholinej 10 4k ( s - 1 ) o 

0 0 

3.32 36.2 

5.54 67.7 

7.76 93.1 

9.97 118 

12.2 140 

14.4 161 

The o r i g i n i s shown as a v i a b l e point, through which the l i n e 

must now pass; and, as expected, the observed f i r s t - o r d e r r a t e constant, 

k Q > i s d i r e c t l y p r o p o r t i o n a l to the c o n c e n t r a t i o n of morpholine, thus 

e s t a b l i s h i n g good f i r s t - o r d e r behaviour over the range of morpholine 

c o n c e n t r a t i o n s . 

I t i s g e n e r a l l y b e l i e v e d t h a t n i t r o s a t i o n o f a secondary amine 

proceeds by d i r e c t a t t a c k by NOX (X = C l ~ , Br~, SCN~, e t c . ) at the f r e e 
38 101 

base form of the amine ' , and the above r e s u l t s f o r t h i o u r e a are 

e n t i r e l y c o n s i s t e n t w i t h such a scheme, as o u t l i n e d below. In the 

present c a s e , i t i s understood t h a t X = SC(NH ) and the secondary 

amine i s i n f a c t , morpholine. 
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NH 
k + 

NOX >)NHNO + 

A 

> H 2 

A v— ; 
\ 
f 
+ >-+ H + X >-

K I s the a c i d d i s s o c i a t i o n c o n s t a n t o f the protonated secondary 
+ 

amine /NH2 , and i s the e q u i l i b r i u m c o n s t a n t f o r the formation of NOX 

from HNO , H +, and X~. The value f o r K a t 31°C was i n t e r p o l a t e d from a 
m a 

1 149 graph of In K a g a i n s t / from data l i s t e d by P e r r i n S i m i l a r l y , a x 
50 

Stedman and co-workers have measured the e q u i l i b r i u m constant, K^, f o r 

the formation of the nitrososulphonium ion over a range of temperatures, 
o 

and the v a l u e of a t 31 C f o r the present work was i n t e r p o l a t e d from a 

graph of In a g a i n s t 1 / T > 

Thus, the r a t e equation f o r the above mechanism i s given by the 

e x p r e s s i o n : 

Rate = k g [ NOXJ [ F r e e M o r p h o l i n e J 

However, the c o n c e n t r a t i o n of NOX may be e a s i l y c a l c u l a t e d as f o l l o w s : 

K = x 
[ N O X ] 

H + ] [ X ' ] [ HN02 

and i f , by d e f i n i t i o n , 

[ T o t a l N i t r i t e ] = [ HNO^ + [ NOxj 
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£Total N i t r i t e j 

[NOX ] = ~ 1 

"J"1[*'J 

S i m i l a r l y , for F r e e Morpholine , 

K = a 
J F r e e M o r p h o l i n e j j H + ] 

[protonated MorpholineJ 

where Jprotonated Morpholine] r e p r e s e n t s , f o r a l l p r a c t i c a l purposes, 

the t o t a l c o n c e n t r a t i o n of morpholine present, designated below as 

j^MorpholineJ T. Thus, 

£ Morpholine] T 

£Free Morpholinej = [ H + ) 

S u b s t i t u t i n g these e x p r e s s i o n s back i n t o the above r a t e equation y i e l d s 

k 2 K a [ T o t a l N i t r i t e J [ M o r p h o l i n e ] T 

Rate = 

and s i n c e the observed f i r s t - o r d e r r a t e constant i s defined by: 

[HNO 1 
= k 

o 

where | HN02 ] r e f e r s to the ^ T o t a l N i t r i t e ] , one may w r i t e : 

k K fMorpholine] 
k 
o 
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I f K i s very s m a l l , as i t i s for bromide ion, for example, with 

—2 2 —2 o 
K = 6.00 x 10 I mol at 31 C, then a t reasonably low c o n c e n t r a t i o n s x 
of bromide ion the l i m i t i n g c o n d i t i o n V K ^ H ^ J J x ~ ] > > > 1 a p p l i e s , whence 

k reduces to: o 

k o = k 2 K a [ M o r p h o l i n e ] T K%[x] 

which p r e d i c t s a f i r s t - o r d e r dependency upon [ X ] and independence 

from the a c i d i t y . 
2 -2 

However, for t h i o u r e a K has the much l a r g e r value of 3656 I mol 

a t 3 1 ° C , and the l i m i t i n g c o n d i t i o n does not now apply, as V K ^ H * J Jx~J i s 

t y p i c a l l y l e s s than s i x . Thus, even though the graph of k^ v e r s u s J t o t a l 

t h i o u r e a j i n F i g u r e 10 i s shown as being l i n e a r , once the c o n c e n t r a t i o n 

of t o t a l t h i o u r e a i s c o r r e c t e d f o r the c o n s i d e r a b l e c o n v e r s i o n i n t o 

0NSC(NH 2> 2 a p l o t of k Q a g a i n s t ^ F r e e t h i o u r e a ] shown i n F i g u r e 1 2 

i s i n f a c t s i g n i f i c a n t l y curved, as indeed i t should be i f the l i m i t i n g 

form does not apply. 

I t i s p o s s i b l e to e v a l u a t e the v a l u e s of k , however, for each 

i n d i v i d u a l t h i o u r e a c o n c e n t r a t i o n by using the g e n e r a l form of the r a t e 

equation f o r k Q . The a p p l i c a t i o n of t h i s equation n e c e s s i t a t e s the 

c a l c u l a t i o n of two c o r r e c t i o n f a c t o r s . F i r s t the nominal s o l v e n t 

a c i d i t y must be c o r r e c t e d to a l l o w for complete pr o t o n a t i o n of morpholine 

and the t o t a l c o n v e r s i o n of n i t r i t e to n i t r o u s a c i d . Protonation of 

t h i o u r e a at these c o n c e n t r a t i o n s i s n e g l i b l e , and t h e r e f o r e i s omitted 

from any f u r t h e r c a l c u l a t i o n s . The c o r r e c t i o n was c a r r i e d out as 

f o l l o w s : 

fMorpholine] /M + [ N 8 N 0 ]/M 
R e s i d u a l [ H 2 S 0 j = fc - — 



- 1 1 0 -

FIGURE 1 2 

1 0 \ / s - 1 

i r 
U 8 12 16 

10 [free thiourea 



- I l l 

T h i s r e s i d u a l [ H^SO^J/M was then taken to estimate the t r u e [ H +]/M, 

6 3 
from i n t e r p o l a t i o n of data given by Robertson and Dunford ,and i n the 

-2 
p r e s e n t c a s e was c a l c u l a t e d to be 4.0 x 10 M. 

Secondly, because a s i g n i f i c a n t p r o p o r t i o n of the t o t a l t h i o u r e a 
+ 

c o n c e n t r a t i o n , X~, w i l l n e c e s s a r i l y be t i e d up i n the form of 0NSC(NH ) , 

the c o n c e n t r a t i o n of f r e e t h i o u r e a needs to be c a l c u l a t e d i n each 

i n d i v i d u a l c a s e . T h i s i n v o l v e s the c a l c u l a t i o n of [ N O X ] , and by 

d e f i n i n g 

[ T o t a l N i t r i t e ] = [ N O X ] + [HNO ] 

and, 

[ T o t a l X ~ ) = [ F r e e X ~ ] + [NOX] 

K 
x 

[ N O X ] 

[ H + ] ( [ T o t a l N i t r i t e ] - [NOX]) ( [ T o t a l X _ ] - [ NOX]) 

S i n c e the v a l u e s f o r [ T o t a l N i t r i t e ] , [ T o t a l X ~ ] , [ H + ] , and are a l l 

known q u a n t i t i e s , the v a l u e f o r [ N O X ] , and hence [ F r e e X _ j may be e a s i l y 

obtained. 

Using these c o r r e c t e d v a l u e s , the i n d i v i d u a l v a l u e s of k for 

each t h i o u r e a c o n c e n t r a t i o n i n Table 3 9 i s given i n Table 4 1 . 
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Tab l e 41 

o 2 10 4 [ F r e e Thiourea] 10 4k s - 1 10 6 k „ £ m o l _ 1 s _ 1 

5.52 69.3 5.5 

11.8 17.0 6.9 

18.2 261 7.4 

25.1 334 7.4 

32.9 421 7.7 

Bearing I n mind t h a t t h e r e a r e a number of assumptions made I n the 

e v a l u a t i o n of k and e x c l u d i n g the f i r s t value of k a t the lowest 2 & 
th i o u r e a c o n c e n t r a t i o n , the average of k i s : 

k = (7.4 ± 0.3) x 1 0 6 I m o l - 1 s " 1 

which i s a g e n e r a l l y s a t i s f a c t o r y r a t e c o n s t a n t . 

C o n t r a s t i n g with C I , Br , and SCN c a t a l y s i s , a f u r t h e r con­

sequence of t h i o u r e a c a t a l y s i s i s t h a t k Q i s not now independent of the 

so l v e n t a c i d i t y , i f the gen e r a l form of the r a t e equation f o r k Q i s 

a p p l i c a b l e . The data drawn up i n Table 42 shows q u i t e c l e a r l y t h a t t h i s 

i s the case, as k Q decreases r a t h e r s h a r p l y . 

Table 42 

[NaN0 2 j = 9.58 x 10~3M, [Thiourea] = 2.59 x 10~3M, [ M o r p h o l i n e ] T = .170M 

[ H 2 S ° J T ^ ^ V 8 " 1 ) 

.113 184 

.147 96.5 

.170 74.6 

.227 23.7 
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In a d d i t i o n to the e l u c i d a t i o n of the mechanism and k i n e t i c s of 
+ 50 the formation of the 0NSC(NH ) adduct, Stedman and co-workers a l s o 

made a k i n e t i c study of the r e a c t i o n between n i t r o u s a c i d and t h i o u r e a 

a t low a c i d i t y to form molecular n i t r o g e n and t h i o c y a n i c a c i d . 

HNO + S C ( N H 0 ) 0 ^ HNCS + N„ + 2H O 
2 2 2 a 2 

The f a c t t h a t n i t r o g e n i s one of the main products of the r e a c t i o n 

s t r o n g l y suggests N - n i t r o s a t i o n , and Stedman and h i s co-workers i n t e r ­

p r e t e d t h e i r r e s u l t s i n terms of a ra t e - d e t e r m i n i n g m i g r a t i o n of the 

n i t r o s y l group from the sulphur atom to ni t r o g e n i n the conjugate base 

of the S-nitroso-compound. 

F a s t 

0NSC(NH)NH 

F a s t V 

Slow 

H + HN0 2 + S C ( N H 2 ) 2 ^ 0NSC(NH 2, 2 + 

+ f a s t v + 
0NSC(NH o) o 0NSC(NH)NH + H + 

2 ~»2 y , 

F a s t 

H + + HNCS + N + OH" 

Thus, the decrease i n k Q at the higher a c i d c o n c e n t r a t i o n s may be 
+ 

e x p l a i n e d by an a c i d c a t a l y s e d i n c r e a s e i n the c o n c e n t r a t i o n of ONSC(NH ), 

and a concurrent decrease i n the a v a i l a b i l i t y of unprotonated morpholine. 
+ 

The 0NSC(NH o) adduct then predominantly f o l l o w s the a l t e r n a t i v e 2 2 

pathway of n i t r o s y l m i g r a t i o n from S—>N to e v e n t u a l l y form the observed 

decomposition products, as o u t l i n e d above. Indeed, i n the p r e s e n t work, 
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a t the higher a c i d i t i e s , t h e r e was observed an i n c r e a s i n g l y g r e a t e r 

e v o l u t i o n of gaseous bubbles, presumed to be n i t r o g e n . The data are 

not s i g n i f i c a n t l y d e t a i l e d , however, to examine t h i s p o i n t more 

thoroughly. 

The e f f e c t o f temperature on r e a c t i o n r a t e was i n v e s t i g a t e d with 

the purpose of measuring the a c t i v a t i o n energy f o r the N - n i t r o s a t i o n 
+ 

s t e p f o r r e a c t i o n of ONSC(NH ) The r e s u l t s f o r r e a c t i o n a t 21°C and 
4B 2 

40°C are l i s t e d i n Table 43, along w i t h the i n d i v i d u a l v a l u e s of k 
——————— 

c a l c u l a t e d as d e s c r i b e d p r e v i o u s l y . The v a l u e s at 21°C and 40°C 
2 _o 2 —2 a r e 5486 1 mol and 2581 I mol , r e s p e c t i v e l y . 

Table 43 

1 0 4 [ T o t a l T h i o u r e a ] T(°C) 1 0 4 k o ( s _ 1 ) 10~6k2l m o l ~ 1 s ~ 1 

25.3 21 41.5 3.58 

38.0 21 62.1 3.74 

7.24 40 135 12.1 

10.9 40 180 10.6 

18.1 40 260 9.78 

25.3 40 371 10.1 

32.6 40 491 10.6 

Taking the mean value of k at each of the three temperatures: 

k~2 a t 21°C = (3.7 ± 0.1) x 1 0 6 I m o l - 1 s " 1 

k 2 at 31°C = (7.4 ± 0.3) x 10 6 % mol" 1 s " 1 

k. at 40°C = (10.6 + 0.9) x 1 0 6 I mol" 1 s " 1 



- 115 

By invoking the A r r e n h l u s equation 

-E 
a 

l o g k = + Constant 
2.303 RT 

and by p l o t t i n g l o g k a g a i n s t 1/T, a value of 42 t 6 k J m o l - 1 i s 

obtained f o r the energy of a c t i v a t i o n . Although the e r r o r i s q u i t e 

l a r g e , the value i s s i g n i f i c a n t l y higher than the range 6-21 k J mol 1 

147 
found f o r other d i f f u s i o n - c o n t r o l l e d r e a c t i o n s . S i m i l a r l y Fen and 

148 

Tannenbaum have found the a c t i v a t i o n energy f o r the n i t r o s a t i o n 

of morpholine i n the presence of t h i o c y a n a t e ion to be 40 k J mol 

5.3 D i a z o t i s a t i o n of A n i l i n e 

A k i n e t i c a n a l y s i s of d i a z o t i s a t i o n of a number of r i n g - s u b s t i t u t e d 
33 o 

a n i l i n e s a t 25 C e f f e c t e d by n i t r o s y l bromide «*nd n i t r o s y l c h l o r i d e 

r e v e a l e d t h a t f o r bromide ion c a t a l y s e d r e a c t i o n s the r e v e r s i b i l i t y 

of the r e a c t i o n f o r a l l those a n i l i n e s whose pK & < 4.0 was k i n e t i c a l l y 

s i g n i f i c a n t . For the more weakly n u c l e o p h i l i c c h l o r i d e ion the 

r e v e r s i b i l i t y was much l e s s marked, with the notable exception of the 
weakly b a s i c 4 - n i t r o a n i l i n e d e r i v a t i v e . Hence, the r e v e r s i b i l i t y of 

+ 

ArNH NO formation competes with the p r o c e s s l e a d i n g to the diazonium 

ion, as d e p i c t e d i n the f o l l o w i n g scheme. 
K 
x HN0„ + H + + X~ NOX + H O 2 ^ 2 

k 
2 ^ + ArNH + NOX ArNH NO + X 

2 "v; 2 

1 1 - . a 
+ 

ArNH >k 
3 

+ 

k ( s e v e r a l s t a g e s ) 

ArN 2 + H 20 
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k The r e v e r s i b i l i t y i s r e f l e c t e d i n the r a t i o -2/k , and i t i s 

p e r t i n e n t to p o i n t out that f o r the same amine the r a t i o i s markedly 

g r e a t e r f o r the bromide ion c a t a l y s e d r e a c t i o n than f o r the corresponding 

c h l o r i d e ion c a t a l y s e d r e d u c t i o n , t y p i c a l l y by f a c t o r s w i t h i n the range 
33 

20 - 80 f o l d . That t h i s i s as expected i s not s u r p r i s i n g given the 

g r e a t e r e f f i c i e n c y of bromide ion over c h l o r i d e ion c a t a l y s e d r e a c t i o n s 

i n the d e n i t r o s a t i o n of secondary n i t r o s a m i n e s . For example, f o r 

NMNA24 k ( B r " ) > k ( C l ~ ) by a f a c t o r of 50, and f o r NDA 3 0 i t i s 

g r e a t e r by a f a c t o r of 25. 

Si n c e t h i o u r e a i s again many times more e f f i c i e n t than bromide ion 

i n the d e n i t r o s a t i o n of n i t r o s a m i n e s , t y p i c a l l y by a f a c t o r of 250 f o r 
46 

NMNA , i t may be concluded t h a t the r e v e r s i b i l i t y of th i o u r e a c a t a l y s e d 

d i a z o t i s a t i o n of a n i l i n e must a l s o be taken i n t o c o n s i d e r a t i o n . 

Indeed, the data f o r k Q as a f u n c t i o n of added t h i o u r e a a t constant 

a c i d and a n i l i n e c o n c e n t r a t i o n s s e t out i n Table 44 and portrayed 

g r a p h i c a l l y i n F i g u r e 13 i n the form of k Q v e r s u s [ F r e e T h i o u r e a j 

demonstrates q u i t e c l e a r l y t h a t the r e v e r s e step i s k i n e t i c a l l y 

important. 

Table 44 

» [»aN0J A n i l i n e 6.32 x 10 M 2.50 x 10 

4 [ 10 T o t a l Thiourea k . ( s ) 

= .113M 

4.82 .264 ± .005 
9.64 .455 ± .009 

19.3 .759 ± .007 
38.5 1.15 ± .02 
57.8 1.33 ± .02 
106 1.51 ± .06 
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Thus, the above scheme i s r e t a i n e d f o r the work i n t h i s s e c t i o n , 

where X now r e p r e s e n t s t h i o u r e a . 
+ 

Assuming ArNH NO to behave as a r e a c t i v e intermediate, so that i t s 

c o n c e n t r a t i o n remains r e l a t i v e l y s m a l l and constant during the course of 

the r e a c t i o n , a l l o w s the a p p l i c a t i o n of the steady s t a t e hypothesis. 

Rate of formation of ArNH NO = Rate of d e s t r u c t i o n of ArNH NO 
a 2 

[ArNH 2][NOx]k 2 = [ArNH 2No][x ] k_ 2 + [ArNH 2No]k ; 

[ArNHjfNQx] k 2 

[ — 2 - 1 - k _ 2 [ x " ] + k 

However, 

Rate = 
dt 

+ 
= k 3 [ ArNH 2N0] 

So t h a t , 

Rate = 
k 2 k

3 [ A r N H 2 ] [ N 0 X ] 

k - 2 [ X " l + k. 

F u r t h e r , 

K a [ A r N H
2 ] ' 

S i n c e |ArNH 2J = 

where [ A r N H
2 ] x r e f e r s to the t o t a l c o n c e n t r a t i o n of a n i l i n e , which may 

be assumed to be completely protonated, 

and. 
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Sin c e [NOx] = 
T o t a l N i t r i t e ] 
1 + 

Rate = 

M [*1 
k 2 k 3 ^ A r N H j T K a [ T o t a l N i t r i t e ] 

K K 1 • k s ) [ » 1 l + 

But the observed f i r s t - o r d e r r a t e constant, k , i s defined as: 
o' 

[ A r N
2 ] 

dt 
k Q [ T o t a l N i t r i t e j 

so t h a t , 

k k K f ArNH 1 / 1 2 3 a I 2JT / 

l + 
K)[x-] 

Thus, the k i n e t i c model p r e d i c t s t h a t at reasonably low c o n c e n t r a t i o n s 

of t h i o u r e a , k g >>> k
 2 [ x~]» w hen k reduces to: o 

k 2 K a [ A r N » 2 ] 

1 

( 1 + 

At constant a c i d i t y and t h i o u r e a c o n c e n t r a t i o n a graph of k Q a g a i n s t 

[ A r N H
2 ] x s n o u l d t h e r e f o r e y i e l d a l i n e a r l i n e , and s i n c e the slo p e 

r e p r e s e n t s the value of 
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k K 2 a 

[„•] U + , ) 

the b lmolecular r a t e constant k may be c a l c u l a t e d . The data f o r such a 

p l o t i s given i n Table 45, and from F i g u r e 14 i t i s noted t h a t a 

reasonably l i n e a r l i n e i s obtained a t the lower c o n c e n t r a t i o n s of 

a n i l i n e . 

T a b l e 45 

[NaN0 2j = 2.57 x 10 _ 4M, [ T o t a l Thiourea] = 1.14 x 10~3M, [ H^oJ- . 113M 

1 0 3 [ A r N H 2 ] T ys- 1) 

0 0 

3.54 .304 ± .007 

7.07 .558 ± .006 

10.6 .861 ± .011 

14.1 1.08 ± .03 

21.2 1.45 ± .05 

The v a l u e of the slop e of the l i n e a r l i n e i s 80.3 + 2.0, l e a d i n g to the 

value of k a s : -

k g = 1.04 x 1 0 6 I m o l " 1 s ~ 1 

+ 

I t i s not p o s s i b l e to compare these f i n d i n g s r e g a r d i n g 0NSC(NH ) 

r e a c t i v i t y w i t h any other work, s i n c e t h i s i s , as f a r as i t i s known, the 

f i r s t r e p o r t of such r e s u l t s f o r d i r e c t t h i o u r e a c a t a l y s i s i n n l t r o s a t i o n . 
+ 

Hence, the s u b j e c t of r e a c t i v i t y of 0NSC(NH ) toward a n i l i n e and 
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FIGURE 14 
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morpholine w i l l be pursued f u r t h e r i n Chapter 6, in c o n j u n c t i o n with the 

r e a c t i v i t i e s of NOBr and NOSCN. 

Re a c t i o n s were a l s o c a r r i e d out at 0°C, and under these c o n d i t i o n s 

there i s v i r t u a l l y q u a n t i t a t i v e c o n v e r s i o n of the minor component 
+ 

n i t r o u s a c i d i n t o ONSC(NH_)_, as the value of K i s 13,280. The k i n e t i c s 
a £ x 

were followed a t 420nm by no t i n g the decrease i n the absorbance due to 

the y e l l o w n i t r o s o s u l p h o n i u m ion. Good f i r s t - o r d e r p l o t s of l o g ( a - x ) 

v e r s u s time were obtained i n every c a s e . The r e s u l t s i n Table 46 
d e s c r i b e k as a f u n c t i o n of added a n i l i n e , at con s t a n t a c i d and o ' 
t h i o u r e a c o n c e n t r a t i o n s . 

Table 46 

-4 r™v.,_ _1 , -2. [ H 2 S 0 4 J = . 170M, [NaN0 2] = 5.45 x 10 , ^Thiourea] = 1.08 x 10 M 

l o 2 [ A r N H
2 ] T k ( s - 1 ) 

o 

0 0 

1.09 .136 ± .010 

1.56 .216 ± .012 

1.95 .270 ± .018 

2.34 .330 ± .015 

3.12 .484 ± .023 

In terms of the more general r a t e equation for k Q ) the l i m i t i n g 

c o n d i t i o n s 1 >>> 1/K X[H +]JX J a p p l i e s , whence k Q reduces t o : -

k 
o 

k k„ K f ArNH_l _ 2 3 a I 2 j T 
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At low c o n c e n t r a t i o n s of t h i o u r e a , >>> k Jxjj and k 2 may be e a s i l y 

e valuated from the s l o p e of the k Q versus ^ArNIlJ T graph. I n t h i s case, 

however, the c o n c e n t r a t i o n s of t h i o u r e a i s r a t h e r high, and from 
o 

c o n s i d e r a t i o n of the r e s u l t s i n F i g u r e 13 at 30 C the r e v e r s i b i l i t y 

of the r e a c t i o n undoubtedly i s k i n e t i c a l l y important. Thus, although 

the graph of k Q againstJArNH^ T i s reasonably l i n e a r , the value of the 

slope more a c c u r a t e l y r e p r e s e n t s the composite value k 2 k g
 K

a / ( k 2 [ x ] + [H+i> 
o 

from which k may not be e v a l u a t e d . F u r t h e r work at 0 C was not c a r r i e d 

out. 



CHAPTER 6 

C a t a l y s i s by Thlocyanate and Bromide Ions 
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6.1 I n t r o d u c t i o n 

T h i s chapter i s a continuance of the pr e v i o u s chapter i n that 

r e s u l t s are presented here f o r the bromide ion and th i o c y a n a t e ion 

c a t a l y s e d r e a c t i o n s of N - n i t r o s a t i o n of morpholine and d i a z o t i s a t l o n 

of a n i l i n e . The same experimental procedures are used here as were 

de s c r i b e d p r e v i o u s l y . 

6.2 N - n i t r o s a t i o n of Morpholine 

I t w i l l be r e c a l l e d from s e c t i o n 5.2 th a t a f i r s t - o r d e r 

dependency upon the c o n c e n t r a t i o n of morpholine was e s t a b l i s h e d and th a t 

the general r a t e e x p r e s s i o n f o r k Q i s a p t l y d e s c r i b e d by:-

k 2 K a [ M o r P n o l i n e ] T 

The e q u i l i b r i u m c o n s t a n t s , K^, f o r the formation of NOBr and NOSCN were 

i n t e r p o l a t e d from the a p p r o p r i a t e graph of InK^ v e r s u s */T from data 
143 142 given by Schmid and Fouad f o r NOBr and by Stedman and co-workers 

for NOSCN formation. 

The data f o r bromide ion and t h i o c y a n a t e ion c a t a l y s e d r e a c t i o n s 

at 31°C are l i s t e d i n T a b l e s 47 - 50, where a repeated s e t o f experiments 

are a l s o given f o r each n u c l e o p h i l e a t d i f f e r e n t morpholine c o n c e n t r a t i o n s . 

Table 47 

[H 2S0 4] = .113M, [ M o r p h o l i n e j T = .111M, [NaN02J = 9.10 x 10~3M 

[KBr]/M 1 0 4 k o ( s _ 1 ) 

.171 3.64 

.285 4.71 

.570 9.35 

.855 13.0 
1.14 17.6 
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Table 48 

^ H 2 S 0 4 J = . 113M [MorpholineJ= . 181M, ̂ NaN0 2j= 8.64 x 10~3M 

[KBr]/M 10 4k ( S - 1 ) 

.21 6.44 

.49 11.7 

.98 22.1 

Table 49 

H 2 S 0 j = . 113M, jMorpholineJ= . 118M, £NaNC>2J = 8.74 x 10 _ 3M 

10 3[KSCN] 1 0 4 k o ( s _ 1 ) 

7.69 46.6 

15.9 93.5 

23.9 138 

31.8 179 
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Table 50 

H 2 S ° 4 ] = - 1 1 3**» [Morpholinel = .111M, FNaNO^ = 9.10 x 10~3M 

I3[KSCN] 4 -1 10 k (s ) o 

7.22 29.0 

10.8 43.4 

14.4 55.8 

18.1 70.3 

21.8 83.0 

32.2 123 

36.4 138 

50.9 186 

64.4 224 

70.8 252 

77.3 274 

96.6 342 

129 440 

161 552 

2 —2 For bromide ion c a t a l y s i s , the value of K i s 6.00 I mol a t x 
o 

31 C, and f o r a l l c o n c e n t r a t i o n s of bromide ion the l i m i t i n g c o n d i t i o n 
1 / K [ x ~ ] > > > 1 i s a p p l i c a b l e . S i m i l a r l y , f o r thiocyanate ion, the 

_ 2 
v a l u e of K i s 27.4 I mol , and at the lower c o n c e n t r a t i o n s of i t s x ' 

s a l t , t y p i c a l l y < 0.04M, the preceeding l i m i t i n g c o n d i t i o n i s a l s o 

a p p l i c a b l e . Under these c o n d i t i o n s , the general form of the above 

r a t e equation f o r k Q now reduces to:-

k o = k 2 K a [ M ° r p h o l i n e ] T * x [ *" ] 
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Thus, the equation p r e d i c t s t h a t a t co n s t a n t morpholine and a c i d 

c o n c e n t r a t i o n s k Q should be l i n e a r l y dependent upon £ X ~ j and th a t a t 

constant c o n c e n t r a t i o n s of c a t a l y s t and morpholine k Q should be 

independent from the c o n c e n t r a t i o n of s o l v e n t a c i d i t y . 

The l a t t e r point i s borne out by the examination of the data i n 

Table 51, i n which i t i s c l e a r l y shown that k Q i s indeed u n a f f e c t e d by 

an i n c r e a s e i n the a c i d i t y . 

Table 51 

ĵ KBtr-J = .490M, £ Morpholine] = .170M, | NaNOgj = 8.60 x 10~3M 

[ H 2 S 0 j l O ^ s " 1 ) 

.113 11.2 

.170 11.2 

.227 11.2 

.340 11.1 

.420 11.7 

With r e f e r e n c e to the scheme below, the probable e x p l a n a t i o n for the 

constancy of k Q over the a c i d range i s t h a t the r e s u l t a n t i n c r e a s e i n 

the e q u i l i b r i u m c o n c e n t r a t i o n of NOX i s o f f s e t by a corresponding decrease 

i n the c o n c e n t r a t i o n of unprotonated morpholine. Thompson and Wil l i a m s 

l i k e w i s e found f o r the analogous s i t u a t i o n of the a l a z o t i s a t l o n of a n i l i n e v i a 
33 

NOBr that k remained unchanged upon doubling the a c i d c o n c e n t r a t i o n 
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H + HN0„ + X 
2 T 

NOX + H O 2 

NOX + "̂ NH 
l < 1 

>HNO + X" 

K 

V 

> H 2 ;N - NO 

The l i n e a r dependence of k Q upon the c o n c e n t r a t i o n s of bromide 

ion and t h i o c y a n a t e ion a t the lower c o n c e n t r a t i o n s i s shown Fig u r e 10. 

At the higher c o n c e n t r a t i o n s of thiocyanate ion, the p l o t of k Q a g a i n s t 

£SCN~J does curve o f f as the l i m i t i n g form becomes l e s s a p p l i c a b l e , 

which i s as expected i f the value of i s markedly l a r g e r than for 

bromide i o n . 

S i n c e the s l o p e s of such p l o t s r e p r e s e n t the value of 

k 2 K a K x M o r p h ° l i 0 e T ' t n e b i m o l e c u l a r r a t e constant, k^, f o r a t t a c k of NOX on 

the f r e e form of morpholine may be c a l c u l a t e d . The s l o p e s of the 

i n d i v i d u a l graphs and t h e i r corresponding v a l u e s of k are s e t out 

below i n Table 52. 

T a b l e 52 

-7 -1 -1 slope 10 k (£ mol s ) 

B r " (1.45 ± .04) x 10~ 3 5.22 

Br~ (2.04 ± .06) x 10~ 3 4.50 

SCN~ .370 ± .006 2.92 

SCN~ .550 ± .008 2.66 
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The mean v a l u e s of k f o r the NOBr and NOSCN r e a c t i o n s a r e 

(4.9 ± 0.5) x 1 0 7 1 m o l " ^ - 1 and (2.8 ± 0.2) x 1 0 7 I m o l " 1 s ~ 1 , 

r e s p e c t i v e l y . I n a d d i t i o n , f o r the NOSCN r e a c t i o n , a value of k may 

a l s o be determined from the v a r i a t i o n of k Q w i t h ^Mopholinej T a t constant 

SCN~J, as shown i n F i g u r e 11. T h i s y i e l d e d a va l u e of 2.9 x 10 I mol~ s 

in e x c e l l e n t agreement with the value quoted above. 

Thus, the bim o l e c u l a r r a t e c o n s t a n t s f o r the N - n i t r o s a t i o n of 

morpholine have been determined f o r each of the n i t r o s a t i n g agents, 
+ 

NOBr, NOSCN, and 0NSC(NH ) , and, f o r convenience, these are drawn up 
£t 2 

in Table 53. 

Table 53 

NOX 10 ?k («• m o l - 1 s " 1 ) 

NOBr 4.9 

NOSCN 2.8 
+ 

N0SC(NH 2) 2 .74 

Rece n t l y , there has been c o n s i d e r a b l e i n t e r e s t i n the a r e a of 
147 

d i f f u s i o n - c o n t r o l l e d r e a c t i o n s , and the i n t e r e s t i n g f e a t u r e i n the 

data i n T a b l e 53 i s the o v e r a l l s m a l l range of r e a c t i v i t y , which i n 

i t s e l f suggests t h a t the r e a c t i o n r a t e s are approaching 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 . However, not only are the i n d i v i d u a l magnitudes of 

the k v a l u e s approximately 100 times s m a l l e r than those expected for 
o 

such r e a c t i o n s i n water a t 31 C, but the measured energy of a c t i v a t i o n 
+ 

of 42 i 6 k J m o l - 1 f o r the N0SC(NH ) r e a c t i o n lends s t r o n g evidence 

to the c o n c l u s i o n t h a t the r e a c t i o n r a t e s are not n e a r i n g those 

expected f o r a d i f f u s i o n - c o n t r o l l e d p r o c e s s . 
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Unexpected as t h i s s m a l l range of r e a c t i v i t y may be, Stedman and 
40 

co-workers showed th a t 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 n i t r o s a t i o n 

of hydroxylamine and i t s 0-methyl d e r i v a t i v e , wheie NOBr and NOC1 have 

much the same r e a c t i v i t y . Yet, the k v a l u e s f u r these r e a c t i o n s are 

again approximately 100 times lower than those expected f o r d i f f u s i o n -

c o n t r o l l e d p r o c e s s e s . However, the r e s u l t presented here are i n accord 

w i t h the e a r l i e r o b s e r v a t i o n that NOBr i s more r e a c t i v e than NOSCN i n 
40 

the n i t r o s a t i o n of hydroxylamine and 0-methylhydroxylamine , as w e l l 

as i n the n i t r o s a t i o n of the hydrazinium i o n 1 5 0 . 

I t seems c l e a r , then, t h a t an e x p l a n a t i o n c f the o v e r a l l c a t a l y t i c 

e f f i c i e n c y of t h e s e n i t r o s a t i n g agents toward morpholine does not l i e 

i n the i n d i v i d u a l magnitudes of k Rather, because the range of r e a c t i v i t y 

f o r k i s so c l o s e together, the main f a c t o r d e c i d i n g the extent of 

c a t a l y s i s seems t o be the a c t u a l s i z e of the e q u i l i b r i u m constant, K , 
+ 

f o r the formation of NOX. T h e r e f o r e , s i n c e K f o r N0SC(NH ) i s 

markedly l a r g e r than e i t h e r K x f o r NOSCN or NOBr, t h i o u r e a i s observed 

to have a s i g n i f i c a n t l y g r e a t e r a c c e l e r a t o r y e f f e c t on the r a t e of 

r e a c t i o n . S i m i l a r l y , f o r the same reasons, thiocyanate c a t a l y s e s the 

r e a c t i o n to a much g r e a t e r extent than bromide i o n . 

6.3 D i a z o t i s a t i o n of A n i l i n e 
o _o 

Rea c t i o n s were c a r r i e d out a t 30 C and 0 C, and the r e s u l t s 

measured at 30°C are given below i n T a b l e s 54 ant* 55 f o r the v a r i a t i o n 

of k Q with [ Br"]and [ s C N - ] . Each value of k Q i s i n f a c t the mean value 

of at l e a s t f i v e s e p a r a t e determinations. 
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Table 5 4 

£ H 2 S 0 4 ] = . 113M, [ A r N H 2 ] T = 1 . 8 3 x 10~ 2M, [ NaNoJ = 9 . 6 1 x 1 0 ~ 4 M 

1 0 2 [ K B r ] k o ( s - 1 ) 

1 . 7 3 1 . 4 8 ± . 0 3 

2 . 5 9 2 . 1 1 ± .04 

3 . 4 5 2 . 7 0 ± .06 

4 . 3 2 3 . 2 8 ± .05 

5 . 1 8 3 . 7 7 ± .04 

6 . 9 0 4 . 7 9 ± .06 

8 . 6 3 5 . 6 3 ± . 0 9 

Table 5 5 

[ H 2 S ° 4 ] = • 1 1 3 - ' [ A R N H 2 ] T = 1 , 8 7 X 1 0 ~ 2 " ' [ N A N 0 2 ] = 1 - 0 3 X 1 0 ~ \ 

i o 3 [ K S C N J K
0

( S _ 1 ) 

3 . 4 7 4 . 5 1 ± . 1 3 

6 . 9 4 8 . 1 4 ± .07 

1 0 . 4 1 1 . 3 ± .2 

1 3 . 9 1 4 . 4 ± .3 

1 7 . 4 1 7 . 3 ± .5 

C l e a r l y , there I s c a t a l y s i s i n each c a s e , and t h i s i s f u r t h e r 

r e p r e s e n t e d g r a p h i c a l l y i n F i g u r e 1 5 . Under the p r e v a i l i n g experimental 

c o n d i t i o n s , i t i s noted t h a t the p l o t f o r each n u c l e o p h i l e i s d e c i d e l y 

curved, i n d i c a t i n g t h a t a t the higher c o n c e n t r a t i o n s of bromide ion 

and thiocyanate ion the r e v e r s e r e a c t i o n , d e n i t r o s a t i o n of the primary 
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nitroeamine becomes k i n e t i c a l l y s i g n i f i c a n t . The r e s u l t s a r e con­

s i s t e n t with the mechanism o u t l i n e d below. 

K 

H + HN0o + X 
2 V 

NOX + ArNH, 

K 

+ 
ArNH. 

NOX + H 20 

2 + 
* ArNH NO 

k g ( s e v e r a l s t a g e s ) 

ArN 2 + H 20 

As before i n s e c t i o n 5.3, a s t e a d y - s t a t e treatment on the r e a c t i v e 
+ 

i n t e r m e d i a t e ArNH NO lea d s to the f o l l o w i n g r a t e e x p r e s s i o n f o r k :-2 o 

\ K 3 "« " - [ " IH^] ' 
+ k. 

T h i s equation d i f f e r s from the one d e r i v e d f o r the t h i o u r e a c a t a l y s e d 

r e a c t i o n s i n s e c t i o n 5.3 i n th a t f o r a l l c o n c e n t r a t i o n s of bromide 

io n and thiocyanate ion used ^ K X [ H + ] [ X ~ ] > > > 1. 

R e w r i t i n g t h i s equation i n the r e c i p r o c a l form 

-2 

k 2 K a K x [ A r N H 2 ] T [ X - ] k g k 3 K a ^ [ ArNHj , 

i t i s apparent t h a t a s t r a i g h t l i n e should r e s u l t from the graph of k Q 

a g a i n s t Jx j . Indeed, the l i n e a r i t y of the p l o t s of k^ 1 versus £x ] 

i s shown i n F i g u r e 16, and the values of the s l o p e s and y - i n t e r c e p t s 



1 3 4 

CO 

to 

• * 

o 
(N CO 

CO CM 

CM 

CN 

CD 

O 
CM 

O CD CO 

I I I I CO LO CM CO 



135 -

are given i n Ta b l e 56. 

Table 56 

slope y - i n t e r c e p t 

Br" (1.08 ± .01) x 10~ 2 (5.50 ± .20) x 10~ 2 

SCN~ (7.10 ± .09) x 10~ 4 (1.88 ± .15) x 10~ 2 

v 
Given t h a t the slope of the l i n e r e p r e s e n t s the val u e of k K KArNH 

A X & & 

the f o l l o w i n g v a l u e s of were determined f o r the r e a c t i o n s of 

NOBr and NOSCN with the unprotonated form of a n i l i n e . 

k (NOBr) = 2.70 x 1 0 9 I mol 1 s ~ 1 

k (NOSCN) = 8.81 x 1 0 ? I m o l ~ 1 s ~ 1 

F o r the NOBr r e a c t i o n , the p r e s e n t v a l u e quoted here i s i n 
9 _ i _ i 

s a t i s f a c t o r y agreement w i t h the k value of 3.2 x 10 I mol s 

determined by S c h m i d 1 4 3 and w i t h t h a t of 1.8 x 1 0 9 I m o l - 1 s - 1 obtained 
33 

by Thompson . I t i s not p o s s i b l e to compare the f i n d i n g f o r the NOSCN 

r e a c t i o n , s i n c e , as f a r as i t i s known, t h i s i s the f i r s t recorded 

v a l u e f o r i t s r e a c t i o n with a n i l i n e . 

A repeated s e t of experiments f o r the thi o c y a n a t e ion c a t a l y s e d 

r e a c t i o n was c a r r i e d out, the r e s u l t s of which are presented 

i n T a b l e 57. 
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Table 57 

[ H
2

S 0
4 ] = .113M, [ A r N H 2 ] T = 1.59 x 10~2M, j^NaNC^] = 8.04 x 10 _ 4M 

I O 3 [ K S C N ] /M k o < 8 _ 1 > 

4.37 5.26 ± .07 

5.45 6.45 ± .14 

8.20 9.07 + .17 

10.9 11.6 ± .23 

Again, p l o t t i n g the r e c i p r o c a l v a l u e s of k Q a g a i n s t [ SCN j and 

c a l c u l a t i n g the value f o r k from the slop e of the l i n e leads to the 

determination of k a s : -

k (NOSCN) = 9.76 x 10 ? £ m o l _ J s " 1 

Taking the mean va l u e of the two separate e v a l u a t i o n s y i e l d s : -

k (NOSCN) = (9.29 ± .67) x 1 0 ? I m o l ~ 1 s " 1 

The agreement between the two v a l u e s i s , t h e r e f o r e / q u i t e good. 

The numerical v a l u e s of the y - i n t e r c e p t s r e p r e s e n t the va l u e of 

k _/k k K K I ArNH ] and by s u b s t i t u t i o n of the above values for 1 £ 3 a X L 2J T 
enables the c a l c u l a t i o n of the r a t i o k „/k which g i v e s a measure of 

—2 3 
the extent of r e v e r s i b i l i t y f o r each of the r e a c t i o n s . 

k 0 / k (NOBr) = 5.09 

k /k (NOSCN) = 2 6 . 5 
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The p r e s e n t v a l u e f o r the NOBr r e a c t i o n agrees q u i t e n i c e l y with t h a t 
151 

of 3.63 determined by Thompson 

R e c a l l i n g t h a t SCN~ i s a much more powerful n u c l e o p h i l e than B r " by 
24 

a f a c t o r of 100 i n d e n i t r o s a t i o n of NMNA and by 7 i n the d e n i t r o s a t i o n 
30 

of NDA , i t i s expected t h a t the above r a t i o f o r the thiocyanate ion 

c a t a l y s e d r e a c t i o n should be s i g n i f i c a n t l y l a r g e r than the corresponding 

r a t i o f o r the bromide ion c a t a l y s e d r e a c t i o n . 

Thus, given t h a t r a t i o s presented here are g r e a t e r than u n i t y , i t 

must be emphasized t h a t the p r i n c i p l e of r e v e r s i b i l i t y f o r the d i a z o t i s a t i o n 

of a n i l i n e i s always k i n e t i c a l l y important f o r the more powerful 

n u c l e o p h i l e s . T h i s i n c o n t r a s t to the much weaker n u c l e o p h i l i c c h l o r i d e 
151 

ion c a t a l y s e d r e a c t i o n , where the r a t i o was found to be 0.10 

Rate measurements c a r r i e d out at 0°C fo r both ot these anion-

c a t a l y s e d r e a c t i o n s are given i n Tables 58 and 59 i n the form of k Q
 1 

and | x " | . 
T a b l e 58 

113M, [ArNH j H-SO 1.89 x 

k 

f NaNO J 10 M, NaNO 

o 
-1 

l . = l x 10 M 

8.93 1.49 

10.5 1.69 

12.9 2.22 

16.6 2.72 

19.3 3.13 

23.1 3.65 

29.0 4.42 
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Table 5 9 

[ H 2 S 0 4 J = . 113M, [ArNHj = 2 . 5 7 x 10~ 2M, [waNOj = 1. 16 x 1 0 ~ 3 M 

[ S C N ] " 1 k - 1 

o 

4 9 . 0 . 5 4 1 

1 6 . 3 . 6 4 1 

8 1 . 6 . 8 2 6 

1 2 3 1 . 1 8 

2 4 5 2 . 1 5 

-1 
From the graphs of k Q

 1 v e r s u s [ X J the sl o p e s of the i n d i v i d u a l 

p l o t s are . 1 4 7 ± . 0 0 4 and ( 8 . 2 0 ± . 1 1 ) x 1 0 - 3 f o r the Br" and S C N ~ 

c a t a l y s e d r e a c t i o n s , r e s p e c t i v e l y . Determining k i n the same way as 

for the r e a c t i o n s a t 3 0 ° C , leads to the f o l l o w i n g v a l u e s : 

k (NOBr) = 2.01 x 10 9£ mol 1 s " 1 

k (NOSCN) = 1 . 2 6 x 1 0 ? I mol 1 s " 1 

Invoking the Arrenhius equation gi v e s the a c t i v a t i o n e n e r g i e s for 

both r e a c t i o n s as 6.9 k J mol" 1 f o r NOBr and 46.3 k J m o l - 1 f o r NOSCN. 

The value f o r the NOBr r e a c t i o n f a l l s w i t h i n the range expected f o r a 

d i f f u s i o n - c o n t r o l l e d r e a c t i o n , and compares w e l l w i t h that of 6.1 k J mol 

143 
obtained by Schmid and Fouad f o r the same r e a c t i o n . The va l u e f o r 

the NOSCN r e a c t i o n , however, i s s i g n i f i c a n t l y higher than the range 
-1 147 6-21 k J mol found f o r other d i f f u s i o n - c o n t r o l l e d r e a c t i o n s 
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Thus, the bimolecular r a t e c o n s t a n t s f o r the d i a z o t i s a t i o n of 
+ 

a n i l i n e a t 30°C e f f e c t e d by NOBr, NOSCN and 0NSC(NH ) have been 

c a l c u l a t e d , and these a r e summarised i n Table 60. 

Table 60 

NOX 1 0 ~ 9 k o (I m o l - 1 s - 1 ) 

NOBr 2.70 

NOSCN .093 
+ 

0NSC(NH ) .001 
A fit 

C l e a r l y , 0NSC(NH ) i s not as r e a c t i v e towards a n i l i n e as i s NOSCN 

or NOBr; however, because of the l a r g e e q u i l i b r i u m c o n s t a n t for i t s 

formation from n i t r o u s a c i d and t h i o u r e a , the o v e r a l l e f f e c t i s tha t 

t h i o u r e a i s a b e t t e r c a t a l y s t than bromide ion, but not i n t h i s case 

as good as th i o c y a n a t e i o n . Moreover, because the values f o r k a r e 

not as c l o s e together, the e f f e c t here i s not so marked as i n the case 

of morpholine where the o v e r a l l c a t a l y t i c e f f i c i e n c y i s governed 

almost t o t a l l y by the magnitudes of the K v a l u e s . I n ge n e r a l , however, 
x 

t h i o u r e a makes a good c a t a l y s t f o r the d i a z o t i s a t i o n of a n i l i n e . 

On f i r s t i n s p e c t i o n , i t i s s u r p r i s i n g t o note th a t the f r e e base 

form of morpholine (pK = 8.38 at 30°C) i s l e s s r e a c t i v e than a n i l i n e 
a 

(pK = 4.51 a t 30°C) towards n i t r o s a t i o n . However, there a r e a number 

of examples i n which the k va l u e s for the n i t r o s a t i o n of a l i p h a t i c 

amines brought about by the n i t r o s y l h a l i d e s are s i g n i f i c a n t l y l e s s 

than t h e i r high b a s c i s i t i e s would suggest. For example, f o r the NOBr 
r e a c t i o n , the k value for ammonia (pK = 9.24 at 25°C) i s s m a l l e r than 

A a 
107 

the k 2 value for a n i l i n e by a f a c t o r of 100 . I n a d d i t i o n , when the 
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Pearson 'n' value I s used as a measure of n u c l e o p h i l i c i t y , there a r e 

a number of examples where the b a s c i s i t y and n u c l e o p h i l i c i t y trends are 
32 

not p a r a l l e l , such as for imidazole and a n i l i n e 

6.4 N - n i t r o s a t i o n of Diethanolamine 

N i t r o s a t i o n o f diethanolamine, DEA, has been reported i n the 

l i t e r a t u r e , c h i e f l y i n connection w i t h the p o s s i b l e contamination of 

v a r i o u s cosmetics and i n d u s t r i a l l y - u s e d c u t t i n g f l u i d s by n i t r o s o -
152 

diethanolamine, NDELA . Given the i n d i s p u t a b l e c a r c i n o g e n i c i t y of 

nitro s a m i n e s i n animals, t h e r e i s c o n s i d e r a b l e concern t h a t NDELA may 

a l s o present a human h e a l t h hazard, e s p e c i a l l y to those people who are 

exposed to i t r e g u l a r l y . Because DEA i s another example of a t y p i c a l 

a l i p h a t i c secondary amine and because no d e t a i l e d k i n e t i c examinations 

have been reported, i t was thought of i n t e r e s t to undertake such a 

study. The r e s u l t s f o r the bromide ion and th i o c y a n a t e ion c a t a l y s e d 

n i t r o s a t i o n of DEA are presented and d i s c u s s e d i n t h i s s e c t i o n . 

For each i n d i v i d u a l k i n e t i c experiment the £ AmineJ >>> [ H N 0

2 ] • 

and l i n e a r p l o t s of l o g (a - x ) a g a i n s t time were always obtained, thus 

e s t a b l i s h i n g good f i r s t - o r d e r behaviour w i t h r e s p e c t to the n i t r o u s 

a c i d c o n c e n t r a t i o n . Under these c o n d i t i o n s , the f i r s t - o r d e r r a t e 

c o n s t a n t , k , i s defi n e d by 

Rate = - i o [ ™ > 2 ] [m°2] / dt 

where HNO r e f e r s to the t o t a l n i t r i t e c o n c e n t r a t i o n . 

The k i n e t i c order with r e s p e c t to the diethanolamine c o n c e n t r a t i o n 

was i n v e s t i g a t e d , and the data for k as a f u n c t i o n of added DEA are 
o 

ta b u l a t e d i n Table 61. 
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Table 63 

[ H 2 S 0 4 J = . 106M, [ DEAj = .102M, ^NaNC^J = 2.04 x 104M 

1 0 3 [ K S C N ] / M 10 4k ( s - 1 ) 

3.21 

6.42 

12.8 

19.3 

25.7 

32.1 

4.50 

8.45 

17.0 

25.2 

33.6 

40.6 

The above r e s u l t s may a l l be i n t e r p r e t e d i n terms of the r e a c t i o n 

scheme o u t l i n e d below. 

K 
H + HNO„ + X -

NOX + (HO C H 2 C H 2 ) 2 NH 

NOX + H O 
2 

X (HO CH CH ) NHNO + x" 

K 

H ft (CH„ CH„ O H ) „ 2 2 2 '2 
H + (HOCH CH ) NNO 

As f o r the Br and SCN c a t a l y s i s of the N - n i t r o s a t i o n of morpholine 
/KJX1[H+] » > i . . . . _ and the r a t e e x p r e s s i o n f o r k i s a c c u r a t e l y d e s c r i b e d x o 

by: 

k = k K K | D E A I f X " J o 2 a x L J T l J 
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LU 

CO 

CN 
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i CO 
CN 
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Table 61 

-2. [ H
2

S 0
4 ] = - 4 1 6?*, [KSCNj = 2.19 x 10 M, [ NaNOj = 2.86 x 10 M 

J D E A J / M 10 4k (s 
o 

0 0 

1.63 3.67 

3.26 7.17 

6.52 13.6 

9.78 20.4 

13.0 28.3 

16.3 33.7 

- 1 . 

As expected the g r a p h i c a l r e p r e s e n t a t i o n of these date i n Figure 17 

c l e a r l y e s t a b l i s h e s a f i r s t - o r d e r dependency w i t h respect t o £DEAj. 

The r e s u l t s f o r k Q w i t h £catalystj at constant DEA and a c i d 

concentrations are given i n Tables 62 and 63, and portrayed g r a p h i c a l l y 

i n Figure 18. C l e a r l y , there i s c a t a l y s i s i n each case, w i t h the extent 

of c a t a l y s i s f o r SCN markedly greater than t h a t f o r Br~. 

Table 62 

[ H 2 S 0 4 ] = .106M, [ DEA] - .102M, [ NaNOj = 1 . 0 2 x 1 0 3 M 

[KBr]/M 1 0 4 k o ( s - 1 ) 

.107 1.16 

.208 1.84 

.416 3.06 

,624 4.05 
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which p r e d i c t s a f i r s t - o r d e r dependence upon ̂  X J and independence 

from the solvent a c i d i t y . The data i n Figure lfe do indeed give l i n e a r 

p l o t s of k Q against £ X ~ J a n d Table 64 f o r m a l l y demonstrates the constancy 

of k Q, w i t h i n experimental e r r o r , over the a c i d i t y range .1 - .41M 

Ĥ SÔ . I n f a c t , there i s a s l i g h t decrease i n the values of k Q, which 

may be a t t r i b u t e d t o an in c r e a s i n g degree of p r o t o n a t i o n of thiocyanate 

i o n . Thus, the decrease i n the co n c e n t r a t i o n of unprotonated amine i s 

o f f s e t by the a c i d c o n c e n t r a t i o n term i n the e q u i l i b r i u m constant f o r 

NOX formation from n i t r o u s a c i d , and, i n t h i s case, thiocyanate i o n . 

Table 64 

^ D E A ] t = .102M, [KSCN] = 1.42 x 10 3M, £NaNO^j = 2.04 x 10~4M 

[H aS0j/M l o V s " 1 ) 

.106 9.10 

.211 8.57 

,317 8.31 

.422 8.01 

Values o f k f o r both of these anion-catalysed r e a c t i o n s are 

obtained from the slopes of the l i n e a r p l o t s o f k Q against £x j . 

i 7 — 1 1 

k 2 {NOBrJ = 6.31 x 10 I mol s 

k (NOSCN) = 3.13 x 10 ? I mol" 1 s _ 1 

7 - 1 - 1 
For the NOSCN r e a c t i o n , a value of k of 3.16 x 10 1 mol s 

was also obtained from data i n Table 61 f o r the v a r i a t i o n of k w i t h 
— o 

L D E A ] at constant [SCM-] 
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As i n the n l t r o s a t i o n of morpholine, the bimolecular rate constants 

f o r the n i t r o s a t i o n of diethanolamine v i a NOBr and NOSCN are r a t h e r 

close together, so t h a t the main i n f l u e n c e governing the enhanced 

c a t a l y t i c e f f e c t of thiocyanate ion over bromide ion i s the l a r g e r 

magnitude of the K value f o r NOX formation, x 
149 o The pK of diethanolamine i s 8.84 at 31 C, and f o r the same a 

reasons o u t l i n e d e a r l i e r f o r morpholine, and i n accordance w i t h other 

a l i p h a t i c secondary amines, t o w i t ammonia, hydroxylamine and i t s 0-

methyl d e r i v a t i v e , the ac t u a l magnitudes of k are markedly less than 

expected from the high pK value. 



CHAPTER 7 

Experimental D e t a i l s 
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7.1 Experimental D e t a i l s f o r Chapter 2 

7.1.1 Pr e p a r a t i o n and P u r i f i c a t i o n o f Chemical Reagents 

N-methyl-N-nitrosoaniline was prepared from sodium n i t r i t e and 
153 

N-methylaniline i n the usual manner , and 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 Fisher Spalthor 

HMS 500 column and stored under n i t r o g e n . The other N-substituted-N-
u i 

n i t r o s o a n i l i n e s , N-Et, N-pr , N-pr , were prepared i n a s i m i l a r f ashion. 

Analar grades of inorg a n i c reagents potassium bromide, potassium 

thiocyanate, t h i o u r e a , sodium azide, and s u l p h u r i c acid were used as 

supplied. 

Analar grades of ascorbic acid were used. Ethanolic HC1 s o l u t i o n s 

were made by passing dry gaseous HC1 i n t o absolute 3thanol. The gaseous 

HC1 was d r i e d by f i r s t bubbling i t through a tower of concentrated 

sul p h u r i c a c i d . 
o 

7.1.2 Rate Measurements 

The k i n e t i c s of the system was monitored spect^ophotometrically 

using a conventional double beam Beekman model 25 recording spectrophotometer. 

Reactions were c a r r i e d out i n 1cm s i l i c a c e l l s . T y p i c a l l y , one s i l i c a 

c e l l c o n t a i n i n g the solvent and one c o n t a i n i n g the r e a c t i o n mixture 

were placed i n e l e c t r i c a l l y - t h e r m o s t a t t e d compartments f o r the reference 
and the sample beams, r e s p e c t i v e l y , and maintained at the constant 

o 

temperature of 31 C. The rate constants were determined by n o t i n g the 

disappearance of the nitrosamine absorption at f i x e d wavelength, i n the 

range 300 - 315 nm, as a f u n c t i o n of time. 

Generally, f o r a simple f i r s t - o r d e r r e a c t i o n £—^B + C the r a t e i s 

p r o p o r t i o n a l t o the instantaneous concentration of the reactant A, 

so t h a t : -
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^ = k (a - x) 
d t 

where X represents the c o n c e n t r a t i o n of A t h a t has decomposed, a i s 

the i n i t i a l concentraton of A, and (a - x) i s the remaining con­

c e n t r a t i o n o f A a f t e r time, t . I n t e g r a t i o n of t h i s equation y i e l d s : 

- I n (a - x) = k t + constant 
o 

The l i m i t s of i n t e g r a t i o n are taken as X = o a t t = o, whence the 

constant of i n t e g r a t i o n i s equivalent t o - l n a , and the i n t e g r a t e d 

equation becomes:-

I n (a - x) = -k t + lna o 

Thus a p l o t o f I n (a - x) versus time should be l i n e a r w i t h slope = - k Q . 

One of the advantages of f i r s t - o r d e r k i n e t i c s i s t h a t the value 

of the molar a b s o r p t i v i t y constant r e l a t i n g the c o u c e n t r a t i o n of A t o 

i t s absorbance i s not r e q u i r e d . Thus, a c o n s i d e r a t i o n o f the values 

of absorbance as a f u n c t i o n o f time f o r the disappearance of the n i t r o -

samine leads t o the d i r e c t determination of k , the observed f i r s t - o r d e r 
o' 

r a t e constant. 

In terms of absorbance, the concentration of A at time t then 

corresponds t o A - A . where A i s the absorbance at time, t , and A 
t 0 0 t 0 0 

i s the absorbance when > 99% of r e a c t i o n i s complete. The i n f i n i t y 

value, A^ was determined i n each case a f t e r a p e r i o d of t e n h a l f - l i v e s , 

and the disappearance o f A^ was followed f o r at l e a s t two h a l f - l i v e s . 

For the k i n e t i c experiments i n aqueous media, two f l a s k s , one 

c o n t a i n i n g the stock nitrosamine s o l u t i o n and one c o n t a i n i n g 49 ml 
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volumes of s u l p h u r i c a c i d , sodium azide, and the appropriate nucleophile 

were thermostatted i n a water bath at 31°C f o r a minimum of 15 minutes. 

Reaction was i n i t i a t e d by i n j e c t i n g 1 ml volume o f the stock nitrosamine 

s o l u t i o n i n t o the 49 ml volumes of the s u l p h u r i c a c i d s o l u t i o n c o n t a i n i n g 

a l l other reagents t o make up a t o t a l o f 50 ml volumes. An a l i q u o t 

of t h i s r e a c t i o n mixture was then t r a n s f e r r e d t o a s i l i c a c e l l and 

placed immediately i n the spectrophotometer. This experimental 

procedure provides an easy method of v a r y i n g J n u c l e o p h i l e j w h i l s t 

m a i n t a i n i n g a l l else constant by v a r y i n g the number of ml volumes of 

stock n u c l e o p h i l e s o l u t i o n added t o make up the 49 ml volumes o f the 

sulp h u r i c acid s o l u t i o n , and a d j u s t i n g the corresponding water content 

so t h a t the t o t a l volume equals 49 ml. 

For example, the k i n e t i c run quoted i n Table 65 contains 1 ml 
_2 

volume of stock N - n p r o p y l - N - n i t r o s o a n i l i n e (1.48 x 10 M ) , 20 ml volumes 

of stock s u l p h u r i c a c i d (1.20M), 2 ml volumes of stock sodium azide 

(0.21M), 5 ml volumes o f stock t h i o u r e a (1.47M) and 22 ml volumes o f 

demineralised water. Values of k have been c a l c u a l t e d at each time from 
o 

the equation:-
A - A 

CO 

I n 
GO 

In general, good f i r s t - o r d e r behaviour was found f o r every k i n e t i c 

experiment. 
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Table 65 

2 1 
t (sec) A 10 k (sec ) 

t o 

0 .651 

6 .605 1.43 

12 .563 1.43 

17 .524 1.43 

24 ,491 1.40 

30 .459 1.40 

36 .428 1.41 

42 .400 1.42 

48 .371 1.45 

54 .349 1.43 

60 .328 1.44 

66 .308 1.44 

72 .288 1.41 

<* .092 

k = (1.43 ± .02) x 10~ 2 sec" o 

A s i m i l a r experimental procedure was adopted f o r the k i n e t i c runs i n 

e t h a n o l i c HC1 s o l v e n t . The stock s o l u t i o n s of e t h a n o l i c HC1 and of 

ascorbic acid were not i n f i n i t e l y s t a b l e , and f r e s h s o l u t i o n s of each 

were prepared d a i l y . The f o l l o w i n g example i s f o r r e a c t i o n o f N-
_3 

i s o p r o p y l - N - n l t r o s o a n i l i n e (2.28 x 10 M) c o n t a i n i n g ascorbic acid 
-2 

(4.36 x 10 M) and h y d r o c h l o r i c acid (.264M). Again, values o f k were 
— — o 

c a l c u l a t e d at each time using the equation quoted above. 
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Table 66 

t ( s e c ) 10 2k ( s e c - 1 ) 
t o 

0 .787 

15 .703 1.01 

30 .629 1,02 

45 .562 1.04 

60 .508 1.04 

75 .460 1.04 

90 .421 1.05 

105 .387 1.05 

120 .358 1.05 

.187 

k = (1.04 ± 01) x 10~ 2 s e c " 1 

A measurement of the a c i d i t y was obtained by t i t r a t i o n of a s u i t a b l y 

s i z e d a l i q u o t of an r e a c t i o n mixture with a s t a n d a r d i s e d s o l u t i o n of 

sodium hydroxide u s i n g phenol red as an i n d i c a t o r . I n case of the e t h a n o l i c 

HC1 s o l u t i o n s , the i n d i c a t o r was f i r s t d i s s o l v e d i n d e m i n e r a l i z e d water 

to prevent i t s p r e c i p i t a t i o n i n a b s o l u t e e t h a n o l . 

7.2 Experimental D e t a i l s f o r Chapter 3. 

7.2.1 P r e p a r a t i o n and P u r i f i c a t i o n of chemical Reagents 

NANT was prepared and p u r i f i e d by P r o f e s s o r Ray Bonnett from Queen 
77 

Mary C o l l e g e , London, who f i r s t reported i t s s y n t h e s i s 

NAT was of the h i g h e s t p u r i t y grade a v a i l a b l e commercially and was 

used without f u r t h e r p u r i f i c a t i o n . S a l t s such as potassium bromide, 

potassium c h l o r i d e , potassium t h i o c y a n a t e , potassium i o d i d e , t h i o u r e a , 

sodium a z i d e , c i t r i c a c i d and disodium phosphate were a l l of a n a l a r 

grade. 4 - n i t r o a n i l i n e and 4 - c h l o r o a n i l i n e were r e c r y s t a l l i s e d from 
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aqueous ethanol. 

For r e a c t i o n s c a r r i e d out i n Mcllvaine's c i t r i c acid-disodium 

phosphate b u f f e r over the pH range 2-7, the c o n s t i t u e n t s of each pH 

composition are given i n Table 67. The pH of each i n d i v i d u a l r e a c t i o n 

mixture was measured on a pH meter a f t e r f i r s t s t a n d a r d i s i n g 

w i t h known b u f f e r strengths of pH4 and pH9. 

Table 67 

pH .10M c i t r i c .20M disodium 
aci d (ml) phosphate 

2.41 98 2 

3.12 79 21 

3.96 62 38 

4.93 49 51 

5.45 42 58 

5.91 37 63 

6.15 34 66 

6.82 18 82 

For r e a c t i o n s at constant pH, a b u f f e r s o l u t i o n c o n s i s t i n g of 660 ml 

volumes o f 0.2M disodium phosphate and 340 ml volumes o f 0.1M c i t r i c 

a c i d was prepared to give a measured pH value o f 6.10. A l l stock s o l u t i o n s 

of various s a l t s were made up w i t h t h i s b u f f e r s o l u t i o n . 
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7.2.2 Rate Measurements 

Rate measurements were made using a Pye-Unicam SP8-100 or a Beckman 

model 25 re c o r d i n g spectrophotometer at 31°C. A r e a c t i o n monitored by 

each instrument gave values o f k Q t h a t d i f f e r e d from each other by 

less than 3%. The k i n e t i c s were followed by continuously monitoring the 

disappearance of the peak at 335 nm due to NANT as a f u n c t i o n of time. 

NANT was found t o be extremely unstable i n s o l u t i o n , and th e r e f o r e a l l 

r e a c t i o n s were s t a r t e d by f i r s t d i s s o l v i n g NANT i n 1 ml volume of analar 

methanol. 

For these experiments conducted a t higher a c i d i t y a f l a s k c o n t a i n i n g 

an aqueous s o l u t i o n o f 24 ml volumes of s u l p h u r i c acid and the 

appropriate a d d i t i v e and a f l a s k o f analar methanol were pre-warmed i n 

a water bath at 31°C. Reaction was i n i t i a t e d by d i s s o l v i n g a s u i t a b l e 

q u a n t i t y o f NANT i n 1 ml volume o f analar methanol, and then t o t h i s was 

added the aqueous s u l p h u r i c acid s o l u t i o n c o n t a i n i n g any other reagent. 

Good f i r s t - o r d e r p l o t s were obtained from the normal i n t e g r a t e d r a t e 

equation and the r a t e constants were rep r o d u c i b l e t o w i t h i n ± 5 % : A 
-5 

t y p i c a l run i s given i n Table 68 f o r r e a c t i o n of NANT (6.0 x 10 M) i n 
-2 —2 su l p h u r i c a c i d (4 x 10 M) c o n t a i n i n g sodium azide (1.35 x 10 M). 

Instantaneous values of k were c a l c u l a t e d from k = ^ t I n 
o o A - A 

o <* 
For r e a c t i o n s i n the b u f f e r s o l u t i o n a t constant pH6, the same 

experimental procedure was adopted. The f o l l o w i n g example i n Table 69 

i s f o r r e a c t i o n o f NANT (5.5 x 10~6M) i n b u f f e r s o l u t i o n (pH 6.07) 
-4 

con t a i n i n g potassium i o d i d e (4.73 x 10 M). Instantaneous values of k Q 

were determined from the equation quoted above. 
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Table 68 
3 -1 t (sec) 10 k (sec ) t o 

0 .743 

20 .701 3.08 

40 .664 2.98 

60 .628 2.97 

80 .592 3.01 

100 .560 3.01 

120 .529 3.02 

140 .600 3.02 

160 .473 3.02 

180 .449 3.00 

200 .427 2.98 

220 .401 3.02 

240 .381 3.01 

.039 - ko=<3©-( ± -3 ) x lo" 4sec 

Table 69 

t (sec) Â  1 0 ^ ( s e c - 1 ) t o 
0 .521 

100 .483 7.89 
200 .450 7.64 
300 ,412 8.12 
400 .380 8.26 
500 .352 8.23 
600 .324 8.33 
700 .299 8.36 
800 .277 8.34 
900 .258 8.27 

1000 .238 8.32 
1100 .224 8.19 
1200 .206 8.24 

.020 
k o = (8.18 ± .21) x 10~ 4 sec" 1 
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The u l t r a v i o l e t spectra of the r e a c t i o n s o l u t i o n a f t e r >10 h a l f -

l i v e s was i d e n t i c a l i n every case w i t h those of NAT i n the appropriate 

s o l v e n t . 

The t o t a l release o f n i t r o u s acid was determined q u a n t i t a t i v e l y by 
-4 

running a t y p i c a l r e a c t i o n of NANT (3.902 x 10 M) i n the presence of 
_ 3 

p - c h l o r o a n i l i n e (5.72 x 10 M), and no other n i t r i t e t r a p , i n aqueous 

s u l p h u r i c a c i d (3.96 x 10 M) co n t a i n i n g potassium bromide (4.36 x 10 

A f t e r ten h a l f - l i v e s a 4 ml a l i q u o t from t h i s r e a c t i o n mixture was 

removed and added t o 16 ml volumes of a s o l u t i o n c o n t a i n i n g an excess o f 
_3 

2-naphthol-3,6-disulphonic a c i d (4.93 x 10 M) i n borax. The absorbance 

of the r e s u l t a n t red azo-dye was measured at 500 nm using a Pye-Unlearn 

SP8-100 spectrophotometer. A s i m i l a r 4 ml a l i q u o t c o n t a i n i n g NAT i n plac 

of NANT and a l l other reagents produced no red azo-dye when added t o 

16 ml volumes o f an excess of naphthol s o l u t i o n . S u b s t i t u t i o n of 

sodium n i t r i t e f o r NANT y i e l d e d a value o f 21,847 f o r e f o r the 
' 500 nm 

diazo-dye. Thus, the percentage o f n i t r o u s a c i d released from NANT 

was determined as 101%. 

7.'3 Experimental D e t a i l s f o r Chapters 5 and 6 

7.3.1 Preparation and P u r i f i c a t i o n o f Chemical Reagents 

Diethanolamine, morpholine, and a n i l i n e were obtained commercially, 

and were r e d i s t i l l e d under reduced pressure w i t h centre f r a c t i o n s 

c o l l e c t e d at constant b.p.s. S a l t s such as t h i o u r e a , potassium bromide, 

potassium thiocyanate and sodium n i t r i t e were a l l of analar grade. 

7.3.2 K i n e t i c Measurements 

The k i n e t i c s o f d i a z o t i s a t i o n was studied using a Canterbury stopped-

flow spectrophotometer. The technique involves r a p i d mixing of two 

s o l u t i o n s A and B which are i n i t i a l l y contained i n two hypodermic 
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syringes of equal volume. The syringes are mounted on a block and a 

pushing c a r r i a g e ensures t h a t the s o l u t i o n s leave the syringes w i t h 

i d e n t i c a l v e l o c i t y (see diagram below). On lea v i n g the syringes the 

s o l u t i o n s enter the mixing c e l l where the r e a c t i o n A + B ^ C takes 

place. The r e a c t i o n mixture then enters a t h i r d syringe arranged so 

t h a t the plunger i s forced against a stop, which t r i g g e r s the re c o r d i n g 

device at observation p o i n t , P. A beam of monochromatic l i g h t passes 

through the s o l u t i o n a t t h i s p o i n t and i t s i n t e n s i t y i s converted i n t o a 

p r o p o r t i o n a l e l e c t r i c a l s i g n a l which i s then displayed on the storage 

o s c i l l o s c o p e . The r a t e constant f o r the f i r s t - o r d e r k i n e t i c s i s 

then determined d i r e c t l y from a c o n s i d e r a t i o n of the values o f the 

voltage at various times, t . 

Photo-
multiplier — > d c. 

amplifier 
storage 
oscillo­

s scope 

P r 
B 

s 

monochromatic 
light 
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The mixing c e l l i s immersed i n a thermostat bath, and i n p r a c t i c e 

measurements were c a r r i e d out e i t h e r at 30°C or 0°C. The r e a c t i o n s were 

followed by monitoring the increase i n absorbance due t o the formation 

of the diazonium ion at 325 nm, apart from the measurements taken at 

0°C f o r t h i o u r e a catalysed r e a c t i o n s , where the decrease i n absorbance 
+ 

a t 420 nm due t o = S-NO was f o l l o w e d . Under the p r e v a i l i n g experimental 

c o n d i t i o n s , and over the p e r i o d o f time r e q u i r e d f o r complete r e a c t i o n , 

the product diazonium ion was r e l a t i v e l y s t a b l e . 

In general, the runs were c a r r i e d out by mixing equal volumes of 

s o l u t i o n s A and B. For example, the f o l l o w i n g data i n Table 70 r e f e r s 

t o the d i a z o t i s a t i o n of a n i l i n e v i a n i t r o s y l t h i o urea f o r a s i n g l e run. 

The values quoted f o r k Q i n chapters 5 and 6, however, a c t u a l l y represents 

the mean value of f i v e i n d i v i d u a l l y repeated runs. 

S o l u t i o n A c o n s i s t s o f 6 ml volumes o f stock s u l p h u r i c acid (2.08M), 
-2 

5 ml volumes o f stock t h i o u r e a (2.12 x 10 M), 10 ml volumes of stock 
-2 

a n i l i n e (6.95 x 10 M) and 34 ml volumes o f demineralised water, so th a t 

the t o t a l volume equals 55 ml volumes. 
-4 

S o l u t i o n B co n s i s t s of aqueous sodium n i t r i t e (5.0 x 10 M). On 

mixing, the co n c e n t r a t i o n of a l l species are halved. A measure o f the 

a c i d i t y was obtained by t i t r a t i o n of s u i t a b l y s i z e d a l i q u o t s o f 

s o l u t i o n A w i t h standardised sodium hydroxide using phenol red as 

i n d i c a t o r . 

Instantaneous values f o r k can be c a l c u l a t e d from the equation:-1 v t - v 
k 
o 

I n 
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Table 70 

t (sec) v k ( s e c - 1 ) t o 

0 .355 -
.5 .290 .484 

1.0 .240 .478 

1.5 .203 .468 

2.0 .170 .473 

2.5 .148 .463 

3.0 .130 .463 

3.5 .113 .462 

CO .053 

k = o (4.70 ± .009) -1 
sec 

For the much slower process o f n i t r o s a t i o n of morpholine, reactions 

were c a r r i e d out at 31°C i n the c e l l of a Beckraan model 25 recording 

spectrophotometer. The k i n e t i c s were followed by continuously n o t i n g 

the absorbance at 342 nm, measuring the formation of product N - n i t r o s o -

morpholine. Although ^ m f t x f° r N-nitrosomorpholine i s at 235 nm, the 

s u b s t a n t i a l absorbtion o f the parent amine and th i o u r e a at t h i s wave­

length make i t simpler to use 342 nm. 

A f l a s k c o n t a i n i n g 49 ml volumes o f sulph u r i c acid, morpholine, and 

the appropriate n u c l e o p h i l e and a f l a s k c o n t a i n i n g stock aqueous sodium 

n i t r i t e were pre-warmed i n a water bath at 31°C f o r a minimum of 15 

minutes. Reaction was s t a r t e d by the i n j e c t i o n of 1 ml volume of sodium 

n i t r i t e i n t o the 49 ml volumes of aqueous s u l p h u r i c acid c o n t a i n i n g a l l 

other reagents, so t h a t the t o t a l volume was 50 ml. An a l i q u o t o f t h i s 
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r e a c t i o n mixture was immediately t r a n s f e r r e d t o a s i l i c a c e l l and placed 

i n the spectrophotometer. 

Good f i r s t - o r d e r behaviour was gene r a l l y found f o r at l e a s t 80% 

of the r e a c t i o n . A t y p i c a l run i s quoted i n Table 71 f o r r e a c t i o n of 

n i t r o u s acid (9 x 10~^M) w i t h morpholine (.154M) i.n s u l p h u r i c acid 

(.113M) c o n t a i n i n g t h i o u r e a (2.54 x 10 _ 3M). 

Table 71 

2 -1 
t (sec) 10 k (sec ) 

t o 

0 .173 

12 .226 1. 72 

24 .269 1.70 

36 .303 1.69 

48 .332 1.70 

60 .356 1.71 

72 .374 1.69 

.458 k = (1.70 ± .01) x 10 2 sec o 

In the case of the n i t r o s a t i o n of diethanolamine, the same 

experimental procedure was used as f o r the n i t r o s a t i o n of a morpholine. 
154 

F e l l ion e t a l . have shown t h a t NDELA absorbs s t r o n g l y at 254 am, and 

t h i s wavelength was deemed s u i t a b l e f o r the present study. A t y p i c a l 

run showing good f i r s t - o r d e r behaviour i s given i n Table 72 f o r r e a c t i o n 

of n i t r o u s acid (2.86 x 10 - 4M) w i t h diethanolamine (9.78 x 10~2M) i n 
—2 

su l p h u r i c acid (.416M) c o n t a i n i n g potassium thiocyanate (2.19 x 10 M). 
1 A t ~ ^ 

Instantaneous values of k may be c a l c u l a t e d from k = / t In 
° A - A 

o 0 0 
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Table 72 

t (sec) l 0 3 k ( s e c - 1 ) 
t o 

0 .026 

60 .092 1.84 

120 .153 1.88 

180 .210 1.92 

240 .260 1.93 

300 .310 2.00 

360 .350 2.00 

420 .388 2.03 

480 .414 1.99 

540 .442 1.99 

600 .469 2.02 

660 .490 2.02 

.656 

k Q = (1.97 ± .06) x 10~ 3 sec 
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Appendix 

(a) Lectures and Seminars organised by the Department of Chemistry 
d u r i n g the per i o d 1978-1981 

(* denotes those attended). 

15th September 1978 
Professor W. Siebert ( U n i v e r s i t y o f Marburg, West Germany), 
"Boron Heterocycles as Ligands i n T r a n s i t i o n Metal Chemistry". 

22nd September 1978 
Professor T. Fehlner ( U n i v e r s i t y of Notre Dame, USA), 
"Ferraboranes : Syntheses and Photochemistry". 

* 12th December 1978 
Professor C.J.M. S t i r l i n g ( U n i v e r s i t y o f Bangor). 

" ' P a r t i n g i s such sweet sorrow' - the Leaving Group i n Organic Reactions" 

14th February 1979 
Professor B. Dunne11 ( U n i v e r s i t y o f B r i t i s h Columbia), 
"The A p p l i c a t i o n of NMR t o the study of Motions iD Molecules". 

16th February 1979 
Dr. J. Tomkinson ( I n s t i t u t e o f Laue-Langevin, Grenoble). 
"Properties of Adsorbed Species". 

14th March 1979 
Dr. J.C. Walton ( U n i v e r s i t y of St. Andrews), 
"Pentadienyl Radicals". 

20th March 1979 
Dr. A. Reiser (Kodak L t d . , ) , 
"Polymer Photography and Mechanism of C r o s s - l i n k Formation i n S o l i d 
Polymer Matrices". 
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25th March 1979 
Dr. S. Larsson ( U n i v e r s i t y of Uppsala), 

"Some Aspects of P h o t o i o n i s a t i o n Phenomena i n Inorganic Systems". 

25th A p r i l 1979 

Dr. C.B. P a t r i c k ( U n i v e r s i t y of Birmingham), 
"Chlorofluorocarbons and St r a t o s p h e r i c Ozone : An Appraisal of the 
Environmental Problem". 
l s t May 1979 
Dr. G. Wyman (European Research O f f i c e , U.S. Army), 
"Excited State Chemistry i n I n d i g o i d Dyes" . 

2nd May 1979 
Dr. J.D. Hobson ( U n i v e r s i t y o f Birmingham) 
"Nitrogen-centred Reactive Intermediates". 

8th May 1979 
Professor A. Schmidpeter ( I n s t i t u t e o f Inorganic Chemistry, U n i v e r s i t y 
of Munich). 
"Flve-membered phosphorus Heterocycles Containing Dicoordinate Phosphor 

9th May 1979 
Dr. A.J. Kirby ( U n i v e r s i t y o f Cambridge), 

" S t r u c t u r e and R e a c t i v i t y i n Intromolecular and Enzymic C a t a l y s i s " . 

9th May 1979 

Professor G. Maier (Lahn-Giessen), 
" T e t r a - t e r t - b u t y l t e t r a h e d r a n e " . 
10th May 1979 
Professor G. A l l e n , F.R.S. (Science Research C o u n c i l ) . 
"Neutron S c a t t e r i n g Studies o f Polymers". 

16th May 1979 
Dr. J.F. Nixon ( U n i v e r s i t y of Sussex), 
"Spectroscopic Studies on Phosphines and t h e i r Coordination Complexes". 
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23rd May 1979 
Dr. B. Wakefield ( U n i v e r s i t y o f S a l f o r d ) 
"Electron Transfer i n Reactions of Metals and Organometallic Compounds 
w i t h P o l y c h l o r o p y r i d i n e D e r i v a t i v e s " . 

13th June 1979 
Dr. G. Heath ( U n i v e r s i t y of Edinburgh). 
" P u t t i n g E lectrochemistry i n t o Mothballs - (Redox Processes of Metal 
Porphyrins and Phthalocyanines)". 

* 14th June 1979 
Professor I . Ugi ( U n i v e r s i t y of Munich), 
"Synthetic Uses o f Super Nucleophiles". 

20th June 1979 
Professor J.D. Corbett (Iowa State U n i v e r s i t y , Ames, Kowa, USA). 
" Z i n t l e Ions : Sunthesis and S t r u c t u r e o f Homo-polyatomic Anions of the 
P o s t - T r a n s i t i o n Elements". 

27th June 1979 
Dr. H. Fuess ( U n i v e r s i t y of F r a n k f u r t ) , 
"Study of E l e c t r o n D i s t r i b u t i o n i n C r y s t a l l i n e Solids by X-ray and 
Neutron D i f f r a c t i o n " . 

21st November 1979 
Dr. J. M u l l e r ( U n i v e r s i t y of Bergen), 
"Photochemical Reactions of Ammonia". 

28th November 1979 
Dr. B. Cox ( U n i v e r s i t y o f S t i r l i n g ) 

"Macrobicyclic Cryptate Complexes, Dynamics and S e l e c t i v i t y " . 

5th December 1979 
Dr. G.C. Eastmond ( U n i v e r s i t y of L i v e r p o o l ) . 
"Synthesis and P r o p e r t i e s of Some Multicomponent Polymers". 
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12th December 1979 
Dr. C.I. R a t c l i f f e ( U n i v e r s i t y of London), 
"Rotor motions i n S o l i d s " . 

19th December 1979 
Dr. K.E. Newman ( U n i v e r s i t y o f Lausanne), 
"High Pressure M u l t i n u c l e a r NMR i n the E l u c i d a t i o n of the Mechanisms o f 
Fast, Simple Reactions". 

30th January 1980 
Dr. M.J. Barrow ( U n i v e r s i t y o f Edinburgh), 
"The S t r u c t u r e s of Some Simple Inorganic Compounds of S i l i c o n and 
Germanium -Pointers t o S t r u c t u r a l Trends i n Group IV". 

6th February 1980 
Dr. J.M.E. Quirke ( U n i v e r s i t y o f Durham), 
"Degradation of Chlorophyll-a i n Sediments". 

23rd A p r i l 1980 
B. Grievson B.Sc., ( U n i v e r s i t y o f Durham) 
"Halogen Radiopharmaceuticals". 

14th May 1980 
Dr. R. Hutton (Waters Associates, USA), 
"Recent Developments i n M u l t i - m i l l i g r a m and Multi-gram Scale 
Preparative High Performance L i q u i d Chromatography". 

21st May 1980 
Dr. T.W. Bentley ( U n i v e r s i t y of Swansea), 
"Medium and S t r u c t u r a l E f f e c t s i n S o l v o l y t i c Reactions". 

10th July 1980 
Professor P. des Marteau ( U n i v e r s i t y of Heidelburg), 
"New Developments i n Organonitrogen F l u o r i n e Chemistry". 
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7th October 1980 
Professor T. FeInner (Notre-Dame U n i v e r s i t y , USA), 
"Metalloboranes - Cages or Coordination Compounds?" 

15th October 1980 
Dr. R. Adler ( U n i v e r s i t y o f B r i s t o l ) , 

"Doing Chemistry Inside Cages - Medium Ring B i c y c l i c Molecules" 

12th November 1980 

Dr. M. Gerloch ( U n i v e r s i t y o f Cambridge), 
"Magnetochemistry i s about Chemistry". 
19th November 1980 
Dr. T. G i l c h r i s t ( U n i v e r s i t y o f L i v e r p o o l ) , 
" N i t r o s o O l e f i n s as Syn t h e t i c Intermediates". 

3rd December 1980 
Dr. J.A. Connor ( U n i v e r s i t y o f Manchester), 
"Thermochemistry of T r a n s i t i o n Metal Complexes". 

18th December 1980 
Dr. R. Evans ( U n i v e r s i t y o f Brisbane, A u s t r a l i a ) , 
"Some Recent Communications t o the E d i t o r o f the A u s t r a l i a n Journal 
of F a i l e d Chemistry". 

18th February 1981 
Professor S.F.A. K e t t l e ( U n i v e r s i t y o f East A n g l i a ) , 
" V a r i a t i o n s i n the Molecular Dance at the C r y s t a l B a l l " . 

25th February 1981 
Dr. K. Bowden ( U n i v e r s i t y o f Sussex), 
"The Transmission of Polar E f f e c t s o f S u b s t i t u e n t s " . 

4th March 1981 
Dr. S. Craddock ( U n i v e r s i t y o f Edinburgh), 
"Pseudo-Linear Pseudohalides". 
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11th March 1981 
Dr. J„F. stoddard ( I . C . I . Ltd./Unive r s i t y of S h e f f i e l d ) , 
"Stereochemical P r i n c i p l e s i n the Design and F u n c t i o n of S y n t h e t i c 
Molecular Receptors". 

17th March 1981 
P r o f e s s o r W. Jencks ( B r a n d s i s U n i v e r s i t y , M a s s e c h u s e t t s ) , 
"When i s an Intermediate not an I n t e r m e d i a t e ? " . 

18th March 1981 
Dr. P.J. Smith ( I n t e r n a t i o n a l T i n Research I n s t i t u t e ) , 
"Organotin Compounds - A V e r s a t i l e C l a s s of Organoemtallic Compounds" 

9th A p r i l 1981 
Dr. W.H. Meyer (RCA Z u r i c h ) , 
" P r o p e r t i e s o f Aligned P o l y a c e t y l e n e " . 

6th May 1981 
P r o f e s s o r M. Szware, F.R.S., 
"Ions and Ion P a i r s " 

10th June 1981 
Dr. J . Rose ( I . C . I . P l a s t i c s D i v i s i o n ) , 
"New E n g i n e e r i n g P l a s t i c s " . 

17th June 1981 
Dr. P. Mo?-eau ( U n i v e r s i t y of M o n t p e l l i e r ) 
"Recent R e s u l t s i n P e r f l u o r o o r g a n o m e t a l l i c Chemistry". 
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(b) F i r s t y e a r i n d u c t i o n course (October-November 1978) 

A s e r i e s of one hour p r e s e n t a t i o n s on the s e r v i c e s a v a i l a b l e i n the 
Department. 

i . Departmental o r g a n i s a t i o n . 

i i . S a f e t y matters. 

i i i . E l e c t r i c a l a p p l i a n c e s . 

i v . Chromatography and m i c r o a n a l y s i s . 

v. L i b r a r y f a c i l i t i e s . 

v i . Atomic abs o r p t i o n and i n o r g a n i c a n a l y s i s . 

v i i . Mass spectrometry. 

v i i i . Nuclear magnetic resonance spectroscopy. 

i x . G l assblowing technique. 
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