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action 

ABSTRACT 

A k i n e t i c study of t h e n i t r o s a t i o n of L - c y s t e i n e , L - c y s t e i n e methyl 
and e t h y l e s t e r s , N - a c e t y l - L - c y s t e i n e and g l u t a t h i o n e by i s o p r o p y l 
n i t r i t e i n a c i d s o l u t i o n a t 25°C was undertaken. The t l i i o l s e x h i b i t e d 
i d e n t i c a l r a t e l aws and i n a l l c a s e s t h e observed r a t e c o n s t a n t was 
reduced by added i s o p r o p y l a l c o h o l . The r e s u l t s were found t o be 
c o n s i s t e n t w i t h t h e mechanism i n which a r a p i d r e v e r s i b l e 
a c i d - c a t a l y s e d h y d r o l y s i s of i s o p r o p y l n i t r i t e o c c u r s t o g i v e n i t r o u s 
a c i d , which t h e n i n i t s p r o t o n a t e d form e f f e c t s n i t r o s a t i o n . The 
t h i r d - o r d e r r a t e c o n s t a n t f o r t h e n i t r o s a t i o n of t h e t h i o l s by 
i s o p r o p y l n i t r i t e and t h e e q u i l i b r i u m c o n s t a n t f o r t h e fo r m a t i o n of 
i s o p r o p y l n i t r i t e were found t o be i n good agreement w i t h t h e 
l i t e r a t u r e v a l u e s o b t a i n e d by d i r e c t measurement. 

A s i m i l a r k i n e t i c s t u d y of t h e n i t r o s a t i o n of L - c y s t e i n e , L - c y s t e i n e 
methyl and e t h y l e s t e r s , N - a c e t y l - L - c y s t e i n e , t h i o g l y c o l i c a c i d and 
g l u t a t h i o n e by v a r i o u s a l k y l n i t r i t e s , i n water a t 25°C, i n the pH 
range 6-13 was undertaken. The pH dependence of t h e r a t e c o n s t a n t i s 
c o n s i s t e n t w i t h a mechanism i n v o l v i n g a d i r e c t n i t r o s a t i o n by a l k y l 
n i t r i t e s w i t h t h e t h i o l a t e anion (RS"") of t h e t h i o l . A q u a n t i t a t i v e 
k i n e t i c a n a l y s i s y i e l d e d macroscopic and m i c r o s c o p i c pKa v a l u e s f o r 
RSH i o n i s a t i o n i n good agreement w i t h t h e l i t e r a t u r e v a l u e s . One 
e x c e p t i o n i s L - c y s t e i n e where t h e m i c r o s o c o p i c , pKp, v a l u e ( f o r NH2RSH 

> NH2RS~) d i f f e r s s i g n i f i c a n t l y from t h e l i t e r a t u r e v a l u e . I n t h e 
c a s e of s i m p l e a l k y l n i t r i t e s ( e t h y l , i s o p r o p y l , i s o a m y l and t - b u t y l 
n i t r i t e s ) s t e r i c e f f e c t s appear t o be t h e major i n f l u e n c e i n 
r e a c t i v i t y whereas e l e c t r o n - w i t h d r a w i n g s u b s t i t u e n t s i n t h e ^^ - p o s i t i o n 
g r e a t l y enhanced t h e r a t e c o n s t a n t . The r e s u l t s were found t o s a t i s f y 
T a f t ' s e q u a t i o n and t h u s a c o r r e l a t i o n between s t r u c t u r e and 
r e a c t i v i t y of t h e a l k y l n i t r i t e s w i t h t h e t h i o l s was e s t a b l i s h e d . 
T h i s work shows t h a t a t l e a s t in vitro a d i r e c t and r a p i d r e a c t i o n 
o c c u r s between a l k y l n i t r i t e s and t h i o l s a t pH v a l u e s l i k e l y t o be 
encou n t e r e d in vivo. T h i s c o n f i r m s t h a t such r e a c t i o n s c o u l d occur in 
vivo and c o u l d be an important f e a t u r e of t h e c h a i n of even t s 
o c c u r r i n g d u r i n g t h e v a s o d i l a t o r y a c t i o n of a l k y l n i t r i t e s . 

F i n a l l y a p r e l i m i n a r y i n v e s t i g a t i o n of t h e r e a c t i o n of g l y c e r y l 
t r i n i t r a t e w i t h c y s t e i n e , i n oxygen and oxygen-free n i t r o g e n 
atmosphere, i n t h e pH range 6-13 was undertaken. I n t h i s c a s e no 
e v i d e n c e was found f o r t h e f o r m a t i o n of S - n i t r o s o c y s t e i n e or n i t r i c 
o x i d e from g l y c e r y l t r i n i t r a t e i n t h e pr e s e n c e or absence of c y s t e i n e . 
Thus t h e r e s u l t s c o u l d not co n f i r m t h e h y p o t h e s i s t h a t g l y c e r y l 
t r i n i t r a t e owes i t s v a s o d i l a t o r y a c t i o n t o t h e fo r m a t i o n of t h e 
i n t e r m e d i a t e , S - n i t r o s o c y s t e i n e , from t h e r e a c t i o n of n i t r i c oxide 
(formed from g l y c e r y l t r i n i t r a t e ) and c y s t e i n e . 

- i i i -
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CMPTER ONE 

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



1.1 Mechanism of v a s c u l a r smooth muscle r e l a x a t i o n by 

organic n i t r a t e s and organic n i t r i t e s 

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

Many of t h e o r g a n i c n i t r a t e s , such as e t h y l e n e g l y c o l 

d i n i t r a t e , g l y c e r y l t r i n i t r a t e and m a n n i t o l h e x a n i t r a t e , 

have p o w e r f u l e x p l o s i v e p r o p e r t i e s and t h i s g i v e s r i s e t o 

one of t h e i r p r i n c i p a l uses. I n p a r t i c u l a r , g l y c e r y l 

t r i n i t r a t e (GTN) i s used as t h e major c o n s t i t u e n t of 

dynamite and e t h y l e n e g l y c o l d i n i t r a t e i s added when an 

e x p l o s i v e w i t h a n t i f r e e z e p r o p e r t i e s i s r e q u i r e d . The c h i e f 

use of t h e s e e x p l o s i v e s l i e s i n m i n i n g , t u n n e l l i n g and road 

b u i l d i n g o p e r a t i o n s , t h e i r m i l i t a r y usage b e i n g l i m i t e d by 

l a c k of c h e m i c a l s t a b i l i t y , though some o r g a n i c n i t r a t e s are 

i n c o r p o r a t e d as components of smokeless powder p r o p e l l a n t s . 

P e r s o n n e l engaged i n t h e manufacture of these e x p l o s i v e s 

e x p e r i e n c e d some e f f e c t s a s c r i b e d t o t h e v a s o d i l a t o r y a c t i o n 

of t h e s e n i t r a t e s . The c l i n i c a l e f f e c t s of t h i s 

o c c u p a t i o n a l exposure were found t o be lowered b l o o d 

p r e s s u r e , i n c r e a s e d p u l s e r a t e , headache, d i z z i n e s s and 

c h e s t p a i n s . ^ " ^ I n a d d i t i o n t o t h e o b s e r v a t i o n s made d u r i n g 

human exposure, s e v e r a l aspects of t h e t o x i c o l o g y of t h e 

o r g a n i c n i t r a t e e x p l o s i v e s have been i n v e s t i g a t e d by animal 

s t u d i e s 

The v a s o d i l a t o r y p r o p e r t i e s of o r g a n i c n i t r a t e s are 

r e s p o n s i b l e f o r t h e o t h e r major use of these compounds, as 

drugs f o r t h e t r e a t m e n t of angina, acute h e a r t f a i l u r e and 

h y p e r t e n s i v e emergencies. A d e t a i l e d d e s c r i p t i o n of o r g a n i c 

n i t r a t e a d m i n i s t r a t i o n and e f f e c t s i n c l i n i c a l usage i s 

g i v e n i n Goodman and Gilman's s t a n d a r d work^ and s e v e r a l 
- 1 -



r e v i e w s have appeared on t h e s u b j e c t . ̂  °'-̂  ̂  

S i m i l a r l y , o r g a n i c n i t r i t e s , p a r t i c u l a r l y amyl n i t r i t e , 

have been used as vasodepressors s i n c e 1867^^ i n t h e 

t r e a t m e n t of a n gina p e c t o r i s . B u t y l n i t r i t e was 

i n v e s t i g a t e d as an a l t e r n a t i v e t o amyl n i t r i t e i n t h e l a t e 

1880's.^^ I t has e s s e n t i a l l y t h e same t h e r a p e u t i c e f f e c t s 

as amyl n i t r i t e b u t has not been used c l i n i c a l l y t o any 

e x t e n t . However, r e c e n t l y amyl n i t r i t e has been used f o r 

non-medical purposes such as an agent f o r i n d u c i n g a s t a t e 

of e u p h o r i a and as an aphrodisiac.^'^ 

The v a s o d i l a t o r y e f f e c t s of o r g a n i c n i t r i t e s have been 

found t o be r e l a x a t i o n of i n v o l u n t a r y muscles of t h e b l o o d 

v e s s e l s which causes a l o w e r i n g of t h e b l o o d pressure and 

a l s o v a s o d i l a t i o n of t h e c e r e b r a l v e s s e l s which r e s u l t i n an 

i n c r e a s e of t h e i n t r a c r a n i a l p r e s s u r e . The l a t t e r e f f e c t 

produces a " h i g h " or e u p h o r i c e f f e c t which l a s t s about one 

m i n u t e . P e r i p h e r a l v a s o d i l a t i o n i s a l s o observed, w i t h a 

f l u s h i n g of neck and f a c e . ^ ^ I n a d d i t i o n t o t h e 

v a s o d i l a t o r y e f f e c t , t h e t o x i c e f f e c t of i n h a l a t i o n of 

o r g a n i c n i t r i t e s i n c l u d e s p u l s a t i o n of t h e head, motor 

u n r e s t , c y a n o s i s , c o n f u s i o n , v e r t i g o , weakness, y e l l o w 

v i s i o n , s o f t t h r e a d y p u l s e , f a i n t i n g , and p r o l o n g e d 

i n h a l a t i o n r e s u l t s i n death f r o m r e s p i r a t o r y f a i l u r e . ^ ^ 

D e s p i t e t h e i r l o n g c l i n i c a l use, t h e i r mechanism of 

a c t i o n , b o t h of o r g a n i c n i t r a t e s and o r g a n i c n i t r i t e s , i s 

s t i l l u n c e r t a i n . 

1.1.2 P o s t u l a t e d mechanisms 

I n t h e l a s t decade or so t h e r e have been s e v e r a l 

mechanisms p o s t u l a t e d . These b e i n g : 
- 2 -



1. GIN as a s t i m u l a n t of p r o s t a g l a n d i n s y n t h e s i s . 

2. Organic n i t r a t e r e c e p t o r . 

3. F o r m a t i o n of S - n i t r o s o t h i o l as an i n t e r m e d i a t e . 

The h y p o t h e s i s of GTN as a s t i m u l a n t of p r o s t a g l a n d i n 

s y n t h e s i s proposes t h a t GTN a c t s by i n d u c i n g t h e s y n t h e s i s 

and r e l e a s e of p r o s t a g l a n d i n which t h e n mediates 

v a s o d i l a t i o n . T h i s i s an a t t r a c t i v e h y p o t h e s i s s i n c e 

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

p r o s t a g l a n d i n s y n t h e s i s e d i n t h e b l o o d v e s s e l s . I n c r e a s e d 

p r o s t a c y c l i n l e v e l s have been r e p o r t e d f o l l o w i n g t h e 

a d d i t i o n o f GTN t o human e n d o t h e l i a l c e l l c u l t u r e s ^ ^ and t o 

i s o l a t e d b o v i n e c o r o n a r y a r t e r i e s . ^ T h e r o l e of 

p r o s t a g l a n d i n s i n GTN-induced v a s o d i l a t i o n has been s t u d i e d 

w i t h i s o l a t e d r a b b i t c e l i a c and mes e n t e r i c a r t e r i e s . ^ ^ 

However, f r o m t h i s s t u d y i t was concluded t h a t 

p r o s t a g l a n d i n s were not i n v o l v e d i n GTN-induced v a s o d i l a t i o n 

of i s o l a t e d r a b b i t c e l i a c and m e s e n t e r i c a r t e r i e s . ^ ^ T h i s 

i n d i c a t e s t h a t GTN does n o t induce v a s o d i l a t i o n v i a 

i n c r e a s e d s y n t h e s i s of p r o s t a g l a n d i n s s i n c e t h e v a s c u l a r 

e n d o t h e l i u m i s t h e major source of p r o s t a g l a n d i n i n b l o o d 

v e s s e l s . 

The h y p o t h e s i s of a s p e c i f i c o r g a n i c n i t r a t e r e c e p t o r was 

p u t f o r w a r d by Needleman and coworkers.^°^ They found 

t h a t a o r t i c s t r i p s made t o l e r a n t t o GTN i n v i t r o were 

r e v e r s e d by t r e a t i n g w i t h s u l p h y d r y l r e d u c i n g agent, 

d i t h i o t h r e i t o l . They e n v i s i o n e d an o r g a n i c n i t r a t e r e c e p t o r 

c o n t a i n i n g a key s u l p h y d r y l group on t h e a c t i v e s i t e w i t h 

which t h e o r g a n i c n i t r a t e s r e a c t e d ( F i g u r e 1.1). 

3 -



F i g u r e 1.1 Organic n i t r a t e r e c e p t o r 
V a s c u l a r smooth muscle 

-SH 

R e l a x a t i o n 

RONO. S + NO2 + ROH 

+ RGNO2 

No Response 

As a consequence of t h i s r e a c t i o n r e l a x a t i o n o c c u r r e d 

accompanied by t h e d e n i t r a t i o n of t h e o r g a n i c n i t r a t e and 

t h e o x i d a t i o n of t h e s u l p h y d r y l group t o t h e d i s u l p h i d e 

f o r m . The model was a l s o used by them t o e x p l a i n t h e 

t o l e r a n c e . They suggested t h a t s i n c e t h e key s u l p h y d r y l 

group was i n t h e o x i d i s e d form t h e r e c e p t o r would have a 

v e r y low a f f i n i t y f o r o r g a n i c n i t r a t e s . The e f f e c t of 

v a r i o u s s u l p h y d r y l r e a g e n t s ( p - c h l o r o m e r c u r i b e n z o a t e 

(PCMB), 5 , 5 ' - d i t h i o b i s ( 2 - n i t r o b e n z o i c a c i d ) (DTNB), 

e t h a c r y n i c a c i d (EA) ) on GTN-induced v a s o d i l a t i o n has been 

s t u d i e d u s i n g i s o l a t e d canine saphanous v e i n s and d o r s a l 

p e d a l a r t e r i e s p r e c o n t r a c t e d w i t h p h e n y l e p h r i n e . ^ ^ C o n t r a r y 

t o e x p e c t a t i o n , n e i t h e r PCMB nor DTNB a f f e c t e d t h e GTN 

response. When EA was used p a r t i a l i n h i b i t i o n of t h e GTN 

response was seen a t h i g h doses.^"^ However, EA a l s o 

i n h i b i t s v a s o d i l a t i o n induced by a v a r i e t y of agents i n 

a d d i t i o n t o o r g a n i c n i t r a t e s so t h a t i t s e f f e c t i s c l e a r l y 

n o t c o n f i n e d t o a s p e c i f i c o r g a n i c n i t r a t e r e c e p t o r . Since 

o n l y p a r t i a l i n h i b i t i o n of t h e GTN response was seen w i t h 

EA, o t h e r mechanisms are p r o b a b l y i n v o l v e d i n GTN-induced 

r e l a x a t i o n . F u r t h e r m o r e , t h e e x i s t e n c e of a s p e c i f i c 

o r g a n i c n i t r a t e r e c e p t o r has not been demonstrated nor have 
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s p e c i f i c a n t a g o n i s t s t o o r g a n i c n i t r a t e s been i d e n t i f i e d . 

An i n t e r e s t i n g h y p o t h e s i s c o n c e r n i n g t h e mechanism of 

o r g a n i c n i t r i t e and o r g a n i c n i t r a t e induced v a s o d i l a t i o n was 

proposed by I g n a r r o e t . a l . ^ ^ They proposed t h a t t h e 

o r g a n i c n i t r i t e s and n i t r a t e s owed t h e i r a c t i o n t o t h e 

i n t r a c e l l u l a r r e l e a s e or f o r m a t i o n of n i t r i c o xide which 

t h e n r e a c t s w i t h S H - c o n t a i n i n g compounds t o form 

S - n i t r o s o t h i o l s . The S - n i t r o s o t h i o l s t h e n a c t i v a t e 

g u a n y l a t e c y c l a s e which i n t u r n r a i s e s c y c l i c GMP l e v e l s 

r e s u l t i n g i n v a s o d i l a t i o n . 

Evidence accumulated by v a r i o u s r e s e a r c h groups over t h e 

y e a r s can be used t o s u p p o r t t h i s h y p o t h e s i s . These s t u d i e s 

have shown GTN and n i t r o p r u s s i d e are capable of r e l e a s i n g 

n i t r i c o x i d e (NO)^^'^^ and a l s o t h a t GTN, n i t r o p r u s s i d e , NO, 

amyl n i t r i t e , n i t r o s o g u a n i d i n e and o t h e r n i t r o g e n 

o x i d e - c o n t a i n i n g compounds a c t i v a t e s o l u b l e g u a n y l a t e 

c y c l a s e , b u t t h i s enzyme a c t i v a t i o n r e q u i r e d t h e presence of 

s u l p h y d r y l group i n t h e f o r m of added t h i o l s . ^ ^ ^ " ^ ^ These 

compounds a l s o markedly e l e v a t e guanosine 

3',5'-monophosphate ( c y c l i c GMP) l e v e l s i n v a s c u l a r smooth 

muscle, p l a t e l e t s and v a r i o u s o r g a n s ^ ^ ^ " ^ ^ The 

s t i m u l a t i o n of c y c l i c GMP f o r m a t i o n by these p o t e n t v a s c u l a r 

smooth muscle relaxants'^ ̂  and t h e r e l a x a t i o n of 

p r e c o n t r a c t e d s t r i p s of b ovine c o r o n a r y a r t e r y ^ a n d 

n o n v a s c u l a r smooth muscle by analogues of c y c l i c GMP,̂ ^ 

suggests t h a t c y c l i c GMP i s i n v o l v e d i n smooth muscle 

r e l a x a n t e f f e c t of these compounds. The S - n i t r o s o t h i o l s 

formed by r e a c t i n g t h e v a s o d i l a t o r s w i t h t h i o l s were found 

t o a c t i v a t e g u a n y l a t e c y c l a s e w i t h o u t added t h i o l s , e l e v a t e 

t i s s u e c y c l i c GMP l e v e l s , r e l a x c o r o n a r y a r t e r i a l s t r i p s and 
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decrease s y s t e m i c a r t e r i a l p r e s s u r e . " ^ ^ ' ^ ^ ' ^ ' ^ I t has been 

shown t h a t methylene b l u e i n h i b i t s t h e same v a s o d i l a t o r y 

e f f e c t s of S - n i t r o s o t h i o l s as i t does f o r n i t r o g e n 

o x i d e - c o n t a i n i n g v a s o d i l a t o r s . ^ ^ ' ^ ^ F i n a l l y , i n an 

a n a e s t h e t i s e d c a t t h e d o s e - r e l a t e d depressor e f f e c t s of 

S - n i t r o s o t h i o l s were found t o resemble those of 

n i t r o p r u s s i d e and GTN.^^ Thus a l l these r e s u l t s would seem 

t o s u p p o r t t h e h y p o t h e s i s of t h e f o r m a t i o n i n smooth muscle 

of a c t i v e , u n s t a b l e S - n i t r o s o t h i o l s i n t e r m e d i a t e s . A 

schematic diagram of t h e above h y p o t h e s i s i s pre s e n t e d i n 

F i g u r e 1.2 

F i g u r e 1.2 Schematic diagram of proposed mechanism by which 
o r g a n i c n i t r i t e s and n i t r a t e s r e l a x v a s c u l a r smooth muscle 

Organic 
n i t r a t e s 
RONO2 

Organic 
n i t r i t e s 
RONO 

RONOo 

2R'-SH 
R'-S-S-R'< > 

» N O i 

Enzymatic ? 
Non-enzymatic ? 

HONO 

NO 

R-SNO 

ROH 

•H* 

H* 

•R-SH 

T 
Guanylate c y c l a s e 

a c t i v i t y 

tcGMP 
• ? 

R e l a x a t i o n 

V a s c u l a r smooth muscle c e l l 
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1.2 N i t r o s a t i n g Reagents 

1.2.1 A c i d i c s o l u t i o n of n i t r o u s a c i d 

N i t r o u s a c i d d e r i v e d r e a g e n t s are t h e most w i d e l y used 

n i t r o s a t i n g r e a g e n t s i n 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 . 

S o l u t i o n s of n i t r o u s a c i d are e a s i l y formed from n i t r i t e 

s a l t s and aqueous m i n e r a l a c i d . The s o l u t i o n s decompose 

v e r y r e a d i l y i n t h e presence of a c i d ( e q u a t i o n 1.1) and t h i s 

has t o be t a k e n i n t o account when q u a n t i t a t i v e work i s 

c a r r i e d o u t . 

3HNO2 = ^ 2N0 + HNO3 + H2O (1.1) 

I n aqueous s o l u t i o n s n i t r o u s a c i d generates t h e 

n i t r o s a t i n g r e a g e n t d i n i t r o g e n t r i o x i d e N2O3 ( e q u a t i o n 1.2). 

2HNO2 > • — N2O3 + H2O (1.2) 

E a r l y work on t h e n i t r o s a t i o n , deamination^^ and 

d i a z o t i s a t i o n ^ ^ of amines e s t a b l i s h e d t h e t h i r d - o r d e r r a t e 

e q u a t i o n ( e q u a t i o n 1.3). 

Rate = K k [Amine] [HN02]2 ( 1 . 3 ) 

T h i s was l a t e r i n t e r p r e t e d by Hammetf^^ (Scheme 1.1) as t h e 

r a t e l i m i t i n g a t t a c k by d i n i t r o g e n t r i o x i d e , generated from 

n i t r o u s a c i d , on t h e f r e e form of t h e amine. 
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2HN02 . Fast K ^ ^^Q^ + 

RNH2 + N2O3 ^-'-"^ ^ • RNH2NO + NOi 

RNH2 NO • RN2^ 

Scheme 1.1 

The proposed mechanism was l a t e r confirmed by Hughes, 
I n g o l d and Ridd.^^'^^ However, w i t h very r e a c t i v e 
s u b s t a n c e s ^ t h e r a t e l i m i t i n g step becomes the formation 
of d i n i t r o g e n t r i o x i d e (equation 1.4), as the hy d r o l y s i s of 
d i n i t r o g e n t r i o x i d e t o n i t r o u s acid i s slower than the 
r e a c t i o n of the d i n i t r o g e n t r i o x i d e w i t h the substrate. Thus 
the r a t e equation becomes second-order i n n i t r o u s acid 
c o n c e n t r a t i o n and zero-order i n substrate concentration 
(equation 1.4). 

2HNO2 — • N2O3 + H2O 

Rate = k' [HNO2] 2 (1.4) 

The e q u i l i b r i u m constant, K, f o r the formation of d i n i t r o g e n 
t r i o x i d e (Schemel.l) was r e c e n t l y determined^^ as 3.0 x 10'^ 
1 mol"^ , and using t h i s value of K, the value of the r a t e 
constant, k (equation 1.3) f o r various amines^^, was found 
t o be of the order of 10^. Thus the reactions of amines 
w i t h d i n i t r o g e n t r i o x i d e are on or close t o encounter 
c o n t r o l l e d l i m i t . 

However, i t was found t h a t at high a c i d i t i e s and low 
concen t r a t i o n of n i t r o u s acid the d i a z o t i s a t i o n of 
amines^^'^^ and the n i t r o s a t i o n of a range of other 
substrates^^'^° fol l o w e d the r a t e equation (equation 1.5), 
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where [S] i s the concentration of substrate. 

Rate = k [S] [HNO2] [H*] (1-5) 

This i n d i c a t e s a d i f f e r e n t mechanism t o t h a t i n v o l v i n g 
n i t r o g e n t r i o x i d e . I n t h i s case the mechanism proposed 
(Scheme 1.2) i s one i n v o l v i n g the n i t r o s a t i n g agent n i t r o u s 
acidium i o n , H2NO2* or nitrosonium i o n , NO* which are 
k i n e t i c a l l y i n d i s t i n g u i s h a b l e . 

HNO2 + H3O* . H2NO2* + H2O 

H2NO2* + S • Product 
OR 

HNO2 + H3O* • H2NO2* + H2O 

H2NO2* . NO* + H2O 

NO* + S • Product 
Scheme 1.2 

As t o which mechanism i s cor r e c t there i s a great deal of 
controversy. The only c l e a r evidence i s t h a t at very high 
a c i d i t i e s , 60% p e r c h l o r i c a c i d , the n i t r o s a t i n g agent i s the 
nitrosonium ion and i t s presence i n such s o l u t i o n s has been 
confirmed s p e c t r o s c o p i c a l l y . ^ ^ ~ ^ ^ Recently i t has been 
i d e n t i f i e d k i n e t i c a l l y as the e f f e c t i v e reagent i n d i l u t e 
a c i d f o r the n i t r o s a t i o n of alcohols and t h i o l s i n 
a c e t o n i t r i l e solvent using e i t h e r a l k y l n i t r i t e s or n i t r o u s 
acid.^^ I n c o n t r a s t , there i s no such evidence f o r the 
presence of n i t r o u s acidium i o n . There i s a reasonable 
amount of evidence f o r and against each of the mechanisms 
but i n n e i t h e r case i s the evidence presented t o t a l l y 
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convincing. This evidence w i l l not be discussed here as i t 
i s w e l l documented and discussed i n a book r e c e n t l y 
published. 6 

1.2.2 N i t r o s v l h a l i d e s 
N i t r o s y l halides have long been used s y n t h e t i c a l l y as 

n i t r o s a t i n g agents f o r a range of substrates. Schmid was 
the f i r s t t o i n v e s t i g a t e the c a t a l y t i c e f f e c t of hal i d e ions 
when he studied the d i a z o t i s a t i o n of amines by hydrochloric 
and hydrobromic a c i d . ^ ^ ' ^ ^ From these r e s u l t s he 
est a b l i s h e d the r a t e equation (equation 1.6), where [X"] i s 
the concentration of the hal i d e i o n . 

Rate = k [ArNHj] [HNO2] [H*] [X"] (1.6) 

Since then a s i m i l a r r a t e equation has been established f o r 
a range of substrates . ̂ " ^ ^ The mechanism was f i r s t 
i n t e r p r e t e d by Hammett^^ (Scheme 1.3) i n terms of an i n i t i a l 
e q u i l i b r i u m step i n v o l v i n g the formation of the n i t r o s y l 
h a l i d e and then the subsequent r a t e - l i m i t i n g a t t a c k on the 
f r e e amine (s u b s t r a t e ) by the n i t r o s y l h a l i d e . 

HNO2 + H* + X-

NOX + ArNHs 

ArNHa 

K NQX. XNO + H2O 

k2 -+ ArNH2 NO 

Fast 

ArN2* 

Scheme 1.3 
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From Scheme 1.3 

Ka = [ArNHs] [H*] (1-12) 

;ArNH3; 

% o x = PNO] 
;HNO2] [H*] [X-] (1-13) 

By a s suming [ArNH2]^ = [ArlSHa] ; [XNO] « [HN02]rp and 

s u b s t i t u t i n g e q u a t i o n (1.12) and (1.13) i n t o e q u a t i o n 

(1.11), we g e t t h e r a t e e q u a t i o n ( e q u a t i o n (1.14)) i n terms 

of t o t a l c o n c e n t r a t i o n of amine, n i t r o u s a c i d and h a l i d e i o n 

added. 

Rate = k2 Ka KĴ Q̂  [ArNHa]^ [X"] [HN02]^ (1-14) 

The s e c o n d - o r d e r r a t e c o n s t a n t , k2, can be d e t e r m i n e d as 

l o n g a s a c c u r a t e v a l u e s of Kj^g^ and Ka a r e known. The Kjyjg^ 

v a l u e s f o r both n i t r o s y l c h l o r i d e and n i t r o s y l bromide have 

been d e t e r m i n e d s p e c t r o p h o t o m e t r i c a l l y by Schmid and 

H a l l a b a . ^ ^ These v a l u e s have been used t o d e t e r m i n e t h e 

v a l u e s of k2 f o r v a r i o u s s u b s t r a t e s . ̂  ̂ ^ T h i s shows t h e 

e x p e c t e d t r e n d of NOCl > NOBr based on t h e e l e c t r o n e g a t i v i t y 

of t h e h a l o g e n s . However, t h e sequence of t h e c a t a l y t i c 

e f f e c t f o r h a l i d e i o n i s Br" > C I " ; t h i s i n d i c a t e s t h a t t h e 

magnitude of t h e KĴ Q̂  v a l u e s govern t h e c a t a l y t i c a c t i v i t y 

of t h e s e i o n s . 

F o r v e r y r e a c t i v e species^^'''^''^^ t h e r e i s , i n some c a s e s 

a z e r o o r d e r s u b s t r a t e dependence, which i s i n t e r p r e t e d 

( a s i n t h e d i n i t r o g e n t r i o x i d e c a s e ) as r a t e - l i m i t i n g XNO 
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f o r m a t i o n . 
Thus the r a t e equation f o r such r e a c t i o n has been 

es t a b l i s h e d (equation 1.15) and the t h i r d - o r d e r r a t e 
constant, k, determined. 

Rate = k [H*] [HNO2 ] [X"] (1-15) 

1.2.3 N i t r o s y l thiocyanate and Nitrosothiouronium ions 
The n i t r o s a t i o n of several substrates, by n i t r o s y l 

thiocyanate (NOSCN)^ ̂  '''"^ ̂  and nitr o s o t h i o u r o n i u m ions 

( ( N H 2 ) 2 C S N 0 ) ^ ^ h a g been observed. The mechanism 

(Scheme 1.4) i s s i m i l a r t o t h a t of n i t r o s a t i o n by n i t r o s y l 
h a l i d e s i n t h a t the i n i t i a l step i s the formation of the 

+ 

n i t r o s a t i n g agent ( i . e . NOSCN and ( N H 2 ) 2 C S N 0 ) and then the 
r a t e - l i m i t i n g a t t a c k of substrate by the n i t r o s a t i n g agent, 
where A i s the substrate . 

H* + HNO2 + SCN- ^̂ ^̂ ^ ' ONSCN + H2O 

H* + HNO2 + ( N H 2 ) 2 C S ^^^^^ - ( N H 2 ) 2 C S N 0 + H2O 

0 N S C N / ( N H 2 ) 2 C S N 0 + A . ANO + (NH2)2CS/SCN" + H* 

Scheme 1.4 

I n general i t i s found t h a t the reactions which are cataysed 
by n i t r o s y l halides are also cataysed by thiocyanate ion and 
th i o u r e a . As i n the case of the n i t r o s y l h a l i d e the 
q u i l i b r i u m constants, K]\fgx' "̂ ^̂  formation of n i t r o s y l 

thiocyanate^^ and ni t r o s o t h i o u r o n i u m ion^^ have been 
determined and are 32 1^ mol'^ at 20°C and 5000 1^ mol'^ at 
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25^C r e s p e c t i v e l y . Thus the second order r a t e constant, 
k 2 ( e q u a t i o n 1.14), can be determined and the r e a c t i v i t y of 
the reagents compared. We f i n d t h a t the r e a c t i v i t y of these 

n i t r o s a t i n g agents i s NOCl > NOBr > NOSCN > N0SC(NH2)2. 

However, the order of the c a t a l y t i c a c t i v i t y of these ions 
has been found t o be the reverse, t h a t i s SC(NH2)2 > SCN" > 
Br" > CI" , i n d i c a t i n g t h a t the magnitude of the r a t e 
constant, Kj^g^, governs the c a t a l y t i c a c t i v i t y of these 
ions. Thus t h i o u r e a i s considered the most e f f i c i e n t 
c a t a l y s t f o r n i t r o s a t i o n . 

1.2.4 N i t r i c oxide 
N i t r i c oxide (NO) normally would not be considered as an 

e f f e c t i v e n i t r o s a t i n g agent as i t i s e a s i l y oxidised t o 
d i n i t r o g e n t e t r o x i d e and d i n i t r o g e n t r i o x i d e i n the presence 
of oxygen. Thus these may be the r e a c t i v e species i n many 
of the re a c t i o n s thought t o be brought about by NO. 
However, i t has been found t h a t NO does act as a n i t r o s a t i n g 
agent^^ w i t h t h i o l s i n oxygen f r e e , basic s o l u t i o n s , and a 
mechanism (Scheme 1.5) i n v o l v i n g free r a d i c a l intermediates 
has been proposed. 

RSH + B" > RS" + BH 
RS" + NO . R S — 0 " ^ RS—I^—OH 
2 RS—I^—OH • RSN(OH)N(OH)SR • RSSR + N2 + Nj 0 

Scheme 1.5 

I t i s also an e f f e c t i v e n i t r o s a t i n g agent i n the presence of 

some c a t a l y s t s . Brackman and Smit^^ found t h a t the 
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n i t r o s a t i o n of diethylamine occurred using n i t r i c oxide and 
copper ( I I ) s a l t s (Scheme 1.6) v i a the intermediate 
c o p p e r - n i t r o s y l complex. 

C u C l 2 (aq) + NO 

Cu^^NO Complex + R2NH 

Scheme 1.6 

=i Cu^^NO Complex 
Cû  Complex + R2NNO + Ĥ  

I n the case of c a t a l y s i s by s i l v e r ion the n i t r i c oxide i s 
thought t o react w i t h the c a t i o n r a d i c a l , produced from the 
o x i d a t i o n of the amine, t o form the nitrosamine (Scheme 
1.7). 

N- -H N-
/ 

-H 

NO 

Scheme 1.7 

N NO H* 

The other r e a c t i o n s f o r forming n i t r o s o compounds by n i t r i c 
oxide are the reactions w i t h r a d i c a l s i n the r e a c t i o n 
medium. Good examples of these reactions are; the r e a c t i o n 
of NO w i t h t r i p h e n y l m e t h y l radical®^ (equation 1.16) and 
cyclohexyl r a d i c a l s , g e n e r a t e d from cyclohexane (Scheme 
1.8), t o form the blue n i t r o s o product and the oxime of 
cyclohexanone r e s p e c t i v e l y . 

(C6H5)3C' NO (C6H5)3CN0 
Blue 

(1.16) 
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Clo 
hv 

NO 
NOH 

Scheme 1.8 

NO 

1.2.5 N i t r i t e i o n 
N i t r i t e i o n , l i k e n i t r i c oxide, i s not an e f f e c t i v e 

n i t r o s a t i n g agent on i t s own. However, studies^^'^^ on the 
n i t r o s a t i o n of secondary amines have found t h a t i n the 
presence of aldehydes the n i t r o s a t i o n of amines can be 
achieved. The mechanism proposed (Scheme 1.9) i s one 
i n v o l v i n g the formation of an iminium ion intermediate w i t h 
which the n i t r i t e ion reacts t o form the 
d i a l k y l - n i t r o s a m i n e . The same mechanism has been proposed 
f o r the n i t r o s a t i o n of amines by n i t r i t e ion i n halogenated 
solvents.^ ̂  

R2NH R ' C H O R 2 N = C H R ' 

NO. 

RoNNO R ' C H O 

Scheme 1.9 

N i t r o s a t i o n at carbon, sulphur, oxygen and ni t r o g e n can 
also be achieved by numerous other n i t r o s a t i n g agents. 
These include a l k y l n i t r i t e s , nitrosamines, Fremy's s a l t , 

etc 6 4 
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1.3 S- N i t r o s a t i o n 

1.3.1 I n t r o d u c t i o n 
Recently a great i n t e r e s t i n S - n i t r o s a t i o n reactions has 

ar i s e n not only from s y n t h e t i c and mechanistic aspects but 
also from the possible b i o l o g i c a l i m p l i c a t i o n of t h i s 
r e a c t i o n i n the mode of a c t i o n of v a s o d i l a t o r y d r u g s , a s 
discussed i n Section 1.1.2. 

S - n i t r o s a t i o n reactions (Scheme 1.10) are generally 
f a s t e r than the corresponding 0 - n i t r o s a t i o n reactions 
(Scheme 1.11). However, whereas S - n i t r o s a t i o n i s 
e s s e n t i a l l y an i r r e v e r s i b l e r e a c t i o n , 0 - n i t r o s a t i o n i s a 
r e v e r s i b l e r e a c t i o n . These d i f f e r e n c e s can be explained i n 
terms of d i f f e r e n c e i n b a s i c i t y and n u c l e o p h i l i c i t y between 
the sulphur and oxygen.^^ Since sulphur i s more p o l a r i s a b l e 
then oxygen i t would also be the more n u c l e o p h i l i c of the 
two, and thus S - n i t r o s a t i o n i s more favoured than 
0 - n i t r o s a t i o n . However, oxygen i s s i g n i f i c a n t l y more basic 
than sulphur,^^ and so the r a t e of the reverse r e a c t i o n 
should be greater f o r the oxygen case than f o r the sulphur 
case. This means t h a t the forward r e a c t i o n i s governed by 
the n u c l e o p h i l i c i t y ( S - n i t r o s a t i o n > 0 - n i t r o s a t i o n ) and the 
reverse r e a c t i o n i s governed by b a s i c i t y ( 0 - d e n i t r o s a t i o n > 
S - d e n i t r o s a t i o n ) . 

^NO 
RSH + XNO . R—S 

\H 

RSNO + H* + X-

Scheme 1.10 
- 16 -



^^NO 
ROH + XNO > R—0 

H 

RONO + H* + X-
Scheme 1.11 

1.3.2 N i t r o s a t i o n of t h i o l s 
Formation of t h i o n i t r i t e s or S - n i t r o s o t h i o l s from t h i o l s 

has been known from as e a r l y as 1837 when a red coloured 
species was observed from r e a c t i o n of t h i o l s w i t h n i t r o u s 
acid^^ (equation 1.17). 

RSH + HNO2 • RSNO + H2O (1.17) 
Red/Green 

The coloured products observed from the r e a c t i o n of n i t r o u s 
a c i d w i t h t h i o l s were confirmed t o be t h i o n i t r i t e s by ̂ N̂ 
N.M.R.̂ ^ and E.S.R.̂ ^ stu d i e s . The c o l o u r a t i o n property of 
t h i o n i t r i t e s has led them t o be used f o r the i d e n t i f i c a t i o n 
of t h i o l s i n s o l u t i o n ^ ^ and as a q u a n t i t a t i v e t e s t f o r 
n i t r o s y l s u l p h u r i c a c i d using t h i o g l y c o l i c acid as the 
r e a g e n t . T h e r e i s a comprehensive review^^ of the 
p h y s i c a l p r o p e r t i e s and reactions of t h i o n i t r i t e s . 

T h i o n i t r i t e s are g e n e r a l l y very unstable and decompose t o 
give d i s u l p h i d e and n i t r i c oxide (equation 1.18). 

2RSN0 • RSSR + 2N0 (1-18) 

The formation of the d i s u l p h i d e from t h i o n i t r i t e s i s 
presumed t o be by a homolytic mechanism, although other 
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n o n - r a d i c a l pathways are possible. Even so, the f i r s t 
t h i o n i t r i t e s were i s o l a t e d as e a r l y as 1909 by Tasker and 
J o n e s . T h e y i s o l a t e d phenyl t h i o n i t r i t e and e t h y l 
t h i o n i t r i t e . Since then several t h i o n i t r i t e s have been 
i s o l a t e d and characterised. Examples include 
t r i p h e n y l m e t h y l t h i o n i t r i t e (1.1),^°° t - b u t y l t h i o n i t r i t e 
(1.2),^°^ S-nitrosocysteine^ °^ and S-nitroso-N-acetyl-D,L-
p e n i c i l l i a m i n e (SNAP) (1.3).i°3 The t h i o n i t r i t e derived 
from cysteine i s d i f f i c u l t t o i s o l a t e i n the pure form and 
has t o be stored at low temperature. However, t - b u t y l 
t h i o n i t r i t e i s s t a b l e i n the s o l i d form f o r a few days at 
room temperature and SNAP i s i n d e f i n i t e l y stable as a s o l i d 
and decomposes only slowly i n s o l u t i o n . This shows t h a t 
t h i o n i t r i t e s w i t h bulky groups attached t o the atom bound t o 
the sulphur atom are p a r t i c u l a r l y stable and easy t o 
i s o l a t e . 

(C6H5)3CSN0 (CH3)3CSN0 
(1.1) (1.2) 

HO2 C(NHCH3 CO)CHC(CH3)2 SNO 
(1.3) 

The best example of a S - n i t r o s a t i o n process i s the 
r e a c t i o n of t h i o l s , both a l i p h a t i c and aromatic, w i t h the 
usual 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 reagents such as n i t r o u s 
acid,^°^ d i n i t r o g e n t e t r o x i d e , ^ n i t r o s y l c h l o r i d e ^ a n d 
a l k y l n i t r i t e s ^ "̂̂  (equation 1.19) 

RSH + XNO • RSNO + HX (1-19) 
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Thus t h i o n i t r i t e s can i n p r i n c i p l e be p r e p a r e d from any 

n i t r o s a t i n g a g e n t , but t h e e a s i e s t and most c o n v e n i e n t 

s y n t h e t i c p r o c e d u r e i s e i t h e r t o r e a c t d i n i t r o g e n t e t r o x i d e 

w i t h an e q u i m o l a r amount of t h e t h i o l i n an i n e r t s o l v e n t a t 

- lO^C or by u s i n g t - b u t y l n i t r i t e as a n i t r o s a t i n g 

r e a g e n t i n c h l o r o f o r m ^ *̂ ^ ( e q u a t i o n 1.20). Both methods 

g i v e r a p i d q u a n t i t a t i v e y i e l d s . 

(CH3)3C0N0 + RSH c h l o r o f o r m ^ (CH3)3C0H + RSNO (1.20) 

M e c h a n i s t i c a l l y t h i s a r e a of n i t r o s a t i o n has o n l y 

r e c e n t l y been s t u d i e d i n g r e a t d e t a i l and r e v i e w e d . 

K i n e t i c i n v e s t i g a t i o n by K r e s z e and Vinkler^^° on t h e 

n i t r o s a t i o n of t - b u t y l t h i o l by n i t r o u s a c i d i n t h e absence 

of added n u c l e o p h i l e s e s t a b l i s h e d t h e r a t e e q u a t i o n 

( e q u a t i o n 1.21). 

R a t e = k [HNO2] [H*] [RSH] (1.21) 

S i n c e t h e n t h e same r a t e e q u a t i o n has been e s t a b l i s h e d f o r 

s e v e r a l t h i o l s by v a r i o u s r e s e a r c h groups .''^^ ^ The r a t e 

e q u a t i o n i s i n t e r p r e t e d i n terms (Scheme 1.12) of a 

r a t e - l i m i t i n g e l e c t r o p h i l i c a t t a c k by n i t r o u s a c i d i u m i o n 

(H2NO2* ) or n i t r o s o n i u m i o n (NO*) on t h e s u l p h u r atom, 

f o l l o w e d by r a p i d p r o t o n l o s s from t h e p r o t o n a t e d 

t h i o n i t r i t e . 
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HN02 + H* 

N O V H 2 N O 2 * + RSH 

Fast 

S l o w 

NOVH2NO2* + H2O 

/NO 
R - r 

\H 
Fast 

RSNO + H* 
Scheme 1.12 

The t h i r d - o r d e r r a t e constants, k (equation 1.21), 
determined f o r several t h i o l s are summarized i n t a b l e 1.1. 
Since the value f o r encounter-controlled limit^° i s thought 
t o be 7,000 1^ mol"^ s"^ , f o r the r e a c t i o n i n v o l v i n g n e u t r a l 
s u b s t r a t e s , i t shows t h a t the n i t r o s a t i o n of several 
r e a c t i v e t h i o l s occurs at or close t o encounter-controlled 
l i m i t . 

Table 1.1 Values of k f o r acid-catalysed n i t r o s a t i o n i n 
water at 25^C 

Substrate k / l 2 mol"2 s"! Ref . 

Cysteine 456,443 79,111 

Cysteine methyl ester 213 77 

Glutathione 1080 77 

N-acetyl cysteine 1540 77 

T h i o g l y c o l i c a c i d 2630 77 

( N H 2 ) 2 C S 6960 111 

S u l p h a n i l i c acid 7300 112 

CS(NHMe)2 6610 111 

The c a t a l y t i c e f f e c t of added nucleophiles such as 

c h l o r i d e , bromide and thiocyanate ion has been 
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i n v e s t i g a t e d ^ ^ and found t o be s i m i l a r t o t h a t encountered 
f o r N - n i t r o s a t i o n , d i a z o t i s a t i o n and 0 - n i t r o s a t i o n 
r e a c t i o n s . The r a t e equation f o r the n i t r o s a t i o n of t h i o l s 
by n i t r o u s a c i d i n the presence of added nucleophiles has 
been es t a b l i s h e d (equation 1.22). 

Rate = k2 [RSH] [XNO] (1.22) 

The mechanism postulated (Scheme 1.13) f o r the c a t a l y s i s of 
S - n i t r o s a t i o n i s one i n which the p r e - e q u i l i b r i u m step i s 
the formation of the NOX species, these then e f f e c t 
n i t r o s a t i o n of the substrate. 

HNO2 + H* + X" . XNO + H2O 

/NO 
NOX + RSH =^ R—S ^' 

\H 
Fast 

RSNO + H* 
Scheme 1.13 

The second-order r a t e constants, k2 (equation 1.22), f o r 
at t a c k by n i t r o s y l c h l o r i d e , n i t r o s y l bromide and 
thiocyanate are given i n t a b l e 1.2 f o r a number of t h i o l s . 

As expected from the e l e c t r o n e g a t i v i t y of the ions (X") 
the k2 value decreases along the series n i t r o s y l c h l o r i d e > 
n i t r o s y l bromide > n i t r o s y l thiocyanate. However, the order 
of c a t a l y t i c a c t i v i t y of these ions has been found t o be the 
reverse, t h a t i s SCN" > Br" > Cl",^^ i n d i c a t i n g , as f o r 
n i t r o s a t i o n r e a c t i o n s g e n e r a l l y , t h a t the magnitude of the 
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e q u i l i b r i u m constant, K^j^g, i s the dominant f a c t o r i n 
q u a n t i f y i n g c a t a l y t i c r e a c t i v i t y . 

Table 1.2: Values of second-order r a t e constants, k2 
( 1 mol"i s"^) (Ref. 64), at 25°C 

Substrate NOCl NOBr NOSCN 

Cysteine methyl ester 1 .0 X 10^ 4 .6 X 10'* 7 .5 X 102 
Cysteine 1 .2 X 10^ 5 . 5 X 10^ 6 .5 X 102 
Glutathione 1 .2 X 10^ 5 . 5 X 10^ 3 .9 X 103 
N-acetyl cysteine 1 .0 X 10^ 4 .5 X 105 1 .6 X 103 
T h i o g l y c o l i c acid 1 .4 X 10^ 1 .0 X 10^ 2 .5 X 10'* 

1.3.3 Reactions of t h i o n i t r i t e s 
T h i o n i t r i t e s are g e n e r a l l y very unstable and w i l l 

decompose both thermally^°3 and photochemically^^3 t o give 
the d i s u l p h i d e and n i t r i c oxide. Good y i e l d s of 
unsymmetrical dis u l p h i d e s are obtained when t h i o n i t r i t e s are 
reacted w i t h other t h i o l s (equation 1.23). 

RSNO + R2 ' SH R S S R 2 ' (1.23) 

Oae and co-workers^ ̂ '* found t h a t N-methylaniline was 
n i t r o s a t e d by t e r t i a r y - b u t y l t h i o n i t r i t e t o give 
N-nitroso-N-methylaniline. This r e a c t i o n has been found i n 
general f o r the n i t r o s a t i o n of secondary amines by 
t h i o n i t r i t e s (equation 1.24) * 2 5 1 1 5 5 1 1 6 ^ great i n t e r e s t 
and concern was evoked i n t h i s r e a c t i o n since t h i s raises 

22 -



the p o s s i b i l i t y of the formation of nitrosamines and 

nitrosoamides (both w e l l e s t a b l i s h e d carcinogens^-'^) from 

t h i o n i t r i t e s . One concern i s th a t t h i s could occur in v i v o , 

s i n c e i t i s to be expected t h a t t h i o n i t r i t e s would r e a d i l y 

be formed i n the a c i d environment of the stomach from 

n a t u r a l l y o c c u r r i n g t h i o l s and sources of n i t r i t e ion, and 

the NO group could then be t r a n s f e r e d to amines and amides 

i n the lower i n t e s t i n e . 

RSNO + Rs'NH • R2'NN0 + RSSR (1-24) 

T h i o n i t r i t e s were a l s o found to y i e l d azo dyes a f t e r 

r e a c t i n g with a n i l i n e hydrochloride and then coupling with 

/5-naphthol (scheme 1.14).^°'^ They have a l s o been used as 

s y n t h e t i c routes to a r y l halides^°^ (equation 1.25) and also 

to a l k y l n i t r i t e s from a l c o h o l s , although i n the l a t t e r the 

y i e l d i s very low.^^^ 

0NSMe2CH(NHAc)CG2H + PhNH2-HCl • PhNs* 

/?-Naphthol 

Azo dye (25%) 
Scheme 1.14 

ArNH2 + (CH3)3CSN0 TS^J^ ArX + N2 + (CH3 ) 3 CSSC(CH3 ) 3 
LMgUN (1.25) 

I n none of the above r e a c t i o n s has i t ever been determined 

whether the n i t r o s a t i o n occurs d i r e c t l y by the t h i o n i t r i t e 

or whether an e f f e c t i v e n i t r o s a t i n g agent i s formed from the 

t h i o n i t r i t e p r i o r to n i t r o s a t i o n . However, i t has been 
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found t h a t i n acid-catalysed r e a c t i o n s the n i t r o s o group 
from the t h i o n i t r i t e can d i r e c t l y be t r a n s f e r r e d t o water, 
h a l i d e i o n , thiocyanate ion and t h i o u r e a (scheme 1.15). 
This r e a c t i o n can only be completed by the removal of the 
n i t r o s y l species and at high a c i d concentration. 

R — S + C l ~ • RSH + NOCl 

Removed 

Scheme 1.15 

1.4 Reactions of a l k y l n i t r i t e s 

1.4.1 Introduction 
A l k y l n i t r i t e s are u s u a l l y prepared from alcohols and 

n i t r o u s a c i d (equation 1.26) and the r e a c t i o n i s the 
best-known example of 0 - n i t r o s a t i o n . ^ - ° The r e a c t i o n i s 
r e v e r s i b l e , r a p i d and general f o r any a l k y l group, R, except 
f o r phenol where aromatic s u b s t i t u t i o n by the n i t r o s o group 
occurs. 

ROH + HNO2 . RONO + H2O (1.26) 

A l k y l n i t r i t e s can undergo both a c i d i c - c a t a l y s e d 

(equation 1.27) and base-catalysed (equation 1.28) 

h y d r o l y s i s . ^ 2 ^ The former i s g e n e r a l l y much f a s t e r than 

t h e l a t t e r and the r a t e of the r e a c t i o n i s at or close t o 

encounter l i m i t . 
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f] 0 

H 
ROH H2NO2* (1.27) 

E ' — 0 - 1 - •+ RO- + HNO2 

ROH NO2 

(1.28) 

1.4.2 N i t r o s a t i o n by a l k v l n i t r i t e s 
S y n t h e t i c a l l y , a l k y l n i t r i t e s are widely used i n the 

d i a z o t i s a t i o n of aromatic amines i n non-aqueous s o l u t i o n s . 
The diazonium ion formed then undergo s i m i l a r r e a c t i o n s , t o 
those i n aqueous s o l u t i o n s , w i t h few side reactions and 
b e t t e r y i e l d s . For example, when the r e a c t i o n of p e n t y l 
n i t r i t e and a n i l i n e d e r i v a t i v e s i s c a r r i e d out i n benzene 
s o l u t i o n the product i s the a r y l phenyl hydrocarbon 
(equation 1.29) and i s probably formed by r a d i c a l 
decomposition of the diazonium i o n . ^ ^ ^ A s i m i l a r r e a c t i o n 
w i t h added o l e f i n compound c a r r i e d out i n a c e t o n i t r i l e i n 
the presence of copper ( I I ) c h l o r i d e r e s u l t s i n the 
a r y l a t i o n of the o l e f i n (equation 1.30).^^^ 

RONO + ArNH2 Q^O^ > ̂ rNH^ ^ Ar" -Ms-, ArCeHg (1.29) 

RONO + ArNH2 + H2C=CHCN > ArCHsCHCN + N2 (1.30) 
CI 

The n i t r o s a t i o n of ketones by a l k y l n i t r i t e s i n d i e t h y l 
e t h e r , c o n t a i n i n g hydrogen c h l o r i d e gas, i s another commonly 
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used s y n t h e t i c procedure (scheme 1.16). 1 2 4 

NO 
CH3 COCH2 CI H C l / E t 2 0 * CO C — H 

N:i 

N OH 
CH3 CO-

CI 
Scheme 1.16 

A l k y l n i t r i t e s have also been used i n s y n t h e t i c reactions 
under aqueous and non-aqueous a l k a l i n e c o n d i t i o n s . For 
example, i n aqueous a l k a l i n e s o l u t i o n a l k y l n i t r i t e s bearing 
^ - e l e c t r o n - w i t h d r a w i n g groups have been used t o n i t r o s a t e 
amines t o give nitrosamines (equation 1.31),^^^ w h i l s t i n 
an al c o h o l / e t h e r s o l u t i o n , i n the presence of sodium 
ethoxide, a l k y l n i t r i t e s have been used t o n i t r o s a t e c y c l i c 
ketones t o give oximes (equation 1.32).-^^^ 

XCH2ONO + \ H ^ • XCH2OH + \m (1.31) 

+ Ce Hi 3 — C H —C H 3 

ONO 

NaOC2 H5 . 
E t 2 0/EtOH' 

H CH3 

u 

H CH3 

NONa (1.32) 

The n i t r o s a t i o n r e actions of a l k y l n i t r i t e s i n aqueous 
a c i d i c s o l u t i o n s have not been studied k i n e t i c a l l y i n great 
d e t a i l due t o the r a p i d r a t e of h y d r o l y s i s of a l k y l n i t r i t e s 
c o m p l i c a t i n g the r e a c t i o n . U n t i l very r e c e n t l y i t was never 
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shown whether the n i t r o s a t i o n reactions of a l k y l n i t r i t e s i n 
aqueous a c i d i c s o l u t i o n s occurred v i a the n i t r o u s acid 
formed or v i a the a l k y l n i t r i t e i t s e l f . This was c l a r i f i e d 
by the work of Crookes and W i l l i a m s ^ w h o studied the 
r e a c t i o n of various substrates w i t h 2-propyl n i t r i t e and 
t e r t i a r y b u t y l n i t r i t e i n aqueous acid s o l u t i o n . They 
i n t e r p r e t e d t h e i r r e s u l t s (scheme 1.17) i n terms of an 
i n i t i a l r e v e r s i b l e h y d r o l y s i s step i n v o l v i n g the formation 
of n i t r o u s acid and then the subsequent r a t e - l i m i t i n g attack 
on the substrate by the protonated form of n i t r o u s acid. 

RONO + H* ROH + HNO2 + H* 

HNO2 + H* + S 2̂ • Product 

Scheme 1.17 

They were also able t o c a l c u l a t e the e q u i l i b r i u m constant, 
K, f o r the a l k y l n i t r i t e h y d r o l y s i s , from the k i n e t i c 
a n a l y s i s c a r r i e d out on the study of the reduction of the 
observed r a t e constant by added a l i p h a t i c alcohols. These K 
values agreed w i t h those determined independently. 

The n i t r o s a t i o n of various substrates by a l k y l n i t r i t e s 
i n non-aqueous acid s o l u t i o n s has also been studied by 
various workers. A l l e n and Schonbaum^^^ i n v e s t i g a t e d the 
r e a c t i o n of 1-methylheptyl n i t r i t e i n a c i d i f i e d 1-propanol 
and found t h a t the r e a c t i o n was r e v e r s i b l e , catalysed by 
c h l o r i d e i o n , i n h i b i t e d by water, f i r s t - o r d e r i n both [RONÔ  
and [H*] and d i d not involve the asymmetric carbon centre. 
They proposed a mechanism (scheme 1.18) i n v o l v i n g a d i r e c t 
r e a c t i o n of the protonated a l k y l n i t r i t e w i t h the al c o h o l . 
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RONO + r Fast 

RONO 
I H 

R'OH Slow 

RONO 

i 

S+ 
R'O-

I H 

0 
II N-

6+ 
OR 

I 

H 

t 

R'ONO Fast 

Scheme 1.18 

R'ONO + 
I H 

ROH 

A k i n e t i c study of the r e a c t i o n of n-propyl n i t r i t e i n 
a c i d i c n-propanol w i t h several aromatic amines was c a r r i e d 
out i n absence and presence of n u c l e o p h i l i c c a t a l y s t s . The 
re a c t i o n i s very slow i n the absence of n u c l e o p h i l i c 
c a t a l y s t . However, i n the presence of n u c l e o p h i l i c c a t a l y s t 
the r e a c t i o n i s r a p i d and t h i s i s i n t e r p r e t e d i n terms of a 
mechanism (scheme 1.19) i n v o l v i n g a r a p i d e q u i l i b r i u m 
f o rmation of n i t r o s y l species and then the r a t e - l i m i t i n g 
a t t a c k of the f r e e amine by the n i t r o s y l species.-^ 

RONO + H* RONO 
I H 

Br: ROH + BrNO 

BrNO NH Slow \ N O 

Scheme 1.19 

A l l e n and Schonbaum^ ̂ a l s o i n v e s t i g a t e d the k i n e t i c s of 
the a l c o h o l y s i s of 1-methylheptyl n i t r i t e i n a l k a l i n e 
s o l u t i o n using 1-propanol as solvent. They found the 
r e a c t i o n r a t e was p r o p o r t i o n a l t o both a l k y l n i t r i t e and 
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alkoxide concentration. S i m i l a r t o acid-catalysed 
a l c o h o l y s i s of 1-methylheptyl n i t r i t e the r e a c t i o n does not 
invol v e the asymmetric carbon centre and the mechanism 
proposed (scheme 1.20) i s one of bimolecular n u c l e o p h i l i c 
a t t a c k by the alkoxide ion on the ni t r o g e n atom of the a l k y l 
n i t r i t e . 

R ONO + R'O' 

Followed by: 
R 0' + R'OH 

Slow 
Fast 

0 
* II R 0 N OR' 

t 

Fast Slow 

R'ONO + R 0" 

Scheme 1.20 
R OH + RO" 

The n i t r o s a t i o n of secondary a l i p h a t i c amines by a l k y l 
n i t r i t e s i n aqueous a l k a l i n e s o l u t i o n t o give nitrosamines 
has been i n v e s t i g a t e d by Casado and c o - w o r k e r s ^ ^ From the 
r e s u l t s they i n t e r p r e t e d the mechanism (scheme 1.21) i n 
terms of the n u c l e o p h i l i c a t t a c k by the fr e e base form of 
the aniine at the n i t r o g e n centre of the a l k y l n i t r i t e . 

This mechanism was substantiated by the f i n d i n g t h a t the 
r e a c t i v i t i e s of s t r u c t u r a l l y s i m i l a r amines do not c o r r e l a t e 
w i t h t h e i r b a s i c i t i e s but w i t h t h e i r v e r t i c a l i o n i s a t i o n ^ ^ 
and the sigmoid-shaped of the second-order r a t e constant, 
k 2 , versus pH p r o f i l e c l e a r l y shows t h a t the r e a c t i v e 
species i s the f r e e amine and not the protonated form. The 
evidence also c l e a r l y i n d i c a t e s t h a t the reactions are 
o r b i t a l - c o n t r o l l e d ^ ^ ^ ^̂  and t h i s i s confirmed by the 
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r e a c t i o n being p a r t i c u l a r l y favourable w i t h a l k y l n i t r i t e s 
bearing /3-electron withdrawing groups .-̂  ̂ '̂-̂  ̂ ^ 

R2 NH2 ^ RoNH + H* 

R 
R/ 

N-H R'ONO 
R ' — 0 N^° 

I I 

H- -N 

R'OH ^ \ N O 
R/ 

Scheme 1.21 

1.4.3 The Barton reaction 
The Barton r e a c t i o n i s one whereby a 1,5 rearrangement of 

the n i t r o s o group i n an a l k y l n i t r i t e occurs from oxygen t o 
carbon t o give 4-nitroso alcohols ^ The r e a c t i o n (scheme 
1.22) involves photochemical homolysis of the a l k y l n i t r i t e 
t o give the alkoxy r a d i c a l from which the carbon r a d i c a l i s 
obtained by int e r m o l e c u l a r a b s t r a c t i o n of a hydrogen atom. 
This then reacts w i t h n i t r i c oxide t o give the C-nitroso 
compound which i s then found i n i t s dimeric form or as the 
isomeric oxime. 

\H (CH 2 ) 2C [ ^ ( 0N 0 ) 

\ ( N 0 ) (CH2)2 C^(0H) i- NO 

\ H ( C H 2 ) 2 C ^ 0 - + NO 

\ ' ( C H 2 ) 2 C ^ ( 0 H ) 

Scheme 1.22 
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CMPTER TWO 

S - n i t r o s a t i o n i n acid s o l u t i o n 



2.1 Introduction 
A l k y l n i t r i t e s have long been known t o e f f e c t n i t r o s a t i o n 

r e a c t i o n s both i n aqueous s o l u t i o n s and non-aqueous 
s o l u t i o n s . They have been reported t o react d i r e c t l y w i t h 
various substrates i n aqueous a l k a l i s o l u t i o n , ^ i n a l c o h o l i c 
solvents,^ and i n non-protic solvents such as chloroform and 
a c e t o n i t r i l e 

I n aqueous a c i d i c s o l u t i o n , a l k y l n i t r i t e s undergo r a p i d 
and r e v e r s i b l e h y d r o l y s i s t o give n i t r o u s acid and the 
corresponding alcohol.^ Williams and co-workers^ studied 
the r e a c t i o n k i n e t i c a l l y s t a r t i n g from the alc o h o l and 
n i t r o u s a c i d and were able t o determine the r a t e constants 
f o r the forward and reverse reactions (equation 2.1). 

ROH + HNO2 + H* ==^ RONO + H2O + H* (2.1) 

They also found t h a t both the forward and reverse reactions 
were acid-catalysed and were also catalysed by nucleophiles 
such as c h l o r i d e i o n , bromide i o n , and thiocyanate ion^ 
(Scheme 2.1). 

HNO2 + H* H2NO2* 

H2NO2* + ROH = ^ RONO > RONO 
H 

and 
HNO2 + H* H2NO2* 

H2NO2* + X- > XNO 

XNO + ROH . RONO + X" > RONO + H* + X" 
I H 

Scheme 2.1 
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Thus the question t h a t a r i s e s i s whether the n i t r o s a t i o n 
by a l k y l n i t r i t e s i n aqueous acid s o l u t i o n occurs v i a the 
n i t r o u s a c i d formed or v i a the a l k y l n i t r i t e i t s e l f . This 
was c l a r i f i e d very r e c e n t l y by the work of Williams and 
Crookes^ who i n t e r p r e t e d , from t h e i r r e s u l t s , a mechanism 
(Scheme 2.2) i n terms of an i n i t i a l r e v e r s i b l e h y d r o l y s i s 
step i n v o l v i n g the fox^mation of n i t r o u s acid and then the 
subsequent r a t e - l i m i t i n g a t t a c k on the substrate by the 
protonated form of n i t r o u s a cid. 

Keq 
RONO + > ROH + HNO2 + 

HNO2 + i r + S 2̂ ^ Product 
Scheme 2.2 

2.2 Nitrosation of cysteine 
Cysteine (2.1) i s a n a t u r a l l y occurring amino acid and 

can e x i s t i n many forms depending on the pH of the s o l u t i o n . 
I n a c i d i c c o n d i t i o n s cysteine e x i s t s p a r t l y as the 
z w i t t e r i o n (2.2) and p a r t l y i n the N-protonated form (2.3). 

COOH COO- COOH 
CHNH2 CHNH3 CHNH3 

CH2 SH CH2 SH CH2 SH 
(2.1) (2.2) (2.3) 

The pKa value, 1.9 ! 0.1, f o r the carboxyl group of cysteine 
has been determined by various research g r o u p s . ^ T h u s the 
dominant form at high a c i d i t y would be the N-protonated form 
and at low a c i d i t y the z w i t t e r i o n form. 
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K i n e t i c i n v e s t i g a t i o n by Stedman and co-workers^ on the 
n i t r o s a t i o n of cysteine (Cys) by n i t r o u s acid i n the absence 
of added nucleophiles established the r a t e equation 
(equation 2.2). 

Rate = k [H*] [HNO2] [cysteine] (2.2) 

Since then the same r a t e equation has been established by 
other research groups.^^'^^ The c a t a l y t i c e f f e c t of added 
nucleophiles ( i . e . CI", Br" and SCN") on the n i t r o s a t i o n of 
cysteine has also been i n v e s t i g a t e d and the r a t e equation 
(equation 2.3) established.^^ ^ 

Rate = k [HNO2] [H*] [cysteine] [X"] (2.3) 

The e f f e c t of added nucleophiles was found t o be s i m i l a r t o 
t h a t encountered f o r N - n i t r o s a t i o n , d i a z o t i s a t i o n and 
0 - n i t r o s a t i o n r e a c t i o n s . 

Recently, i t has been found t h a t both the z w i t t e r i o n and 
the N-protonated form are r e a c t i v e towards the nitrosonium 
ion (Scheme 2.3).^^ The scheme proposed i s based on the 
nitroso n i u m i o n , NO* as the e f f e c t i v e n i t r o s a t i n g agent. 
However, as mentioned e a r l i e r , i n Chapter One, the n i t r o u s 
acidium i o n , H2NO2* , and NO* are k i n e t i c a l l y 
i n d i s t i n g u i s h a b l e and there i s some u n c e r t a i n t y as t o which 
i s the e f f e c t i v e n i t r o s a t i n g agent i n aqueous a c i d i c 
s o l u t i o n s . 
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HNOs + H* =^ NO* + H2O 

NO* + HSCH2CH(NH3)C02- — • ONSCH2 CH(NH3 )C02-

NO* + HSCH2CH(NH3)C00H > ONSCH2 CH(NH3 )C00H 

Scheme 2.3 

The r a t e constants, kj and ko, were determined and i t was 
found t h a t the z w i t t e r i o n i s more r e a c t i v e than the 
N-protonated form. The explanation given f o r t h i s i s t h a t 
the z w i t t e r i o n i s a n e u t r a l molecule and thus would react 
f a s t e r w i t h a charged species, NO*, then the N-protonated 
form which i s a p o s i t i v e l y charged species. 

However, there are no report s of the n i t r o s a t i o n of 
cysteine by a l k y l n i t r i t e s i n a c i d i c c o n d i t i o n s . The 
n i t r o s a t i o n of cysteine by is o p r o p y l n i t r i t e ("'̂ PrONO) i n 
aqueous a c i d i c conditions i n the absence of added 
nucleophiles was examined and the r e s u l t s presented below. 

A l l the runs were c a r r i e d out under conditions where the 
ac i d and cysteine concentrations were i n large excess over 
the """PrONO concentration. Due t o the nature of cysteine i n 
aci d c o n d i t i o n s , some of the acid added would be used f o r 
the p r o t o n a t i o n of the carboxyl group of the z w i t t e r i o n t o 
form the N-protonation form. However, t o ensure t h a t the 
change i n acid concentration due t o the pr o t o n a t i o n was 
n e g l i g i b l e , the concentration of acid used was i n large 
excess of the cysteine concentration. 

The r e a c t i o n was followed by monitoring the increase i n 
absorbance at 330nm due t o the formation of the product, 
S-nitrosocysteine. I n a l l cases good f i r s t - o r d e r behaviour 
was observed. The e f f e c t of v a r i a t i o n of cysteine and acid 
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c o n c e n t r a t i o n on the observed f i r t - o r d e r r a t e constant, ko, 
was i n v e s t i g a t e d and the r e s u l t s are shown i n tables 2.1 and 
2.2. 

Table 2.1 Dependence of ko on [cysteine] at 25°C 
;^PrONO] = 1.0 X 10-4M 
;HC104] = 5.2 X 10-2M 

102 [Cys]/M k o / s - i 

32.0 .525 1 .008 

25.1 .435 t .010 

16.1 .275 1 .004 

12.0 .206 1 .007 

8.1 .137 1 .001 
4.0 .069 1 .006 

Dependence of ko on [acid] at 25°C 
[^PrONO] = 1.0 X 10-4M 

[Cys] = 1 .1 X 10-3M 

102 [H+]/M k o / s - i 

2.6 .102 1 .004 

3.9 .153 1 .001 

5.2 .206 1 .003 

6.5 .253 1 .001 

7.8 .316 ! .003 
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Figure 2.1 Dependence of ko on [c y s t e i n e ] and [a c i d ] at 25°C 
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The p l o t s of ko versus [cysteine] and [acid] (Figure 2.1) 
are l i n e a r ; i n d i c a t i n g t h a t under the conditions used the 
n i t r o s a t i o n of cysteine i s f i r s t - o r d e r i n [cysteine] and 
[ a c i d ] . This i s consistent w i t h the r a t e equation (equation 
2.4) . 

Rate = k [RONO] [H*] [cysteine; (2.4) 

However, ko was found t o decrease on a d d i t i o n of 
i s o p r o p y l a l c o h o l (""̂ PrOH) and the r e s u l t s from the study of 
the v a r i a t i o n of ko w i t h added "'"PrOH at three cysteine 
concentrations are shown i n t a b l e 2.3 and Figure 2.2. 

Table 2.3 Dependence of ko on [cysteine] at various ["""PrOH 
at 25^C 

;^PrONO] = 1.0 X 10-4 M 
;HC104] = 5.2 X 10-2M 

[^PrOH] /M 
a 

ko/s-^ 
b c 

.00 .394 + .004 .157 1 .005 .090 + .007 

.10 .362 + .003 .146 1 .002 .085 + .005 

.20 .340 + .002 .136 t .004 .078 + .002 

.40 .300 + .001 .121 1 .003 .073 + .004 

.60 .270 + .002 .110 1 .001 .068 + .001 

a = 2.51 X 10-2M [Cys; 
c = 5.00 X 10-3M [Cys; 

b = 1.00 X 10-2 M [Cys; 
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The r e s u l t s are consistent w i t h the mechanism (Scheme 
2.4) i n v o l v i n g the r e v e r s i b l e acid-catalysed h y d r o l y s i s of 
•'̂ PrONO t o give n i t r o u s acid which then i n i t s protonated 
form e f f e c t s n i t r o s a t i o n . 

Keq 
( C H 3 ) 2 C H C H 2 C H 2 0N0 + H2O + H* . (CH3 )2 CHCH2 CH2 OH + H* 

+ 
HNO2 

^^NO 
HNO2 + RSH + H* • R—S 

Fast 

RSNO + H* 
Scheme 2.4 

Thus f o r the v a r i a t i o n of ko w i t h added acid and cysteine 
the derived r a t e equation i s given below (equation 2.5). 

Rate = k [HNO2] [H*] [cysteine] 

From Scheme 2.4, assuming t h a t the e q u i l i b r i u m h y d r o l y s i s i s 

r a p i d : 

[ROH] [HNO2] [ROH] [HNO2] 
Keq = [RONO] 

;R0N0] Keq 

;Total N i t r i t e ] = [HNO2] + [RONO; 

= [HNO2] . ^^""^ 

Keq 
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[ T o t a l N i t r i t e ] Keq 
Hence [HNO2] = — 

Keq + [ROH; 

When no al c o h o l i s added, Keq » [ROH' 

Rate = k [ T o t a l N i t r i t e ] [Cys] [H*] (2.5) 
where ko = k [H*] [cysteine^ 

The value of the t h i r d - o r d e r r a t e constant f o r the 
r e a c t i o n of '̂ PrONO w i t h cysteine, k, can be obtained from 
the slope of the p l o t s i n Figue 2.1 and these were 
determined as 331 1̂  mol"^ s"^ from the dependence of ko on 
^cysteine] and 361 1̂  mol"^ s"^ from the dependence of ko on 
^acid] . 

The p l o t of ko versus [ac i d ] shows a s l i g h t p o s i t i v e 
i n t e r c e p t which can be a t t r i b u t e d t o the r e a c t i o n by both 
the z w i t t e r i o n and N-protonated forms of cysteine. Since 
the two predominant forms react at d i f f e r e n t rates they must 
be considered separately i n the r e a c t i o n mechanism (Scheme 
2.5) . 

H S C H 2 C H ( N H 3 ) C 0 2 H = ^ HSCH2 CH(NH3 ) C 0 2 -

(E) (F) 

RONO + H* ^̂ '̂̂  ROH + HNO2 + H* 
K2 

HNO2 -I- H* . NO* + H2O 

k 
NO* + E ^ • NOCys 

kf 
NO* + F • NOCys 

Scheme 2.5 
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The r a t e equation (equation 2.6) can then be derived f o r the 
proposed mechanism. 

Rate = a [HNO2] [H*] [E] + TT [HNO2] [H*] [F] 
where: = k K2 and TT = k r K2 Ka 

From Scheme 2.5 

"Total Cys] [H*] [ T o t a l Cys] Ka 
[E] = [F] = 

Rate = 

Ka + [ r ] Ka + [H*] 

a [T Cys] [H^]2 [HNO2] ^ TT Ka [T Cys] [H^] [HNO2] 

Ka + [ r ] Ka + [ H * ] 

[ T o t a l N i t r i t e ] = [HNO2] + [RONO] 

= [HNO2] -H [^0"] ^ " ^ ° 2 ] 

Keq 

'T N i t ] Keq 
[HNO2] = 

Rate 

Keq + [ROH] 

a Keq [T N i t ] [H*]2 [T Cys] 
(Keq + [ROH]) (Ka + [H*]) 

^ TT Ka Keq [T N i t ] [H*] [T Cys] 
(Keq + [ROH]) (Ka + [H*]) 

When Keq » [ROH] and [H*] » Ka 

Rate = (7 [T N i t ] [H*] [T Cys] + TT Ka [T N i t ] [T Cys] (2.6) 
where ko = cr [H*] [T Cys] + TT Ka [T Cys; 
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The values oi a = 361 1^ mol'^ s"^ and TT = 23.34 1 mol"^ 
s"^ were determined from the p l o t of ko against [H*] using 
pKa = 1.92^, slope = a [T Cys] and i n t e r c e p t = w Ka [T 
Cyst] . The values obtained f or cr and TT allow k^ and k^ t o 
be c a l c u l a t e d , using K2 = 3 x 10"^ 1 mol"^ (Ref. 14), as 1.2 
X 10^ 1 mol"^ s"^ and 6.5 x 10^ 1 mol"^ s"^ r e s p e c t i v e l y . 
The values are s i m i l a r t o those obtained by Casado et a l ^ ^ 
and they confirm t h a t the p o s i t i v e l y charged species reacts 
more slowly than the z w i t t e r i o n . The values of k^ and k£ 
would be considered t o i n d i c a t e t h a t both reactions are 
close t o being d i f f u s i o n - c o n t r o l l e d . 

The r a t e equation (equation 2.7) can be derived f o r the 
dependence of ko on ["""PrOH] . 

k Keq [T N i t ] [H*] [Cys] .3 7^ 
Rate = ^ • ̂  

Keq + [ROH] 

k Keq [Cys] [H*; 
Where ko = -

Keq + [ROH; 

^ 1̂ °̂"̂  + ^ (2.8) 
k Keq [Cys] [H*] k [Cys] [H*; 

The values of the t h i r d - o r d e r r a t e constant, k, and the 
e q u i l i b r i u m constant, Keq, f o r the h y d r o l y s i s of """PrONO can 
be obtained using equation (2.8). A p l o t of ko^ versus 
[^PrOH] i s 1 inear w i t h ; 

1 
Gradient = 

k Keq [Cys] [H*; 

I n t e r c e p t 
k [Cys] [H*] 
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Hence the value of k can be obtained from the i n t e r c e p t and 
the value of Keq can be obtained from the value of 
i n t e r c e p t / g r a d i e n t . The p l o t s of k^^ versus ["""PrONO] f o r 
the experimental r e s u l t s are shown i n Figure 2.2 and the 
anal y s i s of the r e s u l t s are shown i n t a b l e 2.4. 

Table 2.4 Results from p l o t s of ko^ versus [-̂ PrOH; 

102 [Cys] 
/M 

Gradient/ 
s 1 mo1-1 

I n t e r c e p t 
/s 

Keq 
mol 1-1 

k 
12 mo 1-2 s-i 

2.51 2.00 2.55 1.28 300 

1.00 4.56 6.40 1.40 300 

0.50 7.79 11.18 1.44 344 

The average value of Keq, 1.37 ! .09 mol 1 i , gives the 
value of the e q u i l i b r i u m constant f o r the formation of 
^PrONO, K, as 0.73 1 mol-i at 25°C. This i s i n good 
agreement w i t h the l i t e r a t u r e value^^ of 0.56 1 mol'i f o r K 
measured d i r e c t l y at t h i s temperature. 

S i m i l a r l y the values of k 331, 361 and 315 12 mol-2 s'l 
at 25*̂ C obtained from the studies of the dependence of ko on 
;cysteine] , [ a c i d ] and [''"PrOH] r e s p e c t i v e l y are i n good 
agreement w i t h the reported value^2 of k, 340 12 mol"2 5-1 
at 25^C, f o r the d i r e c t n i t r o u s acid n i t r o s a t i o n of 
cyst e i n e . 
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Figure 2.2 Dependence of ko on [''"PrOH] at various [Cysteine] 
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2.3 Nitrosation of L-cysteine methyl ester, L-cysteine ethyl 
ester, N-acetyl-L-cysteine and glutathione 

The n i t r o s a t i o n r eactions of L-cysteine methyl ester 
(MeCys), N-acetyl-L-cysteine (N-Ac-Cys) and g l u t a t h i o n e 
(GSH) by n i t r o u s a c i d i n the absence of added nucleophiles 
are a l l s i m i l a r t o t h a t w i t h L-cysteine and the r a t e 
equation (equation 2.9) and values of k, the t h i r d - o r d e r 
r a t e constant were found t o be 213, 1540 and 1080 l 2 mol-2 

s - i f o r MeCys, N-Ac-Cys and GSH r e s p e c t i v e l y 2 

Rate = k [RSH] [HNOg] [H*] (2.9) 

As expected the reactions were also found t o be catalysed 
by added nucleophiles and the r e a c t i v i t y sequence of the 
n i t r o s y l species was found t o be the commonly encountered 
one of n i t r o s y l c h l o r i d e > n i t r o s y l bromide > n i t r o s y l 
thiocyanate.1 2 

The i n i t i a l product of the above reactions i s thought t o 
be the t h i o n i t r i t e d e r i v a t i v e . However, i n the case of 
MeCys when the r e a c t i o n i s c a r r i e d out w i t h excess of sodium 
n i t r i t e over MeCys concentration at 0°C a product derived 
from N - n i t r o s a t i o n (2.4) has been i s o l a t e d . ! ^ The l i k e l y 
r e a c t i o n i s an i n i t i a l S - n i t r o s a t i o n of MeCys followed by an 
S- t o N- rearrangement of the n i t r o s o group ( s i m i l a r t o t h a t 
proposed by Meyer and W i l l i a m s i ^ ) and f i n a l l y the r i n g 
closure t o give the product (2.4). 
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C02 Me 
(2.4) 

I n the case of N-Ac-Cys, Bonnett^^ and co-workers confirmed 
by n.m.r. studies t h a t the red s o l u t i o n formed when 
N-Ac-Cys i s reacted w i t h n i t r o u s acid was indeed the 
t h i o n i t r i t e d e r i v a t i v e of N-Ac-Cys. 

The k i n e t i c d e t a i l s are presented below, f o r the 
rea c t i o n s w i t h """PrONO. Since the hydrochloride s a l t s of 
MeCys and EtCys were used, only the dependence of the ra t e 
constant on [ a c i d ] at various ["''PrOH] was studied. However, 
i n the case of the other two t h i o l s the dependence of ra t e 
constant on [a c i d ] and [RSH] at various ["''PrOH] was 
i n v e s t i g a t e d . 

A l l the re a c t i o n s were c a r r i e d out under conditions where 
the a c i d and t h i o l concentrations were i n large excess over 
the """PrONO concentration. Also the acid concentration used 
was i n large excess of the t h i o l concentration t o ensure 
t h a t the change i n acid concentration was n e g l i g i b l e due t o 
pr o t o n a t i o n of the t h i o l . 

I n a l l cases the reactions were followed by monitoring 
the increase i n absorbance at 330nm due t o the formation of 
the product, S - n i t r o s o t h i o l . I n a l l cases a good 
f i r s t - o r d e r behaviour was observed. The r e s u l t s showing the 
dependence of the observed f i r s t - o r d e r r a t e constant, ko, on 
"acid] and [RSH] at various ["""PrOH] f o r each of the t h i o l s 
s t u died are shown i n ta b l e s 2.5-2.10 and Figures 2.3-2.8. 
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Table 2.6 Dependence of ko on [acid] at various [""̂ PrOH] at 
25°C ( f o r the n i t r o s a t i o n of MeCys by ̂ PrONO) 

[^PrONO] = 1.0 X 10-4M 
[MeCys] = 1.36 x 10-2M 

102 
[H* 1 /M 

ko/s-i 
a b e d 

36.50 
18.25 
9.13 
4.56 

1.286 1 .003 
0.643 1 .007 
0.322 1 .004 
0.163 1 .001 

1.152 t .004 
0.579 1 .002 
0.289 1 .003 
0.145 1 .004 

1.089 1 .002 
0.540 ! .003 
0.272 1 .004 
0.138 1 .005 

0.973 1 .004 
0.481 1 .006 
0.241 ! .003 
0.121 1 .005 

a = OM [^PrOH], 
c = .2M [^PrOr 

b = .IM [^PrOH] 
d = .4M [^PrOH] 

Table 2.7 Dependence of ko on [acid] a t various [""̂ PrOH] at 
25°C ( f o r the n i t r o s a t i o n of EtCys by ̂ PrONO) 

[^PrONO] = 1.0 X 10-4M 
[EtCys] = 1.41 X 10-2M 

102 
[H* ] /M 

ko/s-i 
a b e d 

54.73 
27.37 
13.68 
6.84 

1.879 1 .009 
0.926 1 .005 
0.474 ! .001 
0.235 ! .003 

1.759 1 .006 
0.877 1 .003 
0.440 ! .009 
0.223 1 .007 

1.653 1 .009 
0.827 1 .010 
0.416 1 .006 
0.207 ! .003 

1.472 1 .010 
0.736 1 .003 
0.368 1 .007 
0.184 ! .004 

a = OM [^PrOH], 
c = .2M [^PrOH] 

b = .IM [^PrOH], 
d = .4M [^Pron; 
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Table 2.7 Dependence of ko on [N-Ac-Cys] at various ["""PrOH] 
25°C 

[^PrONO] = 1.0 X 10-4M 
[HCIO4] = 36.5 X 10-2M 

102 
[N-Ac-Cys] 

/M a b 
ko/s-i 

c d 

4.06 21 .49 1 .12 20 .06 + .01 18. 82 ! 03 16.60 + .01 

2.03 10 .75 t .02 10 .04 + .01 9. 40 1 01 8.30 + .01 

1.02 5 .37 1 .03 5 .02 + .04 4. 70 1 01 4.17 + .02 

0.51 2 .69 1 .02 2 .51 + .04 2. 35 ! .01 2.07 + .01 

a = OM [iprOH] , b = .IM [-^PrOH] , 

c = .2M [^PrOr d = .4M [^Pron; 

Table 2.8 Dependence of ko on [acid] at various [""̂ PrOH] at 
25°C ( f o r the n i t r o s a t i o n of N-Ac-Cys by ^PrONO) 

;^PrONO] = 1.0 X lo-m 
;N-Ac-Cyst] = 4.03 x 10-2M 

102 [H*]/M 
ko/s-i 

a b e d 

36.50 
18.30 
9.13 
4.56 

21.36 t .11 
10.63 t .01 
5.33 ! .02 
2.66 ! .01 

20.07 1 .01 
10.03 1 .01 
5.04 ! .01 
2.52 ! .01 

18.86 1 .01 
9.48 ! .01 
4.73 1 .02 
2.31 1 .01 

16.74 t .01 
8.38 1 .02 
4.19 ! .01 
2.10 ! .01 

a = OM [^PrOH], 
c = .2M [^Pron; 

b = .iM ; PrOH] 

d = .4M [^Pron; 
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Table 2.9 Dependence of ko on [GSH] at various [^PrOH] at 
25°C 

;̂ PrONO] = 1.0 X 10 - m 

;HC104] = 36.5 X 10-2M 

102 [GSH] /M 
a b 

ko/s-^ 
c d 

8.16 33 .22 1 .08 31 .02 + .01 29. 08 1 .01 25.85 + .02 

4.08 1 6 .62 1 .03 15 .51 + .01 14. 54 1 .02 12.93 + .01 

2.04 8 .31 ! .09 7 .76 + .01 7. 27 1 .01 6.47 + .02 

1.02 4 .15 1 .02 3 .88 + .01 3. 63 1 .01 3.22 + .01 

a = OM [^PrOH] , b = .IM [-̂ PrOH] , 
c = .2M [^PrOH] d = .4M [^PrOr 

Table 2.10 Dependence of ko on [acid] at various ["''PrOH] at 
25°C ( f o r the ni t r o s a t i o n of GSH by ̂ PrONO) 

;̂ PrONO] = 1.00 X 10" 4 M 

102 [H*]/M 
k o / s - i 

a b e d 
1 1 1 . a b e d 

36.50 

18.25 

9.13 

4.56 

16.63 ! .03 

8.32 ! .03 

4.16 1 .01 

2.08 1 .01 

15.51 1 .01 

7.76 ! .03 

3.88 1 .01 

1.93 ! .02 

14.54 ! .01 

7.27 1 .01 

3.63 ! .01 

1.81 1 .02 

12.95 1 .01 

6.47 1 .01 

3.23 1 .02 

1.61 ! .02 

a = OM [^PrOH], 
c = .2M [^PrOr 

b = .iM ; PrOH] 
d = .4M [^Pron; 
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Fienire 2.3 Dependence of ko on [acid] at various [^PrOH] 
at 25°C ( f o r n i t r o s a t i o n of MeCys by ̂ PrONO) 
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FigTire 2.4 Dependence of ko on [acid] at various [""̂PrOH 
at 25°C ( f o r n i t r o s a t i o n of EtCys by ̂ PrONO) 
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Figure 2.5 Dependence of ko on [N-Ac-Cys] at various [''"PrOĤ  
at 25°C 
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Figure 2 .6 Dependence of ko on [acid] at various ["""PrOH] at 
25^C ( f o r the n i t r o s a t i o n of N-Ac-Cys by ̂ PrONO) 
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Figure 2.7 Dependence of ko on [GSH] at various [^PrOH] at 
25°C 
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Figure 2.8 Dependence of ko on [acid] at various ["̂ PrOH] at 
25^C ( f o r the n i t r o s a t i o n of GSH by ̂ PrONO) 

20 T 
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The plots of ko versus [RSH] and [acid] at various 
[""•PrOH] (Figures 2.3-2.8) are a l l l i n e a r , and pass through 
the o r i g i n , i n d i c a t i n g that under the conditions used the 
reactions are f i r s t - o r d e r with respect to [RSH] and [acid] . 
This establishes the rate equation (equation 2.10). 

Rate = k [RONO] [H*] [RSH] (2.10) 

The plots of ko versus [acid] for the nit r o s a t i o n of 
MeCys, EtCys and N-Ac-Cys (Figures 2.3-2.7) show no positive 
intercept i n d i c a t i n g that there i s only one reactive form of 
these t h i o l s . However, i n the case of GSH the plot of ko 
versus [acid] (Figure 2.8) shows a s l i g h t positive intercept 
i n d i c a t i n g that GSH may be reacting in both the zwitterion 
and the N-protonated form. This i s as expected since GSH, a 
nat u r a l l y oecuring t r i p e p t i d e of glutamic acid, cysteine and 
glycine, can exist p a r t l y as the zwitterion and p a r t l y as 
the N-protonated form i n acid conditions. 

The k i n e t i c pattern i s very si m i l a r , i n a l l cases, to 
that encountered f o r cysteine on addition of """PrOH. This 
implies that the reactions take place v i a the hydrolysis of 
isopropyl n i t r i t e and that the nitrous acid formed effects 
the n i t r o s a t i o n of the t h i o l s . Therefore the same 
expression fo r ko as that used for the ni t r o s a t i o n of 
cysteine can be used (equation 2.7). 

The plots of k̂ ^ versus [''̂ PrOH] for the experimental 
resul t s are shown i n Figures 2.9-2.14 and the analysis of 
the results are shown i n tables 2.11-2.16. 
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Figure 2.9 Dependence of ko^ on [""̂ PrOH] added at various 
[acid] ( f o r the n i t r o s a t i o n of MeCys) 
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Figure 2.10 Dependence of k5^ on [^PrOH] added at various 
^acid] ( f o r the n i t r o s a t i o n of EtCys) 
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Fienire 2.11 Dependence of ks^ on [""̂ PrOH] added at various 
;N-Ac-Cys; 
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Figure 2.12 Dependence of k5^ on [""̂ PrOH] added at various 
'acid] ( f o r the ni t r o s a t i o n of N-Ac-Cys) 

7) 

0. 6 T 

0.5 -

0. 4 + 

0.3 --

0.2 

0. 1 

0.0 4̂  H ^- ^ 
0. 0 0. 1 0. 2 0. 3 0. 4 0. 5 

;^PrOH] /M 

• [ H C I O 4 ] 

A [ H C I O 4 ] 

V [ H C I O 4 ] 

A [HCIO4] 

4.56 X 10-2M 
9.13 X 10-2M 
18.25 X 10-2M 
36.50 X 10-2M 

66 



Figure 2.13 Dependence of ks^ on [^PrOH] added at various 
[GSH] 
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Figure 2.14 Dependence of ko^ on ["""PrOH] added at various 
[acid] ( f o r the n i t r o s a t i o n of GSH) 
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Table 2.11 Results from plots of ko^ versus [̂ PrOĤ  
(f o r the ni t r o s a t i o n of MeCys by ̂ PrONO) 

102 [H*] 
/M 

Gradient/ 
s 1 mol"i 

Intercept 
/s 

Keq 
mol 1-1 

k 
12 mol-2 s-i 

36.50 0.580 0.797 1.37 253 
18.25 1.206 1.590 1.32 253 
9.13 2.349 3.179 1.35 253 
4.56 4.920 6.263 1.27 257 

Table 2.12 Results from plots of ko^ versus [̂ PrOĤ  
(fo r the ni t r o s a t i o n of EtCys by ̂ PrONO) 

102 [H*] 
/M 

Gradient/ 
s 1 mo1-1 

Intercept 
/s 

Keq 
mol 1-1 

k 
12 mol-2 s-i 

54.73 0.389 0.525 1.35 247 
27.37 0.711 1.085 1.53 239 
13.68 1.516 2.110 1.39 246 
6.84 3.147 4.208 1.34 246 

Table 2.13 Results from plots of k o i versus [̂ PrOH; 
(fo r the ni t r o s a t i o n of N-Ac-Cys by ̂ PrONO) 

102 
[N-Ac-Cys]/M 

Gradient/ 
s 1 mol-i 

Intercept 
/s 

Keq 
mol 1-1 

k 
12 mo 1-2 s-i 

4.06 0.033 0.047 1.44 1442 

2.03 0.070 0.093 1.33 1454 
1.02 0.135 0.186 1.37 1446 

0.51 0.277 0.371 1.34 1447 
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Table 2.14 Results from plots of ko^ versus [^PrOH] 
(fo r the ni t r o s a t i o n of N-Ac-Cys by ̂ PrONO) 

102 [H*] 
/M 

Gradient/ 
s 1 mol"! 

Intercept 
/s 

Keq 
mol 1-1 

k 
12 mol-2 s-i 

36.50 0.033 0.047 1.44 1453 
18.30 0.062 0.094 1.50 1449 
9.13 0.129 0.187 1.45 1453 
4.56 0.258 0.376 1.46 1449 

Table 2.15 Results from plots of k ^ i versus [^PrOH] 
(f o r the ni t r o s a t i o n of GSH by ̂ PrONO) 

102 [GSH] 
/M 

Gradient/ 
s 1 mo1-1 

Intercept 
/s 

Keq 
mol 1-1 

k 
12 mo 1-2 s-i 

8.16 0.023 0.030 1.32 1127 
4.08 0.043 0.060 1.40 1119 
2.04 0.087 0.120 1.38 1117 
1.02 0.172 0.240 1.40 1118 

Table 2.16 Results from plots of k o i versus [̂ PrOH; 
(fo r the n i t r o s a t i o n of GSH by ̂ PrONO) 

102 [H*] 
/M 

Gradient/ 
s 1 mol"i 

Intercept 
/s 

Keq 
mol 1-1 

k 
12 mol-2 s-i 

36.50 0.043 0.060 1.40 1119 

18.25 0.087 0.120 1.38 1119 

9.13 0.173 0.241 1.40 1115 

4.56 0.347 0.482 1.39 1116 
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The average values of Keq, 1.39 ! .06 mol 1"^ , gives the 
value of the e q u i l i b r i u m constant f o r the formation of 
^PrONO, K, as 0.72 1 mol'^ at 25^C. This i s i n reasonable 
agreement w i t h the l i t e r a t u r e value^^ of 0.56 1 mol"^ f o r K 
measured d i r e c t l y at t h i s temperature. 

S i m i l a r l y the values of k, 254 ! 2, 245 ! 3, 1449 1 9 and 
1119 1 3 1^ mo1-2 s"^ at 25^C, obtained f o r the n i t r o s a t i o n 
of MeCys, EtCys, N-Ac-Cys and GSH by ^PrONO r e s p e c t i v e l y are 
i n good agreement w i t h the reported values of k f o r the 
d i r e c t n i t r o u s a c i d n i t r o s a t i o n of the respective t h i o l s . ^ ^ 

2.4 D i s c u s s i o n 

The r a t e equation (equation 2.12) was established f o r the 
r e a c t i o n of """PrONO w i t h the t h i o l s used i n aqueous a c i d i c 
s o l u t i o n i n the absence of added nucleophiles. 

Rate = k [RONO] [RSH] [H*] (2.12) 

I n t h i s case the r a t e of the r e a c t i o n was found t o decrease 
on a d d i t i o n of """PrOH and no evidence was found f o r the 
d i r e c t r e a c t i o n of the a l k y l n i t r i t e w i t h the t h i o l s used. 
Thus, the above r a t e equation together w i t h the r e t a r d a t i o n 
e f f e c t of added ROH i s i n t e r p r e t e d i n terms of a mechanism 
i n v o l v i n g the r a p i d r e v e r s i b l e acid-catalysed h y d r o l y s i s of 
a l k y l n i t r i t e s t o give n i t r o u s acid which then i n i t s 
protonated form e f f e c t s n i t r o s a t i o n of the t h i o l s . 

The averaged t h i r d - o r d e r r a t e constants, k, determined 

f o r the t h i o l s used are compared w i t h l i t e r a t u r e values and 

sunmiarised i n t a b l e 2.17. 
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Table 2.17 Third-order r a t e constant, k, at 25°C i n water 

T h i o l Th 
k/l2 

I S Study 
T - 2 - 1 

mol s ^ 

L i t 
k/l2 

. Values 
mol"^ s"-̂  

L-Cysteine 336 340 
L-Cysteine-Me Ester 254 213 
L-Cysteine-Et Ester 245 
Glutathione 1119 1080 
N-Acetyl-L-Cysteine 1449 1590 

The t h i r d - o r d e r r a t e constants are i n good agreement w i t h 
those determined from the d i r e c t n i t r o s a t i o n by n i t r o u s acid 
i n aqueous a c i d i c s o l u t i o n . The d i f f e r e n c e i n the 
t h i r d - o r d e r r a t e constants observed f o r the t h i o l s used can 
be explained, as i n the case of d i r e c t n i t r o s a t i o n by 
n i t r o u s a c i d , i n terms of the e l e c t r o n i c e f f e c t s . 

Comparison of the r a t e constants f o r the n i t r o s a t i o n of 
cysteine w i t h t h a t of the c a r b o x l y i c esters of cysteine 
( i . e . Methyl and E t h y l Esters) shows t h a t they are 
comparable. This i s t o be expected since changing from the 
carboxyl group t o the ester groups would be expected t o have 
l i t t l e or no e f f e c t on the r e a c t i v i t y of the sulphur atom, 
since both groups have s i m i l a r e l e c t r o n e g a t i v i t i e s . 

I n the case of the N-acetyl d e r i v a t i v e the observed r a t e 
constant i s s i g n i f i c a n t l y higher than t h a t of cysteine. 
This could be due t o s t a b i l i s a t i o n of the p o s i t i v e charge on 
the sulphur atom by the carbonyl group i n the t r a n s i t i o n 
s t a t e ( 2 . 5 ) . 
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Ho C Sv 

N / \™ 
C N 

HOOC/̂  \ ^ 
N C> 
H ^CHa 

(2.5) 

A s i m i l a r s t a b i l i s a t i o n could also occur i n the case of 

g l u t a t h i o n e ( 2 . 6 ) . 

Ho C ov 

C \ 
H 0 0 C C H 2 C(NH ) 0 C ' ^ 

N C^^ 

H ' ^ ( C H 2 ) 2 C H ( N H 2 ) C 0 2 H 

(2.6) 

This could e x p l a i n why the observed r a t e constant f o r the 

n i t r o s a t i o n of GSH i s s i g n i f i c a n t l y higher than t h a t of 

cyst e i n e . 
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CHAPTER THREE 

S - n i t r o s a t i o n i n m i l d l y basic s o l u t i o n 



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

I t has been shown (Chapter Two and Ref. 1) t h a t a l k y l 
n i t r i t e s i n aqueous a c i d i c conditions undergo r a p i d and 
r e v e r s i b l e h y d r o l y s i s t o give n i t r o u s acid (or 0 - n i t r o s a t i o n 
of water) which then generates the t r u e n i t r o s a t i n g agent 
NO* or H2N02'^. However, i n basic and n e u t r a l s o l u t i o n s the 
h y d r o l y s i s (equation 3.1) has been found t o be much slower^ 
and y i e l d s n i t r i t e i o n , which i s not normally a n i t r o s a t i n g 
agent.^ 

RONO + OH- • ROH + NO2- (3.1) 

Nevertheless, n i t r o s a t i o n by a l k y l n i t r i t e s under 
a l k a l i n e c o n d i t i o n s , u s u a l l y i n alcohol solvents, i s a more 
widely used r e a c t i o n p r e p a r a t i v e l y . Amines, alcohols, 
ketones, and n i t r o compounds and some hydrocarbons a l l 
undergo such reactions.'^ The reactions w i t h amines i n 
aqueous a l k a l i n e s o l u t i o n t o form nitrosamines are 
i n t e r p r e t e d i n terms of a d i r e c t r e a c t i o n between the a l k y l 
n i t r i t e and the amines (Scheme 3.1) and i s w r i t t e n as a 
synchronous process and not a two-stage 
a d d i t i o n - e l i m i n a t i o n . ^ " ^ This i n t e r p r e t a t i o n i s based on 
the evidence t h a t the r e a c t i v i t i e s of the amines do not 
c o r r e l a t e w i t h t h e i r b a s i c i t i e s , but rat h e r w i t h t h e i r 
v e r t i c a l i o n i s a t i o n p o t e n t i a l and also the solvent isotope 
e f f e c t was found t o be 2, implying t h a t the proton t r a n s f e r 
occurs i n the same l i m i t i n g step, so t h a t the proposed 
t r a n s i t i o n s t a t e i s a c y c l i c s t r u c t u r e . 
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R2 NH2* 

R V 
R/ 
N-H R'ONO 

R2NH 

R'—0 

H N 

R 
R'OH + 

R/ 
NNO 

Scheme 3.1 

The r e a c t i o n i s g r e a t l y favoured by the presence of 
electron-withdrawing s u b s t i t u e n t w i t h i n the a l k y l n i t r i t e , 
as expected f o r an e l e c t r o p h i l i c process.^ 

The exchange of n i t r o s o group between an a l k y l n i t r i t e 
and an al c o h o l also occurs r e a d i l y i n a l k a l i n e alcohol 
s o l u t i o n and probably involves the d i r e c t r e a c t i o n w i t h the 
alkoxide i o n , since there i s no r e a c t i o n i n n e u t r a l 
s o l u t i o n . ^ T h i o l s also react w i t h a l k y l n i t r i t e s t o give 
t h i o n i t r i t e s , ^ ^ ^ but nothing i s known about the mechanism 
of these r e a c t i o n s . Such reactions are of some i n t e r e s t i n 
connection w i t h the well-known v a s o d i l a t o r y p r o p e r t i e s of 
a l k y l n i t r i t e s , since i t has been suggested^^ t h a t a l k y l 
n i t r i t e s may act i n t h i s way by f i r s t e f f e c t i n g 
S - n i t r o s a t i o n , in vivo, of t i s s u e bound t h i o l groups. 
Subsequent rea c t i o n s are then believed t o involve enzyme 
a c t i v a t i o n by the t h i o n i t r i t e leading t o smooth muscle 
r e l a x a t i o n . 

A k i n e t i c study of the n i t r o s a t i o n of L-cysteine, 
L-cysteine methyl and e t h y l e s t e r s , N-acetyl-L-cysteine, 
t h i o g l y c o l i c acid and g l u t a t h i o n e by three a l k y l n i t r i t e s 
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w i t h primary, secondary and t e r t i a r y s t r u c t u r e ( i . e . """AmONO, 
^PrONO, ̂ BuONO) i n the pH range 6-13 has been performed and 
the r e s u l t s are presented below. 

3.2 N i t r o s a t i o n of N- a c e t y l - L - c y s t e i n e and t h i o g l v c o l i c a c i d 

The n i t r o s a t i o n of N-acetyl-L-cysteine (N-Ac-Cys) and 
t h i o g l y c o l i c a c i d (TGA) by isoamyl n i t r i t e ('''AmONO) , 
is o p r o p y l n i t r i t e (^PrONO) and t - b u t y l n i t r i t e ("̂ BuONO) i n 
aqueous n e u t r a l and basic conditions i n the absence of added 
nucleophiles was examined. On mixing the s o l u t i o n s of a l k y l 
n i t r i t e s and t h i o l s a yellow coloured s o l u t i o n was formed 
w i t h a broad absorption band at 330nm i n the U.V./visible 
spectrum. This i s t y p i c a l of a t h i o n i t r i t e (S-nitroso) 
species i n s o l u t i o n . ^ ^ However, i n no case was the 
t h i o n i t r i t e i s o l a t e d , since they are gene r a l l y very unstable 
i n the pure form. The t h i o n i t r i t e derived from L-cysteine 
methyl e s t e r has been i s o l a t e d and characterised.^^ 

A l l the re a c t i o n s were c a r r i e d out i n aqueous b u f f e r 
s o l u t i o n s a t 25°C over the pH range 6-13 and under the 
con d i t i o n s where the t h i o l concentration was i n large excess 
over the a l k y l n i t r i t e concentration. The f o l l o w i n g b u f f e r 
systems were used t o cover the pH range under i n v e s t i g a t i o n : 

B u f f e r System pH Range 

2-(H02C)C6H4C02K/NaOH 5.00 • 5.90 
KH2P04/NaOH 5.80 • 8.00 

Na2B4 07 . IOH2O/HCIO4 8.00 • 9.10 
Na2 B4 O7 . IOH2 0/NaOH 9.20 • 10.80 

NaHP04/NaOH 10.90 • 12.00 
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The r e a c t i o n s were follow^ed by monitoring the increase i n 
absorbance at 330nm due t o the formation of the t h i o n i t r i t e . 
I n a l l cases good f i r s t - o r d e r behaviour was observed. The 
measured f i r s t - o r d e r constants, ko, were determined at each 
of f o u r / f i v e d i f f e r e n t t h i o l concentrations at each pH 
value. Two sets of the r e s u l t s f o r the r e a c t i o n of """PrONO 
w i t h N-Ac-Cys and TGA at pH 8 are shown i n ta b l e s 3.1 and 
3.2, w h i l s t the r e s t of the data has not been included due 
t o reason of space. The p l o t s of ko versus [N-Ac-Cys] and 
[TGA] (Figure 3.1) at pH 8 are l i n e a r , passing through the 
o r i g i n , thus i n d i c a t i n g t h a t under the conditions used the 
n i t r o s a t i o n of N-Ac-Cys and TGA by "̂ PrONO i s f i r s t - o r d e r i n 
^N-Ac-Cys] and [TGA]. This was found t o be the same f o r the 
other a l k y l n i t r i t e s at each of the pH values i n v e s t i g a t e d . 

Table 3.1 Dependence of ko on [N-Ac-Cys] at pH 8 
;^PrONO] = 1.0 X 10"''M 

102 [N-Ac-Cys]/M 103 ko / s - i 

1.02 3.1 1 .07 

2.04 6.3 ! .04 

4.08 12.2 ! .02 

8.16 24.5 ! .01 
12.24 36.8 1 .02 
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Table 3.2 Dependence of ko on [TGA] at pH 8 
;^PrONO] = 1.0 X 10-4 M 

102 |-xGA] /M 103 k o / s - i 

0.98 2.65 ! .03 

1.96 5.27 1 .01 

3.92 10.33 1 .06 

7.86 21.25 1 .03 

11.76 31.75 ^ .04 

Thus the r a t e equation (equation 3.2) was established, 
where k2 i s the derived second-order r a t e constant. 

Rate = k2 [RSH] [RONO; (3.2) 

The values of k2 at each pH were determined from the 
p l o t s of ko versus [RSH] ( i . e . the gradient = k 2) and these 
are shown i n t a b l e s 3.3 and 3.4 and only two p l o t s of k2 

versus pH, f o r the r e a c t i o n of N-Ac-Cys and TGA w i t h """AmONO 
and ""̂ PrONO r e s p e c t i v e l y (Figures 3.2 and 3 . 3 ) , are included 
w h i l s t the r e s t of the p l o t s have not been included due t o 
reasons of b r e v i t y . 
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Fip^ire 3.1 Dependence of ko on [N-Ac-Cys] and [TGA] at pH 8 

0 8 10 12 14 
102 [TGA]/M 
102 [N-Ac-Cys]/M 

V [TGA] dependence 
^ [N-Ac-Cys] dependence 
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Table 3.3 Second-order r a t e constants k2 f o r the reactions 
of three a l k y l n i t r i t e s w i t h N-Ac-Cys as a 
f u n c t i o n of pH of the s o l u t i o n 

pH 
a 

k 2 / l mol-i 
b 

s-i 
c 

13.50 30.18 12.12 1.79 

12.07 30.18 — — 
12.00 — 12.08 1.77 

11.00 29.00 11.10 1.70 
10.60 26.00 10.45 1.62 

10.20 22.25 — — 
10.00 — 7.78 — 
9.50 11.20 4.50 0.70 

9.30 9.00 — — 
9.00 4.54 1.99 0.28 

8.50 1.77 0.65 0.10 

8.00 0.65 0.30 0.035 

7.00 0.065 0.027 0.004 

6.00 0.007 — — 
a = ÂmONO b = ^PrONO c = ̂ BuONO 
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Table 3.4 Second-order r a t e constants k2 f o r the reactions 
of three a l k y l n i t r i t e s w i t h TGA as a f u n c t i o n of 
pH of the s o l u t i o n 

pH 
a 

k 2 / l mo 1-1 
b 

s-i 
c 

13.50 74 29.60 4.96 

12.54 75 — — 
12.10 — 29.70 4.90 

11.40 68 27.80 4.60 

10.80 57 — — 
10.70 — 22.39 3.53 

10.00 48 — — 
10.50 — 19.20 3.00 

10.40 — 13.60 2.38 

10.00 — 11.33 1.85 

9.60 15.60 — — 
9.40 9.29 3.96 0.74 

9.15 — 2.58 0.53 

8.90 3.91 — — 
8.60 — 0.79 0.14 

8.00 0.49 0.27 0.0 4) 

7.00 0.047 0.022 0.005 

6.00 0.006 0.003 — 
a = ÂmONO b = ^PrONO c = "̂ BuONO 
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F i ^ r e 3.2 pH-k2 p r o f i l e f o r the n i t r o s a t i o n of N-Ac-Cys by 
isoamyl n i t r i t e 

32 T 

28 4-

24 I 

20 -

16 I 

12 -

8 •• 

0 
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F i g u r e 3.3 pH-k2 p r o f i l e f o r the n i t r o s a t i o n of TGA by 
i s o p r o p y l n i t r i t e 

30 T 

C I 

25 -

20 I 

5 -
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8 10 11 12 13 U 
pH 
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As can be seen fi'om the p l o t s of k2 versus pH (Figures 
3.2 and 3.3) the r e a c t i o n i s very slow at low pH, but 
increases q u i t e d r a m a t i c a l l y w i t h pH u n t i l the ra t e constant 
l e v e l s o f f at pH > 10. This suggests t h a t the r e a c t i v e 
species i s an anion form of N-Ac-Cys or TGA. The two 
p o s s i b i l i t i e s are the i o n i s a t i o n of the carboxyl group or 
the t h i o l groups. The pKa values f o r the former i s 3.1 and 
3.42 f o r N-Ac-Cysi"* and TGÂ  ̂  r e s p e c t i v e l y and f o r the 
l a t t e r i t i s 9.76 and 9.82 f o r N-Ac-Cys^^ ^^d TGÂ ^ 
r e s p e c t i v e l y . This i n d i c a t e s t h a t the r e a c t i o n occurs 
e x c l u s i v e l y v i a the t h i o l a t e anion RS", which i n these cases 
involves only one i o n i s a t i o n . The proposed o u t l i n e 
mechanism i s given i n scheme 3.2, where Ka i s the 
d i s s o c i a t i o n of RSH and k i s the bimolecular r a t e constant 
f o r r e a c t i o n of RS" w i t h a l k y l n i t r i t e . 

RSH RS- + H* 
RS- + R'ONO • RSNO + R'O" 

R'OH 
Scheme 3.2 

The derived expression f o r k 2, the measured second-order 
r a t e constant expected from the Scheme 3.2 i s given below 
(equation 3.4). 

From Scheme 3.2: 
Rate = k [RS-] [R'ONO] (3.3) 
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•RS-] [H*] [RS-] [H*] 
Ka = [RSH] = 

[RSH] Ka 

;Substrate] = [ R S " ] + [RSH; 

S u b s t i t u t i n g f o r [RSH] g i v e s : 

[Sub.]x = [I^S-] + 1 ^ ^ ^ " ] ^ " ' J 
Ka 

= [RS-] f l + ̂ " ^ J 
Ka 

[Sub.Jq, Ka 
[RS-] - ^ 

Ka + [H*; 

S u b s t i t u t i n g f o r [RS"] i n equation 2.3 gives 

k [Subl^, Ka [RONO] 
Rate = = ko [RONO; 

Where ko = 

ka + [H*] 

k [Sub]r|. Ka 

ka + [H*; 

Hence ^° ^ ^ ^ ^ (3.4) 
;Sub.]^ Ka + [H*] 

Th i s (equation 3.4) p r e d i c t s the observed l e v e l l i n g off 

of k2 at high pH s i n c e Ka » [H*] and would give k 2 ( l i m ) = 

k, the second-order r a t e constant f o r the r e a c t i o n of the 

a l k y l n i t r i t e with the t h i o l a t e ion. 
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T h i s r e l a t i o n s h i p can be t e s t e d by c o n s t r u c t i n g k2-pH 

p r o f i l e s u sing measured values of k 2 ( l i m ) and the l i t e r a t u r e 

value f o r the d i s s o c i a t i o n constant, Ka and then comparing 

the p r o f i l e with the experimental k2 v a l u e s . As can be seen 

from F i g u r e s 3.2 and 3.3, where the s o l i d l i n e s are the 

c a l c u l a t e d curves and the points are the experimentally 

measured k2 v a l u e s , t h a t there i s good agreement i n a l l 

c a s e s . 

Another way t h i s r e l a t i o n s h i p can be t e s t e d i s by 

r e - w r i t i n g equation 3.4 i n the form given below (equation 

3.5) . 

k Ka 
k2 = 

Ka + [H\ 

Ka + [H*; 

k Ka 

[H-] 
k Ka 

[ r ] 
k2 k k Ka 

log ( l / k 2 - 1/k) = -pH - log kKa (3.5) 

Thus a p l o t of the left- h a n d side (again using measured 

k 2 ( l i m ) = k) a g a i n s t pH should be l i n e a r with a slope of -1 

and from the i n t e r c e p t Ka may be obtained and compared with 

the l i t e r a t u r e v a l u e s . The p l o t s of log ( l / k 2 - 1/k) 

ag a i n s t pH f o r the r e a c t i o n of N-Ac-Cys and TGA with the 
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t h r e e a l k y l n i t r i t e s are shown i n Fig u r e s 3.4 and 3.5 and 

the a n a l y s i s of the r e s u l t s are shown i n t a b l e s 3.5 and 3.6. 

Table 3.5 R e s u l t s from p l o t s of log ( l / k 2 - 1/k) versus pH 
(f o r the n i t r o s a t i o n of N-Ac-Cys) 

RONO k 2 ( l i m ) / 
1 mol"-^ 

Slope I n t e r c e p t C a l c u l a t e d 
pKa 

ÂmONO 30.18 -0.969 7.966 9.45 

^PrONO 12.10 -0.934 8.048 9.13 

^BuONO 1.78 -1.006 9.488 9.74 

Table 3.5 R e s u l t s from p l o t s of log ( l / k 2 - 1/k) versus pH 
(f o r the n i t r o s a t i o n of TGA) 

RONO k 2 ( l i m ) / 
1 mol"^ s"-̂  

Slope I n t e r c e p t C a l c u l a t e d 
pKa 

ÂmONO 74.50 -0.969 8.061 9.93 

^PrONO 29.70 -0.971 8.414 9.89 

^BuONO 4.90 -0.926 8.775 9.47 

I n a l l cases good l i n e a r p l o t s are obtained with slopes 

very c l o s e to -1. The averaged pKa values f o r RSH 

i o n i s a t i o n s are 9.44 1 0.31 fo r N- a c e t y l - L - c y s t e i n e , which 

agrees reasonably with the l i t e r a t u r e value^^ of 9.76, and 

9.76 ! 0.25 f o r t h i o g l y c o l i c a c i d which again i s i n good 

agreement with the range of values reported i n the 

l i t e r a t u r e , 9.82,1^ 10.10,^^ io.22i8 and 10.32.1 ̂  

The r e s u l t s are thus c o n s i s t e n t with the r e a c t i o n of 

a l k y l n i t r i t e s with the t h i o l a t e ion of N-Ac-Cys and TGA. 
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F i ^ r e 3.4 P l o t s of log ( l / k s - 1/k) a g a i n s t pH f o r the 
n i t r o s a t i o n of N-Ac-Cys 
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F i g u r e 3.5 P l o t s of log (l/ko - 1/k) a g a i n s t pH f o r the 
n i t r o s a t i o n of TGA 
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3.3 N i t r o s a t i o n of L - c y s t e i n e , L - c y s t e i n e methyl and e t h y l 

e s t e r s and glu t a t h i o n e 

A k i n e t i c study of the r e a c t i o n of L - c y s t e i n e ( C y s ) , 

L - c y s t e i n e methyl e s t e r (MeCys), L - c y s t e i n e e t h y l e s t e r 

(EtCys) and glutathione (GSH) with ÂmONO, ̂ PrONO and "̂ BuONO 

was c a r r i e d out i n aqueous n e u t r a l and b a s i c s o l u t i o n s . I n 

a l l the cases a yellow coloured s o l u t i o n was formed when the 

s o l u t i o n of t h i o l was mixed with a s o l u t i o n of a l k y l 

n i t r i t e , t y p i c a l of t h i o n i t r i t e s p e c i e s i n so l u t i o n ^ ^ and i n 

no case was the t h i o n i t r i t e i s o l a t e d . However, i n the case 

of L - c y s t e i n e a white p r e c i p i t a t e was formed when the 

s o l u t i o n was l e f t f o r 20 minutes. The p r e c i p i t a t e was 

i s o l a t e d and c h a r a c t e r i s e d as the di s u l p h i d e , c y s t i n e , by 

I.R. and elemental a n a l y s i s . B i s u l p h i d e s are normally 

formed (equation 3.6) when unstable t h i o n i t r i t e s decompose. 

2RSN0 • USSR + 2N0 (3.6) 

A l l the r e a c t i o n s were c a r r i e d out under the same 

cond i t i o n s as those used f o r the n i t r o s a t i o n of N-Ac-Cys and 

TGA by the three a l k y l n i t r i t e s . I n a l l cases good 

f i r s t - o r d e r behaviour was observed. The measured 

f i r s t - o r d e r r a t e constants, ko, were determined at each pH 

value f o r f o u r / f i v e d i f f e r e n t t h i o l concentrations. A s e t 

of r e s u l t s f o r each of the r e a c t i o n of Cys, MeCys, EtCys and 

GSH with -̂ PrONO are shown i n t a b l e s 3.7-3.10. Whilst the 

r e s t of the data has not been included f o r reason of space. 
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Table 3.7 Dependence of ko on [Cysteine] at pH 7.5 

[^PrONO] = 1 0 X 10-Hi 

102 [Cysteine]/M 102 k o / s - i 

1.93 3.51 1 .07 

3.87 6.97 ! .07 

5.42 9.75 1 .05 

7.72 14.20 t .02 

Table 3.8 Dependence of ko on [MeCys] at pH 7.5 

[^PrONO] = 1.0 X 10-^M 

102 [MeCys]/M 102 k o / s - i 

0.94 1.83 ! .03 

1.89 3.58 ! .04 

3.77 7.06 1 .01 

7.54 14.10 ! .02 

15.08 28.21 1 .03 

Table 3.9 Dependence of ko on [EtCys] at pH 7.5 

[^PrONO] = 1.0 X lO-'̂ M 

102 [EtCys]/M 102 k ^ / s - i 

0.97 1.65 1 .03 

1.94 3.22 ! .01 

3.88 6.51 ! .04 

7.76 12.89 ! .01 

15.52 25.76 ! .03 
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Table 3.10 Dependence of ko on [GSH] at pH 7.5 

[^PrONO] = 1.0 X 10-m 

102 |-GSH] /M 10^ ko/s-i 

1.05 0.43 ! .01 
2.10 0.87 ! .03 

4.20 1.76 t .04 
8.40 3.44 1 .02 

12.60 5.17 1 .03 

The p l o t s of ko versus [Cys] , [MeCys] , [EtCys] and [GSH^ 

(Figu r e 3.6) at pH 7.5 are l i n e a r , passing through the 

o r i g i n , thus i n d i c a t i n g t h a t under the conditions used the 

n i t r o s a t i o n of Cys, MeCys, EtCys and GSH by ^PrONO i s 

f i r s t - o r d e r i n [ C y s ] , [MeCys], [EtCys] and [GSH]. This was 

found to be the same f o r the other a l k y l n i t r i t e s at each of 

the pH va l u e s i n v e s t i g a t e d . Thus a s i m i l a r r a t e equation 

(equation 3.2) as the one f o r the n i t r o s a t i o n of N-Ac-Cys 

and TGA by a l k y l n i t r i t e s was e s t a b l i s h e d . 

The values of k 2 , the derived second-order r a t e constant, 

at each pH were determined from the p l o t s of ko versus [RSH^ 

and these are shown i n t a b l e s 3.11-3.14. Again only four of 

the p l o t s of k2 versus pH (Figures 3.7-3.10) are included 

due to reasons of b r e v i t y . 
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F i ^ r e 3.6 Dependence of ko on [Cys] , [MeCys] , [EtCys] and 
[GSH] at pH 7.5 
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Table 3.11 Second-order r a t e constants k2 f o r the r e a c t i o n s 
of three a l k y l n i t r i t e s with c y s t e i n e as a 
fu n c t i o n of the pH of the s o l u t i o n 

pH 
a 

k 2 / l mo 1-1 
b 

s - i 
c 

13.40 — 11.40 — 
12.45 — 11.80 — 
12.20 26.90 — 1.69 

11.20 27.00 11.30 — 
11.00 — — 1.71 

10.06 26.50 — — 
10.00 — 11.30 1.60 

9.60 — — — 
9.20 23.00 9.60 1.48 

8.75 19.00 — — 
8.55 — — 1.09 

8.50 15.10 6.62 — 
8.25 11.40 — — 
8.10 — 3.72 0.64 

8.00 — — — 
7.90 6.61 — — 
7.75 — 2.07 — 
7.50 2.88 1.24 0.25 

7.00 1.05 0.47 0.073 

6.50 0.37 0.20 0.020 

6.00 0.10 0.058 — 
5.50 0.064 — 

a = ÂmONO b = ^PrONO c = "̂ BuONO 
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Table 3.12 Second-order r a t e constants k2 f o r the r e a c t i o n s 
of three a l k y l n i t r i t e s with MeCys as a function 
of the pH of the s o l u t i o n 

pH 
a 

k 2 / l mol-^ 
b 

s - i 
c 

13.50 24.50 12.40 1.62 

12.00 24.50 12.00 1.62 

11.00 — 11.97 1.58 

10.50 23.20 11.63 1.55 

10.00 21.40 10.67 1.49 

9.60 17.60 — — 

9.50 — 8.69 1.15 

9.30 14.50 — — 

9.00 12.90 5.39 0.71 

8.60 7.60 — — 

8.50 — 3.48 0.45 

8.00 5.00 2.40 0.33 

7.50 3.81 1.87 0.25 

7.00 2.93 1.50 0.19 

6.50 1.67 0.90 0.10 

6.00 0.74 0.37 0.039 

a = ÂmONO b = ^PrONO c = "̂ BuONO 
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Table 3.13 Second-order r a t e constants k2 f o r the r e a c t i o n s 
of three a l k y l n i t r i t e s with EtCys as a function 
of the pH of the s o l u t i o n 

pH 
a 

k 2 / l mo 1-1 
b 

s - i 
c 

13.50 25.50 11.80 1.46 

12.50 25.50 — — 
12.00 — 11.80 1.46 

11.00 — 11.63 1.43 

10.80 24.80 — — 
10.50 — 11.01 1,35 

10.00 — 10.15 1.21 

9.80 20.00 — — 
9.50 16.70 7.55 0.98 

9.20 12.20 — — 
9.00 9.30 4.33 0.56 

8.50 6.40 3.10 0.40 

8.00 5.20 2.11 0.27 

7.50 4.20 1.66 0.22 

7.00 3.08 1.31 0.19 

6.50 1.80 0.68 0.11 

6.00 0.80 0.27 0.05 

a = ÂmONO b = ^PrONO c = ''̂ BuONO 
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Table 3.14 Second-order r a t e constants k2 f o r the r e a c t i o n s 
of three a l k y l n i t r i t e s with GSH as a function of 
the pH of the s o l u t i o n 

pH 
a 

k 2 / l mol-1 
b 

s - i 
c 

13.50 26.9 11.6 1.81 

12.50 27.0 11.4 — 
12.00 — — 1.80 

11.00 26.6 11.3 1.75 

10.00 24.1 10.4 1.60 

9.50 20.8 8.9 1.41 

9.00 15.0 6.2 0.96 

8.50 7.4 3.1 0.54 

8.00 2.7 1.1 0.23 

7.50 1.0 0.41 0.071 

7.00 0.37 0.17 0.023 

6.50 — — 0.001 

6.00 0.04 0.16 — 
a = ÂmONO b = ^PrONO c = ""̂ BuONO 
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Fig^ure 3.7 pH-k2 p r o f i l e f o r the n i t r o s a t i o n of Cys by 
t - b u t y l n i t r i t e 
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F i g u r e 3.8 pH-k2 p r o f i l e f o r the n i t r o s a t i o n of MeCys by 
iso a m y l n i t r i t e 
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F i g T i r e 3.9 pH-k2 p r o f i l e f o r the n i t r o s a t i o n of EtCys by 
i s o p r o p y l n i t r i t e 
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Fig:ure 3.10 pH-k2 p r o f i l e f o r t h e n i t r o s a t i o n of GSH by 
t - b u t y l n i t r i t e 
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The p l o t s of k2 versus pH ( F i g u r e s 3.7 and 3.10) are 

s i m i l a r t o t h o s e f o r t h e n i t r o s a t i o n of N-Ac-Cys and TGA. 

However, i n t h e s e cases t h e a n a l y s i s of k2-pH p r o f i l e s i s 

c o m p l i c a t e d because of t h e simultaneous o v e r l a p p i n g of t h e 
+ 

i o n i s a t i o n of -NH3 and -SH. Thus e q u a t i o n (3.4) can not be 

used i n th e s e cases t o c a l c u l a t e t h e k2-pH p r o f i l e s as more 

t h a n one i o n i s a t i o n has t o be t a k e n i n t o account. The 

v a r i o u s e q u i l i b r i a t h a t have t o be t a k e n i n t o account are 

shown i n Scheme 3.3. The f i r s t d i s s o c i a t i o n c o n s t a n t f o r 

t h e c a r b o x y l i c a c i d group, K i , can be i g n o r e d as t h e 

c a r b o x y l i c a c i d group, i n a l l t h e t h i o l s , i s f u l l y i o n i s e d 

i n t h e pH range s t u d i e d . 

R< 
-SH 

(A) 
! Ĥ  

/NH3* 
(B) 

-s-

K B 1 E* K D 

^NHo 

-SH 
(C) 

1 H* 

Scheme 3.3 

/NHo 

R< (D) 

The m i c r o s c o p i c c o n s t a n t s i n Scheme 3.3 are K^, Kg, 

and w i t h t h e i r a s s o c i a t e d pKa v a l u e s o f pK^? P̂ B̂' P̂ C ^̂ ^̂  

pKp. The macroscopic second and t h i r d d i s s o c i a t i o n c o n s t a n t 

1(2 and K3 , f o r each of t h e t h i o l s a re g i v e n by e q u a t i o n 

(3.7) and ( 3 . 8 ) . 
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K2 = + KB (3.7) 

From scheme 3.3: 

[B] [H*] [C] [H*] 

[A] " [A] 

(3.9) 

[D] [ r ] [D] [H^] 

[C] " [B] 

L e t Fi r e p r e s e n t t h e f r a c t i o n of molecules from which t h e 

p r o t o n of t h e t h i o l group has i o n i s e d , and F2 t h e f r a c t i o n 

of m o l e c u l e s f r o m which t h e p r o t o n of t h e amino group has 

i o n i s e d . 

[Bl + [D" 
Fi = (3.10) 

[A] + [B] + [C] + [D] 

[C] + [D] 
F2 = (3.11) 

;A] + [B] + [C] + [D 

S u b s t i t u t i n g e q u a t i o n (3.9) i n t o e q u a t i o n s (3.10) and (3.11) 
g i v e s : 

Fi = ^ ^ (3.12) 
[ H - J / K g + i y K j 3 + 1 + V[H^] 

1 + 
2 l i _ J (3.13) 

[ H ^ j / K g + l y K j ) + 1 + i v [ i r ] 
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I t i s t h e r e f o r e p o s s i b l e t o c a l c u l a t e t h e percentage of 

each o f t h e f o u r forms (A, B, C and D) a t any pH v a l u e u s i n g 

e q u a t i o n s (3.9) t o (3.13) and t h e l i t e r a t u x ' e v a l u e s of pK^, 

pKg, pK^ and pKp- An example of such a c a l c u l a t i o n , f o r 

L - c y s t e i n e (Ref. 1 6 ) , i s shown i n F i g u r e 3.11. S i m i l a r 

c a l c u l a t i o n s c o u l d be c a r r i e d out f o r MeCys, EtCys and GSH. 

However, i f t h e r e a c t i o n of t h e a l k y l n i t r i t e i s w i t h t h e 

t h i o l a t e i o n (RS") t h e n t h e involvement o f b o t h B and D 

forms have t o be c o n s i d e r e d . I t i s p o s s i b l e t o c a l c u l a t e 

t h e p e r c e n t a g e o f t h i o l a t e i o n ( i . e . 7o[B] + 7o[D]) p r e s e n t a t 

a s e t pH u s i n g e q u a t i o n ( 3 . 1 4 ) , which i s d e r i v e d from 

s u b s t i t u t i n g e q u a t i o n (3.12) i n t o e q u a t i o n (3.10) and 

m u l t i p l y i n g by 100. 

7„[RS-] = ^ ^ X 100 (3.14) 
[H^J/Kg + K^/Kp + 1 + V[H^] 

k ( l i m ) X 7o[RS'] ^ 2 

100 

P r o f i l e s of k2-pH can now be c o n s t r u c t e d f o r t h e 

r e a c t i o n s of ^AmONO, ^PrONO and "̂ BuONO w i t h Cys, MeCys, 

EtCys and GSH u s i n g e q u a t i o n s (3.14) and ( 3 . 1 5 ) . 

A n a l y s i n g t h e c o n s t r u c t e d k2-pH p r o f i l e s w i t h t h e 

e x p e r i m e n t a l k2 v a l u e s , i n t h e case of L - c y s t e i n e ( F i g u r e s 

3 . 7 ) , where Curve B i s deduced from t h e va l u e s r e p o r t e d by 

Reuben and B r u i c e ; ^ ^ curve C fr o m t h e d a t a of Benesch and 

Benesch^ ^ and a l s o Elson and Edsall-^ ̂  (which are v e r y c l o s e 

t o g e t h e r ) and curve D f r o m t h e r e s u l t s of S p l i t t g e r b e r and 

Chinander;2° i t can be seen t h a t t h e r e s u l t s f o l l o w c l o s e l y 
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F i g u r e 3.11 C a l c u l a t e d percentage of each of t h e f o u r forms 
of c y s t e i n e 

= 60 

b 50 

A - NH3 RSH B - NH3 RS- C =NHoRSH D = NH2 RS-
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curve B up t o pH « 8.5 and t h e r e a f t e r d e p a r t from i t . The 

d e p a r t u r e f r o m curves C and D i s even more marked, 

c o n s t r a s t i n g w i t h t h e b e h a v i o u r (see l a t e r ) of t h e 

c a r b o x y l i c a c i d e s t e r s , where t h e r e i s an e x c e l l e n t 

agreement between t h e c a l c u l a t e d and e x p e r i m e n t a l v a l u e s of 

second-order r a t e c o n s t a n t , k 2. There are t h r e e p o s s i b l e 

reasons f o r t h e d i s c r e p a n c y i n t h e L - c y s t e i n e r e s u l t s : - (a) 

The r e a c t i v i t y of t h e forms B and D may be d i f f e r e n t . Thus 

curve B c o u l d be c o r r e c t e d t o match more c l o s e l y w i t h t h e 

e x p e r i m e n t a l v a l u e s of k2 by assuming B i s a p p r o x i m a t e l y 20% 

more r e a c t i v e t h a n D (see F i g u r e 3.12). T h i s does n o t 

r e a l l y make a l o t of sense, s i n c e one would expect any 

r e a c t i v i t y d i f f e r e n c e between B and D t o be i n t h e o p p o s i t e 

sense, t h a t i s D more r e a c t i v e t h a n B. Also i t i s d i f f i c u l t 

t o see why t h e t h i o l a t e i o n s from L - c y s t e i n e have a 

d i f f e r e n t r e a c t i v i t y i f those f r o m t h e c a r b o x y l a t e e s t e r s do 

n o t . (b) I t i s p o s s i b l e t h a t one i s n e g l e c t i n g t h e t h i o l a t e 

i o n s of t h e t y p e CO2H-CHNH2-CH2S" and/or CO2H-CHNH3-CH2S", 

a l t h o u g h t h e s e forms c o n t a i n i n g t h e u n i o n i s e d c a r b o x y l i c 

a c i d groups would be expected t o be p r e s e n t i n v e r y low 

c o n c e n t r a t i o n s a t t h e pH v a l u e s used. However, t h i s 

e x p l a n a t i o n would account f o r t h e d i f f e r e n c e observed 

between L - c y s t e i n e and t h e c a r b o x y l i c a c i d e s t e r s . ( c ) 

Another p o s s i b i l i t y i s t h a t t h e p u b l i s h e d pKa v a l u e s are i n 

e r r o r . Indeed t h e range of v a l u e s i n t h e l i t e r a t u r e 

( l e a d i n g t o t h e s i g n i f i c a n t l y d i f f e r e n t curves B, C and D) 

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

A smooth c u r v e , curve A on F i g u r e 3.7, which b e s t f i t s t h e 

e x p e r i m e n t a l p o i n t s was produced from t h e pKa v a l u e s of pK^ 
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F i g u r e 3.12 C o r r e c t e d (assuming B more r e a c t i v e than D by 
207.) pH p r o f i l e f o r the n i t r o s a t i o n of Cys by 
t e r t i a r y b u t y l n i t r i t e 

(N 

0.0 \ 
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pK^8.21, pKg 8.65, pK^ 8.96 and pK^ 8.52. T h i s means t h a t 

b o t h pK^ and pKjj are a p p r o x i m a t e l y 1 pKa u n i t s m a l l e r t h a n 

t h o s e deduced s p e c t r o p h o t o m e t r i c a l l y by Reuben and B r u i c e . ^ ^ 

There i s even l e s s o f a c o r r e l a t i o n between k2 and 7o ( [ C ] + 

[ D ] ) , t h a t i s w i t h t h e f r e e -NH2 group, so a mechanism 

i n v o l v i n g N - n i t r o s a t i o n f o l l o w e d by N- t o S- rearrangement 

o f t h e n i t r o s o group i s n o t l i k e l y . 

I n t h e cases of t h e m e t h y l and e t h y l c a r b o x y l i c e s t e r s of 

L - c y s t e i n e smooth curves ( F i g u r e s 3.8 and 3 . 9 ) , which f i t t e d 

b e s t t o t h e e x p e r i m e n t a l p o i n t s , were computed u s i n g pK^ 

7.45, pKg 6.77, pK^ 8.41 and pK^ 9.09 f o r e t h y l e s t e r and 

pK^ 7.45, pKg 6.77, pK̂ n 8.41 and pK^ 9.09 f o r m e t h y l e s t e r . 

The m i c r o s c o p i c pKa v a l u e s f o r t h e e t h y l e s t e r are i n good 

agreement w i t h t h e r e p o r t e d v a l u e s (see t a b l e 3.15) and 

th o s e o f m e t h y l e s t e r are v e r y s i m i l a r t o e t h y l e s t e r v a l u e s 

b u t u n f o r t u n a t e l y t h e r e are no l i t e r a t u r e v a l u e s of t h e 

m i c r o s c o p i c pKa v a l u e s f o r t h e m e t h y l e s t e r a v a i l a b l e f o r 

comparison. For t h e c a r b o x y l i c e s t e r s t h e pK^ and pKg 

v a l u e s are s m a l l e r t h a n t hose f o r L - c y s t e i n e and are 

r e v e r s e d . T h i s e f f e c t i s e x p l a i n e d by examining t h e e f f e c t 

of t h e c a r b o x y l group on t h e a c i d i t y of t h e ammonium and 

s u l p h y d r y l group. The a - c a r b o x y l group i n L - c y s t e i n e 

r e s u l t s i n an i n c r e a s e i n t h e a c i d s t r e n g t h of t h e anmionium 

group because t h e i n d u c t i v e e f f e c t of t h e c a r b o x y l group 

outweighs t h e e l e c t r o s t a t i c e f f e c t of t h e n e g a t i v e charge. 

As t h e c a r b o x y l group i s m o d i f i e d , i n t h e cases of t h e 

c a r b o x y l i c e s t e r of L - c y s t e i n e , i t s a c i d s t r e n g t h e n i n g 

e f f e c t ( p a r t i c u l a r l y on t h e ammonium group) becomes even 

g r e a t e r , s i n c e o n l y t h e e l e c t r o s t a t i c e f f e c t i s m o d i f i e d . 

As a r e s u l t t h e a c i d s t r e n g t h of t h e ammonium group becomes 
- 109 -



g r e a t e r t h a n t h a t of t h e s u l p h y d r y l group, hence t h e reason 

why t h e pK^ and pKg v a l u e s of t h e c a r b o x y l i c e s t e r of 

L - c y s t e i n e are s m a l l e r and r e v e r s e d compared t o L - c y s t e i n e . 

S i m i l a x ' l y , i n t h e case of g l u t a t h i o n e smooth curves 

( F i g u r e s 3.10), which f i t t e d b e s t t o t h e e x p e r i m e n t a l 

p o i n t s , were computed u s i n g pK^ 8.72, pKg 9.28, pK^ 9.82 and 

pKjj 8.72. These agree r e a s o n a b l y w e l l w i t h t h e l i t e r a t u r e 

v a l u e s of Reuben and B r u i c e ^ ^ (see t a b l e 3.15). 

3.4 D i s c u s s i o n 

There i s e x c e l l e n t agreement between t h e e x p e r i m e n t a l and 

c a l c u l a t e d k2 v a l u e s w i t h t h e e x c e p t i o n of some of t h e 

r e s u l t s f o r L - c y s t e i n e . As can be seen f r o m t a b l e 3.15 t h a t 

t h e r e i s good agreement between t h e l i t e r a t u r e pKa values 

f o r t h e i o n i s a t i o n of RSH and those d e r i v e d f r o m t h i s s t u d y . 

T h e r e f o r e i t i s c l e a r f r o m these r e s u l t s t h a t a l k y l n i t r i t e s 

g e n e r a l l y r e a c t i n aqueous n e u t r a l and m i l d l y b a s i c 

s o l u t i o n s w i t h t h e t h i o l a t e a n i o n of t h i o l s . The e f f e c t s of 

human plasma and b u f f e r components on t h e r a t e s o f r e a c t i o n s 

were a l s o i n v e s t i g a t e d . D o u b l i n g t h e b u f f e r c o n c e n t r a t i o n 

was found t o change t h e v a l u e s of t h e r a t e c o n s t a n t s by < 5% 

and t h e a d d i t i o n of 50% plasma t o t h e r e a c t i o n medium was 

found t o cause no change of t h e r a t e c o n s t a n t w i t h i n 5%. 

Thus t h e r e a c t i o n s are not c a t a l y s e d by any components of 

human plasma or by b u f f e r components. 

The combined r e s u l t s f o r k ( l i m ) i . e k v a l u e s f o r each of 

t h e r e a c t i o n s s t u d i e d are sunmiarised i n t a b l e 3.16. 
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Table 3.15 Values of pKa f o r RSH i o n i s a t i o n from l i t e r a t u r e 
and t h i s s t u d y 

THIOL pKg pKc PKD Ref. 

L - c y s t e i n e 8.21 8.65 10.00 9.56 16 

8.53 8.86 10.36 10.03 19 

8.50 8.85 10.35 10.00 17 

8.64 8.62 10.47 10.49 20 
* * * 

8.21 8.65 8.97 8.52 

L - c y s t e i n e Et E s t e r 7.30 6.76 8.33 8.87 16 

7.45 6.77 8.41 9.09 19 
* * * * 

7.45 6.77 8.41 9.09 
* * * 

L-Cysteine Me E s t e r 7.45 6.77 8.41 9.09 

G l u t a t h i o n e 8.72 9.47 9.47 8.72 16 

8.93 9.13 9.28 9.08 21 
* * * * 8.72 9.28 9.28 8.72 

N - A c e t y l - L - c y s t e i n e 9.44 14 

9.58 

T h i o g l y c o l i c a c i d 9.82 16 

10.32 19 

10.01 17 

10.22 18 
* 

9.76 

* v a l u e s f r o m t h i s s t u d y 
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Table 3.16 Values of k 2 ( l i m ) f o r t h e r e a c t i o n s of t h r e e 
a l k y l n i t r i t e s w i t h s i x t h i o l s 

THIOL 
a 

k 2 / l mo 1-1 s - i 
b c 

L - c y s t e i n e 27 11 1.7 

L - c y s t e i n e Me E s t e r 25 12 1.6 

L - c y s t e i n e Et E s t e r 26 12 1.5 

N - a c e t y l - L - c y s t e i n e 30 12 1.8 

G l u t a t h i o n e 27 11 1.8 

T h i o g l y c o l i c a c i d 75 30 4.9 

a = ÂmONO b = ^PrONO c = ^BuONO 

As e x p e c t e d , s i n c e t h e r e are no major s t r u c t u r a l changes 

i n t h e t h i o l s , t h e i r r e a c t i v i t i e s are v e r y much t h e sanie, 

w i t h t h e e x c e p t i o n of t h i o g l y c o l i c a c i d which i s 

c o n s i s t e n t l y more r e a c t i v e t h a n t h e o t h e r s by a f a c t o r of 

between two and t h r e e . 

As t o t h e r e a c t i v i t y of t h e a l k y l n i t r i t e s , t h e sequence 

i s p r i m a r y n i t r i t e > secondary n i t r i t e > t e r t i a r y n i t r i t e 

w i t h r a t i o s of 15:6:1. T h i s c o u l d be a t t r i b u t e d t o t h e 

e l e c t r o n - r e l e a s i n g e f f e c t of a-methyl s u b s t i t u e n t s . 

However, t h i s may n o t be an e l e c t r o n i c e f f e c t s i n c e t h e 

and v a l u e s ^ 1 of t h e a l k y l groups are not v e r y d i f f e r e n t . 

The s i t u a t i o n ( e q u a t i o n 3.16) i s s i m i l a r t o t h a t o c c u r r i n g 

i n t h e a l k a l i n e h y d r o l y s i s of a l k y l a c e t a t e e s t e r , where t h e 

r e a c t i v i t y t r e n d Me > Et > """Pr > ^Bu i s a s c r i b e d t o a s t e r i c 

e f f e c t . 
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R'—0—L-N^ • RSNO + R'0~ (3.16) 

"SR 

The r e a c t i o n i s w r i t t e n i n terms of a synchronous process 

and n o t as an a d d i t i o n - e l i m i n a t i o n which i s t h e common 

mechanism i n t h e a l k a l i n e h y d r o l y s i s of c a r b o x y l a t e e s t e r s . 

However, Oae and co-workers^ have argued i n t h e case of t h e 

r e a c t i o n of a l k y l n i t r i t e s w i t h amines t h a t t h e r e a c t i o n i s 

a synchronous one. T h i s argument i s s u b s t a n t i a t e d by t h e 

f i n d i n g t h a t t h e r e a c t i v i t i e s of amines i n such r e a c t i o n s do 

no t c o r r e l a t e w i t h t h e i r b a s i c i t i e s , and a l s o t h e r e i s a 

s o l v e n t i s o t o p e e f f e c t . ^ A s t h e r e i s no b u f f e r c a t a l y s i s 

f o r t h e r e a c t i o n s of a l k y l n i t r i t e s w i t h t h i o l a t e a n i o n , 

t h i s would s u p p o r t t h e t h e o r y of a synchronous mechanism 

s i n c e g e n e r a l a c i d c a t a l y s i s might be expected f o r t h e l o s s 

of OR" group f r o m a t e t r a h e d r a l i n t e r m e d i a t e . 

T h i s work shows t h a t a t l e a s t in vitro a d i r e c t and r a p i d 

r e a c t i o n occurs between a l k y l n i t r i t e s , p a r t i c u l a r l y p r i m a r y 

a l k y l n i t r i t e s , and t h i o l s a t pH v a l u e s l i k e l y t o be 

enco u n t e r e d in vivo. T h i s a t l e a s t c o n f i r m s t h e f e a s i b i l i t y 

t h a t such r e a c t i o n s c o u l d occur in vivo and c o u l d be an 

i m p o r t a n t f e a t u r e of t h e c h a i n of events o c c u r r i n g d u r i n g 

t h e v a s o d i l a t o r y a c t i o n of a l k y l n i t r i t e s . 
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CHAPTER FOUR 

E f f e c t of e l e c t r o n - w i t h d r a w i n g s u b s t i t u e n t s 



4.1 I n t r o d u c t i o n 
I t has been claimed^ t h a t a l k y l n i t r i t e s b e a r i n g 

/ 5 - e l e c t r o n - w i t h d r a w i n g groups are v e r y e f f e c t i v e n i t r o s a t i n g 

agents of secondary amines i n a l k a l i n e c o n d i t i o n s ( e q u a t i o n 

4.1) 

XCH2ONO + \ H * XCH2OH + \NO ( 4 . 1 ) 

( X = C H 2 O C 2 H 5 , C H 2 O H , C H 2 F , C H 2 C F 3 ) 

T h i s was s u b s t a n t i a t e d by t h e f i n d i n g of Casado and 

co-workers^ who found t h a t t h e n i t r o s a t i o n of t h e secondary 

amine, d i m e t h y l a m i n e , was much f a v o u r e d by a l k y l n i t r i t e s 

b e a r i n g e l e c t r o n - w i t h d r a w i n g s u b s t i t u e n t s . These n i t r i t e s 

can be p r e p a r e d i n d e p e n d e n t l y or in situ from t h e 

c o r r e s p o n d i n g a l c o h o l and n i t r o s y l c h l o r i d e ( o r i n p r i n c i p l e 

any n i t r o s a t i n g a g e n t ) . 

Thus i n o r d e r t o f i n d any c o r r e l a t i o n between r e a c t i v i t y 

and s t r u c t u r e of a l k y l n i t r i t e s , a k i n e t i c s t u d y of t h e 

n i t r o s a t i o n of L - c y s t e i n e , L - c y s t e i n e m e t h y l e s t e r , 

L - c y s t e i n e e t h y l e s t e r , g l u t a t h i o n e , t h i o g l y c o l i c a c i d and 

N - a c e t y l - L - c y s t e i n e by v a r i o u s a l k y l n i t r i t e s b e a r i n g 

e l e c t r o n - w i t h d r a w i n g s u b s t i t u e n t s i n t h e pH range 6-13, 

was i n v e s t i g a t e d . The r e s u l t s are p r e s e n t e d below. 

4.2 N i t r o s a t i o n of N - a c e t y l - L - c y s t e i n e and t h i o g l v c o l i c a c i d 

A k i n e t i c s t u d y of t h e r e a c t i o n of N - a c e t y l - L - c y s t e i n e 

(N-Ac-Cys) and t h i o g l y c o l i c a c i d (TGA) w i t h e t h y l n i t r i t e , 

2 - e t h o x y e t h y l n i t r i t e , 2 - c h l o r o e t h y l n i t r i t e , 2-bromoethyl 

n i t r i t e and 2 - i o d o e t h y l n i t r i t e i n aqueous n e u t r a l and b a s i c 

c o n d i t i o n s i n t h e absence of added n u c l e o p h i l e s was c a r r i e d 
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o u t . 

A l l t h e r e a c t i o n s were c a r r i e d out under t h e same 

c o n d i t i o n s as t h o s e used f o r t h e n i t r o s a t i o n of N-Ac-Cys and 

TGA by ^AmONO, ^PrONO and "̂ BuONO (see Chapter 3 pages 77 and 

7 8 ) . I n a l l t h e cases good f i r s t - o r d e r b e h a v i our was 

observed. The measured f i r s t - o r d e r r a t e c o n s t a n t s , ko, were 

d e t e r m i n e d a t each pH v a l u e f o r f o u r d i f f e r e n t t h i o l 

c o n c e n t r a t i o n s . A s e t of r e s u l t s f o r t h e r e a c t i o n of 

2-bromoethyl n i t r i t e w i t h N-Ac-Cys and TGA are shown i n 

t a b l e s 4.1 and 4.2, w h i l s t t h e d e t a i l s of t h e r e s t of t h e 

d a t a have n o t been i n c l u d e d f o r reason of space. The p l o t s 

of ko v e r s u s [N-Ac-Cys] and [TGA] ( F i g u r e 4.1) a t pH 10 are 

l i n e a r p a s s i n g t h r o u g h t h e o r i g i n , t h u s i n d i c a t i n g t h a t 

under t h e c o n d i t i o n s used t h e n i t r o s a t i o n of N-Ac-Cys and 

TGA by 2 - c h l o r o e t h y l n i t r i t e i s f i r s t - o r d e r i n [N-Ac-Cys^ 

and [TGA]. T h i s was found t o be t h e same f o r t h e o t h e r 

a l k y l n i t r i t e s a t each of t h e pH v a l u e s i n v e s t i g a t e d . T his 

e s t a b l i s h e s t h e r a t e e q u a t i o n ( e q u a t i o n 4.2) 

Rate = k2 [RSH] [RONO] (4.2) 

Table 4.1 Dependence of ko on [N-Ac-Cys] a t pH 10 

[Br ( C H 2 ) 2 0N0] = 1 x 10" ni 

102 [N-Ac-Cys]/M ko/s" 1 

7.86 50 .38 t .07 

3.93 25 .15 1 .04 

1.86 12 .52 ! .09 

0.98 6 .30 ! .10 
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Table 4.2 Dependence of ko on [TGA] a t pH 10 

;Br(CH2)2 0N0] = 1 x 10" m 

102 [TGA]/M k o/s-i 

7.97 70.26 ! .03 
3.99 35.10 ! .06 
1.99 17.59 ! .07 
1.00 8.78 1 .02 

The v a l u e s of k 2, t h e d e r i v e d second-order r a t e c o n s t a n t , 

were d e t e r m i n e d f r o m t h e p l o t s of ko versus [RSH] a t each pH 

and are shown i n t a b l e s 4.3 and 4.4 and o n l y two p l o t s of 

ko v e r s u s pH, f o r t h e r e a c t i o n of N-Ac-Cys and TGA w i t h 

e t h y l n i t r i t e and 2 - e t h o x y e t h y l n i t r i t e r e s p e c t i v e l y 

( F i g u r e s 4.2 and 4.4), are i n c l u d e d w h i l s t t h e r e s t of t h e 

p l o t s have n o t been i n c l u d e d due t o reasons of b r e v i t y . 
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F i g u r e 4.1 Dependence of ko on [N-Ac-Cys] and [TGA] a t pH 10 

o 

6 7 8 9 
10- [TGA] /M 
102 [N-Ac-Cys]/M 

V [TGA] dependence 
^ [N-Ac-Cys] dependence 
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Table 4 . 3 Second-order r a t e c o n s t a n t s k2 f o r t h e r e a c t i o n s 
of f i v e a l k y l n i t r i t e s w i t h N-Ac-Cys as a f u n c t i o n 
of pH of t h e s o l u t i o n 

pH 
a 

k 2 / l 
b 

mol" ̂  
c 

s - i 
d e 

13.50 1000 1025 1021 170 31.0 

12.24 1014 — — — 31.0 

12.00 — 1024 1019 168 — 
11.00 955 960 960 160 29.1 

10.60 875 888 888 — 26.8 

10.00 607 641 645 106 21.8 

9.70 458 — — — — 
9.60 — — — 68.3 11.8 

9.50 — 358 360 — — 
9.30 — — — 42.0 9.0 

9.20 215 — — — — 
9.10 — — — 28.2 — 
9.00 — 150 148 — 4.27 

8.70 — — — 13.1 — 
8.50 — 54.1 51.9 — 1.75 

8.40 44.4 — — — — 
8.10 — — — 4.0 — 
8.00 — 17.1 17.4 — .60 

7.50 — — — .98 — 
7.00 4.90 — — — .056 

6.50 0.60 — — — — 
6.00 0.21 0.17 0.17 .033 .006 

a = C1(CH2)20N0 b = Br(CH2)20N0 c = I(CH2)20N0 

d = C2H5 0(CH2)2 0N0 e = C2H5ONO 
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Table 4.4 Second-order r a t e c o n s t a n t s k2 f o r t h e r e a c t i o n s 
of f i v e a l k y l n i t r i t e s w i t h TGA as a f u n c t i o n of 
pH of t h e s o l u t i o n 

pH 
a 

k 2 / l 
b 

mo 1" ̂  
c 

s-^ 
d e 

13.50 2255 2271 2260 418 74 

12.50 — — — 415 75 

12.00 2240 2249 2230 — — 
11.50 2139 — — 390 69 

11.00 — 1965 1960 — — 
10.80 1721 — — 330 55 

10.50 — 1520 1515 268 45 

10.30 1193 — — — — 
10.00 — 881 879 170 30 

9.80 651 — — — — 
9.60 — — — 84 16 

9.50 — 385 377 — — 
9.40 — — — 54 9.4 

9.30 265 — — — — 
9.00 145 138 137 — — 
8.90 — — — 21 3.4 

8.80 81 — — — — 
8.50 — 40 42 — — 
8.30 28 — — — — 
8.00 13.7 13.9 14.1 2.8 .51 

7.00 2.1 1.8 1.5 .30 .49 

6.00 .16 .15 .15 .035 .006 

a = C1 (CH2)20N0 b = Br ( C H 2)20N0 c = I ( C H 2)20N0 

d = C2H5 0 ( C H 2 ) 2 0N0 e = C2H5ONO 
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Fiiepire 4.2 pH-k2 p r o f i l e f o r the n i t r o s a t i o n of N-Ac-Cys by 
e t h y l n i t r i t e 

35 T 
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F i g u r e 4..'! pH-k2 p r o f i l e f o r the n i t r o s a t i o n of TGA by 
2-ethoxyethyl n i t r i t e 

73 
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As can be seen f r o m t h e p l o t s of k2 versus pH ( F i g u r e s 

4.2 and 4.3) t h e k i n e t i c p a t t e r n i s v e r y s i m i l a r i n a l l 

cases t o t h a t encountered f o r t h e n i t r o s a t i o n of N-Ac-Cys 

and TGA by ^AmONO, ^PrONO, and ''̂ BuONO. T h i s shows t h a t t h e 

r e a c t i o n o f a l k y l n i t r i t e s (used i n t h i s s t u d y ) w i t h 

N-Ac-Cys and TGA i n n e u t r a l and b a s i c c o n d i t i o n s t a k e s p l a c e 

t h r o u g h t h e t h i o l a t e i o n q u i t e g e n e r a l l y . T h e r e f o r e , t h e 

a n a l y s i s o f t h e d a t a can be c a r r i e d o u t i n a s i m i l a r way as 

b e f o r e u s i n g e q u a t i o n s 4.3 and 4.4. 

k Ka 
k2 = 

(4.3) 
Ka + [H*] 

l o g ( l / k 2 - 1/k) = -pH - l o g kKa (4.4) 

I t can be seen f r o m F i g u r e s 4.2 and 4.3, where t h e s o l i d 

l i n e s are t h e c a l c u l a t e d curves and t h e p o i n t s are t h e 

e x p e r i m e n t a l l y measured k2 v a l u e s , t h a t t h e r e i s good 

agreement between c a l c u l a t e d and e x p e r i m e n t a l v a l u e s of k2 

i n a l l cases. A l s o t h e p l o t s of l o g ( l / k 2 - 1/k) versus pH 

( F i g u r e s 4.4 and 4.5) are i n a l l cases good s t r a i g h t l i n e s 

w i t h s l o p e s a p p r o x i m a t e l y e q u a l t o -1 and t h e a n a l y s i s of 

t h e r e s u l t s f r o m t h e s e p l o t s a re shown i n t h e t a b l e s 4.5 and 

4.6. 
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Table 4.5 R e s u l t s f r o m p l o t s of l o g ( l / k 2 - 1/k) versus pH 
( f o r t h e n i t r o s a t i o n of N-Ac-Cys) 

RONO k2 ( l i m ) / 
1 mol"-"̂  s ' l 

Slope I n t e r c e p t C a l c u l a t e d 
pKa 

EtONO 31 -0.977 8.054 9.55 

Et0 ( C H 2 ) 2 0N0 169 -0.990 7.435 9.66 

C1(CH2)2 0N0 1010 -0.976 6.543 9.55 

Br ( C H 2 ) 2 0N0 1030 -0.996 6.738 9.75 

I ( C H 2 ) 2 0N0 1020 -1.001 6.777 9.79 

Table 4.6 R e s u l t s f r o m p l o t s of l o g ( l / k s - 1/k) versus pH 
( f o r t h e n i t r o s a t i o n of TGA) 

RONO k2 ( l i m ) / 
1 m o l ' i s " i 

Slope I n t e r c e p t C a l c u l a t e d 
pKa 

EtONO 75 -0.964 8.022 9.89 

Et0 ( C H 2 ) 2 0N0 417 -0.973 7.321 9.94 

C1(CH2)2 0N0 2260 -0.977 6.632 9.99 

Br ( C H 2 ) 2 0N0 2240 -0.992 6.760 10.12 

I ( C H 2 ) 2 0N0 2260 -0.998 6.821 10.18 

The averaged pKa f o r RSH i o n i s a t i o n i s 9.66 - 0.11 f o r 

N - a c e t y l - L - c y s t e i n e , which agrees r e a s o n a b l y w i t h t h e 

l i t e r a t u r e v a l u e ^ of 9.76, and 10.02 1 0.12 f o r t h i o g l y c o l i c 

a c i d which a g a i n i s i n good agreement w i t h t h e l i t e r a t u r e , 

9.82^, l O . l O S 10.22^ and 10,32.^ 

Thus t h e r e s u l t s are c o n s i s t e n t w i t h t h e r e a c t i o n of 

a l k y l n i t r i t e s w i t h t h e t h i o l a t e i o n of N-Ac-Cys and TGA. 
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F i g u r e 4.4 P l o t s of log ( l / k 2 - 1/k) a g a i n s t pH f o r the 
n i t r o s a t i o n of N-Ac-Cys 
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3 T 

2 • 

0 I 
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-5 

-6 

6 7 

-+-
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-+-

9 10 1 1 13 
pH 

A by e t h y l n i t r i t e 
V by 2-ethoxyethyl n i t r i t e 
^ by 2 - c h l o r o e t h y l n i t r i t e 
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F i ^ i r e 4.5 P l o t s of log (l/ko - 1/k) a g a i n s t pH f o r the 
n i t r o s a t i o n of TGA 
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4 . 3 N i t r o s a t i o n of L - c y s t e i n e , L - c y s t e i n e methyl and e t h y l 

e s t e r s and glutathione 

A k i n e t i c s t u d y of t h e r e a c t i o n of L - c y s t e i n e ( C y s ) , 

L - c y s t e i n e m e t h y l e s t e r (MeCys), L - c y s t e i n e e t h y l e s t e r 

(EtCys) and g l u t a t h i o n e (GSH) w i t h e t h y l n i t r i t e , 

2 - e t h o x y e t h y l n i t r i t e , 2 - c h l o r o e t h y l n i t r i t e , 2-bromoethyl 

n i t r i t e , 2 - i o d o e t h y l n i t r i t e and 2 , 2 - d i c h l o r o e t h y l n i t r i t e 

i n aqueous n e u t r a l and b a s i c c o n d i t i o n s i n t h e absence of 

added n u c l e o p h i l e s was c a r r i e d o u t . However, i n t h e case of 

2 , 2 - d i c h l o r o e t h y l n i t r i t e o n l y t h e n i t r o s a t i o n o f c y s t e i n e 

was i n v e s t i g a t e d and c o u l d o n l y be f o l l o w e d k i n e t i c a l l y i n 

t h e pH range 6-8.00 as t h e r e a c t i o n was t o o f a s t t o measure 

even by s t o p p e d - f l o w s p e c t r o p h o t o m e t r y . A l t h o u g h 

2 , 2 , 2 - t r i c h l o r o e t h y l n i t r i t e was s y n t h e s i s e d i t was found t o 

r e a c t w i t h L - c y s t e i n e a t a r a t e which was t o o f a s t t o 

measure by s t o p p e d - f l o w s p e c t r o p h o t o m e t r y a t any pH v a l u e . 

A l l t h e r e a c t i o n s were c a r r i e d o u t under t h e same 

c o n d i t i o n s as t h o s e used f o r t h e n i t r o s a t i o n of N-Ac-Cys and 

TGA. I n a l l t h e cases good f i r s t - o r d e r b e h a v i o u r was 

observed. The measured f i r s t - o r d e r r a t e c o n s t a n t s , k o, were 

d e t e r m i n e d a t each pH v a l u e s f o r f o u r d i f f e r e n t t h i o l 

c o n c e n t r a t i o n s . A s e t of r e s u l t s f o r t h e r e a c t i o n of 

2-b r o m o e t h y l n i t r i t e w i t h Cys, MeCys, EtCys and GSH are 

shown i n t a b l e s 4.7-4.10, w h i l s t t h e r e s t of t h e d a t a has 

n o t been i n c l u d e d f o r reason of space. The p l o t s of ko 

v e r s u s [ C y s ] , [MeCys], [EtCys] and [GSH] ( F i g u r e 4.5) a t 

pH 7 are l i n e a r p a s s i n g t h r o u g h t h e o r i g i n , t h u s i n d i c a t i n g 

t h a t under t h e c o n d i t i o n s used t h e n i t r o s a t i o n of Cys, 

MeCys, EtCys and GHS by 2-bromoethyl n i t r i t e i s f i r s t - o r d e r 

i n [ C y s ] , [MeCys], [EtCys] and [GHS]. T h i s was found t o be 
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t h e same f o r t h e o t h e r a l k y l n i t r i t e s a t each of t h e pH 

v a l u e s i n v e s t i g a t e d . T h i s e s t a b l i s h e s t h e r a t e e q u a t i o n 

s i m i l a r t o t h a t f o r t h e n i t r o s a t i o n of N-Ac-Cys and TGA 

( e q u a t i o n 4 . 2 ) . 

Table 4.7 Dependence of ko on [Cys] a t pH 7 

;Br(CH2)2 0N0] = 1 x 10" 

102 [Cys] /M k o/s-i 

8.60 3.544 1 .007 

4.30 1.768 ! .002 

2.15 0.891 1 .003 

1.08 0.443 1 .006 

Table 4.8 Dependence of ko on [MeCys] a t pH 7 

;Br(CH2)2 0N0] = 1 x 10" 

102 [MeCys]/M k o/s-i 

7.98 9 .580 1 .007 

3.99 4 .787 1 .003 

2.00 2 .390 1 .006 

1.00 1 .194 1 .002 

Table 4.9 Dependence of ko on [EtCys] a t pH 7 
;Br(CH2)2 0N0] = 1 xlO'^M 

102 [EtCys]/M k o/s-i 

7.92 9.264 1 .004 

3.96 4.630 1 .008 

1.98 2.318 1 .006 

0.99 1.162 ! .003 
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Table 4.10 Dependence of ko on [GSH] a t pH 7 

[Br ( C H 2 ) 2 0N0] = 1 x 10" 

102 [GSH]/M k o/s-i 

8.24 1.073 1 .005 

4.12 0.536 ! .003 

2.06 0.268 t .007 

1.03 0.134 1 .004 

The v a l u e s of k 2, t h e d e r i v e d second-order r a t e c o n s t a n t , 

were d e t e r m i n e d f r o m t h e p l o t s of ko versus [RSH] a t each pH 

and are shown i n t a b l e s 4.11-4.14. 
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Fienire 4.6 Dependence of ko on [Cys] , [MeCys] , [EtCys] and 
[GSH] at pH 7 

10 T 

CO 

o 

• [GHS] dependence 
A [EtCys] dependence 
V [MeCys] dependence 
A [^ys] dependence 

8 10 
102 ^GHS]/M 
102 [EtCys]/M 
102 [MECys]/M 
10- [Cys]/M 
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Table 4.11 Se c o n d - o r d e r r a t e c o n s t a n t s k2 f o r t h e r e a c t i o n s 
of s i x a l k y l n i t r i t e s w i t h Cys as a f u n c t i o n of 
pH of t h e s o l u t i o n 

pH 
a 

k 2 / l 
b 

mol 1 
c 

s - i 
d e f 

12.90 1050 1010 1056 173 27.6 — 
12.10 — — — 168 — — 
12.00 — 1058 1054 — 27.4 — 
11.70 1038 

11.00 — 1050 1043 167 27.7 — 
10.90 1040 

10.10 — 1022 1004 — 27.0 — 
10.00 1027 

9.50 — — — 155 — — 
9.40 946 

9.00 — 823 828 139 22.3 — 
8.90 772 

8.50 620 667 — 94.6 15.9 — 
8.10 — 396 393 — 9.3 — 
8.00 329 — — 50.7 — 3434 

7.60 153 

7.50 — 130 131 20.1 3.1 1518 

7.00 41.2 44.3 41.7 6.9 1.12 550 

6.60 — 18.0 17.5 2.6 0.43 224 

6.50 14.1 

6.10 — — — 1.2 — — 
6.00 4.0 4.5 4.3 — 0.10 58.9 

a = C1(CH2)20N0 b = Br ( C H 2 ) 2 0 N 0 c = I ( C H 2 ) 2 0 N 0 

d = C2H5 0 (CH2)2 0N0 e = C2H5ONG f = CI2CHCH2ONO 
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Table 4.12 Second-order r a t e constants k2 f o r the reactions 
of f i v e a l k y l n i t r i t e s w i t h MeCys as a f u n c t i o n 
of pH of the s o l u t i o n 

pH 
a 

k 2 / l 
b 

mol ̂  
c 

s-i 
d e 

13.50 — 1060 1058 150 24.5 

13.00 1045 — — — — 
12.00 1057 1050 1056 150 24.3 

11.00 1038 1041 1043 — — 
10.50 — — — 144 23.4 

10.10 900 — — — — 
10.00 — 905 919 132 21.4 

9.60 — — — 113 17.7 

9.50 — 720 751 — — 
9.40 684 — — — — 
9.30 — — — 89 14.4 

9.00 462 473 478 68 11.0 

8.60 — — — — 7.6 

8.50 — 300 301 — — 
8.40 270 — — 39 — 
8.00 220 220 219 31 5.1 

7.50 177 176 175 24 4.0 

7.00 119 120 121 18 2.98 

6.50 75 73 75 10 1.75 

6.00 32 31 32 4.6 0.75 

a = C1(CH2)2 0N0 b = Br (CH2)2 0N0 c = I ( C H 2)2 0N0 

d = C2H5 0 (CH2)2 0N0 e = C2H5ONO 
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Table 4.13 Second-order r a t e constants k2 f o r the reactions 
of f i v e a l k y l n i t r i t e s w i t h EtCys as a f u n c t i o n 
of pH of the s o l u t i o n 

pH 
a 

k 2 / l 
b 

mol" ^ 
c 

s-i 
d e 

13.50 — — — 166 25.5 
13.00 1100 1085 1085 — — 
12.50 — — — — 25.3 
12.40 — — — 163 — 
12.00 1100 1085 1075 — — 
11.00 1095 1060 1060 160 — 
10.80 — — — — 24.7 
10.50 — — — 154 — 
10.10 925 926 920 — — 
9.80 — — — — 19.1 
9.60 — 694 695 124 — 
9.50 — — — — 15.9 
9.40 627 — — 99 — 
9.20 — — — — 12.2 

9.00 404 390 399 60 9.2 

8.50 260 265 270 38 6.8 

8.00 225 210 210 30 5.7 

7.60 165 — — — — 
7.50 — 170 175 26 4.2 

7.00 119 117 129 18 3.1 

6.50 70 74 75 12 1.7 

6.00 42 35 34 4 0.90 

a = C1(CH2)2 0N0 b = Br (CH2)2 0N0 c = I ( C H 2)2 0N0 

d = C2H5 0(CH2)2 0N0 e = C2H5ONO 
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Table 4.14 Second-order r a t e constants k2 f o r the reactions 
of f i v e a l k y l n i t r i t e s w i t h GSH as a f u n c t i o n of 
pH of the s o l u t i o n 

pH 
a 

k 2 / l 
b 

mol" ^ 
c 

s-i 
d e 

13.50 1080 1056 1059 160 28.2 

12.50 — 1054 1061 — — 

12.20 1060 — — 157 27.6 

11.00 1057 1045 1057 156 27.7 

10.00 991 989 989 — — 

9.80 — — — 145 25.5 

9.60 903 — — — — 

9.50 — 840 841 — — 

9.20 — — — 116 19.0 

9.00 — 584 580 96 14.0 

8.90 528 — — — — 

8.60 — — — 61 9.7 

8.50 285 295 296 — — 

8.20 — — — 30 5.3 

8.00 — 109 101 — — 

7.80 78 — — — — 

7.60 — — — 8.1 1.3 

7.50 49 41 39 — — 

7.40 — — — 5.6 0.80 

7.00 13 13 13 — — 

6.80 — — — 1.6 0.25 

6.00 1.7 1.6 1.5 0.21 0.06 

a = C1(CH2)2 0N0 b = Br (CH2)2 0N0 c 

d = C2H5 0(CH2)2 0N0 e = C2H5ONO 

= I ( C H 2 ) 2 0N0 
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F i g u r e 4.7 pH-ko p r o f i l e f o r the n i t r o s a t i o n of Cys by 
2 - c h l o r o e t h y l n i t r i t e 

1100 T 

1000 -

CO 

800 + 

700 4 

600 4-

500 + 

^00 + 

300 + 

200 + 

100 + 
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F i g u r e 4 . 8 pH-k2 p r o f i l e f o r the n i t r o s a t i o n of MeCys by 
2-bromoethyl n i t r i t e 

1100 T 

1000 + 

900 4-

800 + 

700 4-

600 + 

500 + 

400 4-

300 4-

200 + 

100 4-
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Fienire 4.9 pH-k2 p r o f i l e f o r the n i t r o s a t i o n of EtCys by 
2 - i o d o e t h y l n i t r i t e 

o E 

900 4-

800 4-

300 4-

200 4-

100 4-

8 10 11 12 13 14 
pll 
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F i g u r e 4.10 pH-ka p r o f i l e f o r the n i t r o s a t i o n of GSH by 
2 - e t h o x y e t h y l n i t r i t e 

160 -

140 -

120 -

100 i 

i 80 

60 4-

40 I 

20 

0 
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As can be seen from the p l o t s of k2 versus pH (Figures 
4.7-4.10) the k i n e t i c p a t t e r n i s very s i m i l a r i n a l l cases 
t o t h a t encountered f o r the n i t r o s a t i o n of these t h i o l s by 
ÂmONO, ̂ PrONO and ̂BuONO. Therefore the analysis of the 

data can be c a r r i e d out i n a s i m i l a r way as before using 
equations 4.5 and 4.6. 

7o[RS-] = ^ X 100 (4.5) 
[H^l/Kg + + 1 + V [ r ] 

k ( l i m ) x%[RS-] 
k2 = 

100 

Thus k2-pH p r o f i l e s can be constructed f o r a l l the 
re a c t i o n s using equation 4.5 and 4.6. The k2-pH p r o f i l e s 
(Figure 4.7) f o r L-cysteine are very s i m i l a r t o those 
encountered f o r the reactions w i t h ""̂AmONO, ""̂ PrONO and 
^BuONO. That i s , the r e s u l t s f o l l o w c l o s e l y curve B upto pH 
8.5 and t h e r e a f t e r depart from i t . The explanation f o r t h i s 
i s s i m i l a r t o t h a t given before f o r the n i t r o s a t i o n by 
ÂmONO, ̂ PrONO and ̂BuONO. 

I n the case of the methyl and e t h y l c a r b o xylic ester of 
L-cysteine smooth curves (Figures 4.8 and 4.9), which f i t t e d 
best t o the experimental p o i n t s , were computed using 
pK^ 7.45, pKg 6.77, pK̂ . 8.41 and pKp 9.09 f o r e t h y l ester 
and pK^ 7.45, pKg 6.77, pK̂ ^ 8.41 and pK^ 9.09 f o r methyl 
e s t e r . The microscopic pKa values f o r e t h y l ester are i n 
good agreement w i t h the reported values (see t a b l e 4.15) and 
those of methyl ester are the same as those of the e t h y l 
e s t e r . However, as there are no l i t e r a t u r e values f o r the 
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microscopic pKa values f o r the methyl ester a comparison 
cannot be made w i t h the r e s u l t s from t h i s study. 

S i m i l a r l y , i n the case of gl u t a t h i o n e smooth curves 
(Figure 4.10), which f i t t e d best t o the experimental p o i n t s , 
were computed using pK^ 8.72, pKg 9.28, pK^ 9.82 and pKj^ 
8.72. These agree reasonably w e l l w i t h the l i t e r a t u r e 
values of Reuben and Bruice^ (see t a b l e 4.15) 

4.4 Discussion 
There i s e x c e l l e n t agreement between the experimental and 

ca l c u l a t e d k2 values w i t h the exception of some of the 
r e s u l t s f o r L-cysteine. As can be seen from t a b l e 4.15 t h a t 
there i s good agreement between the l i t e r a t u r e pKa values 
f o r the i o n i s a t i o n of RSH and those derived from t h i s study. 
Therefore i t i s cl e a r from these r e s u l t s t h a t a l k y l n i t r i t e s 
g e n e r a l l y react i n aqueous n e u t r a l and m i l d l y basic 
c o n d i t i o n s w i t h the t h i o l a t e anion of t h i o l s . 

The combined r e s u l t s f o r k ( l i m ) i . e . k values f o r each of 
the r e a c t i o n s studied are sunmiarised i n t a b l e 4.16. Again 
the r e s u l t s are s i m i l a r t o those f o r the n i t r o s a t i o n by 
ÂmONO, ̂ PrONO and ''̂ BuONO. That i s the r e a c t i v i t i e s of the 

t h i o l s are very much the same as before. There i s very 
l i t t l e d i f f e r e n c e i n r e a c t i v i t y between the t h i o l s except 
f o r t h i o g l y c o l i c acid which i s c o n s i s t e n t l y more r e a c t i v e 
than the others by a f a c t o r of two and thr e e . 
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Table 4.15 Values of pKa f o r RSH i o n i s a t i o n from l i t e r a t u r e 
and t h i s study 

THIOL PKA PKB PKD Ref. 

L-cysteine 8 . 2 1 8.65 10.00 9.56 4 

8.53 8.86 10.36 10.03 7 

8.50 8.85 10.35 10.00 5 

8.64 8.62 1 0 . 4 7 10.49 8 
* * * 

8 . 2 1 8.65 8.96 8.52 

L-cysteine Et Ester 7.30 6.76 8.33 8.87 4 

7.45 6.77 8 . 4 1 9.09 7 
* * * * 

7.45 6.77 8 . 4 1 9.09 
* * * * L-Cysteine Me Ester 7.45 6.77 8 . 4 1 9.09 

Glutathione 8.72 9.47 9.47 8.72 4 

8.93 9 . 1 3 9.28 9.08 9 
* * * * 

8.72 9.28 9.28 8.72 

N-Acetyl-L-cysteine 9.76 4 
* 9.66 

T h i o g l y c o l i c acid 9.82 4 

10.32 7 

1 0 . 0 1 5 

1 0 . 2 2 6 
* 

10.02 

* values from t h i s study 
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Table 4.16 Values of k 2 ( l i m ) f o r the reactions of s i x 
a l k y l n i t r i t e s w i t h s i x t h i o l s 

THIOL 
a 

k 2 / l 
b 

mol 
c 

1 s-i 
d e f 

L-cysteine 9576 1045 1055 1060 169 28 
L-cysteine Me Ester — 1050 1055 1057 150 24 
L-cysteine Et Ester — 1100 1085 1080 165 25 
N-acetyl-L-cysteine — 1010 1030 1020 169 31 
Glutathione — 1070 1055 1060 159 28 
T h i o g l y c o l i c a c i d — 2260 2240 2260 417 75 

a = C I 2 C H C H 2 O N O b = C1 (CH2)2 0N0 c = Br ( C H 2 ) 2 0N0 

d = I ( C H 2 ) 2 0 N 0 e = C2H5 0 ( C H 2 ) 2 0N0 f = C2H5ONO 

As f o r the r e a c t i v i t y of the a l k y l n i t r i t e s used, i t i s 
c l e a r t h a t the presence of ^-electron-withdrawing groups has 
a s i g n i f i c a n t enhancing e f f e c t on the r e a c t i v i t y . This i s 
t o be expected f o r an e l e c t r o p h i l i c n i t r o s a t i o n process 
(equation 4.7). 

f] / 
-CH2 CH2 O-J-N/ 

ORS 
•+ X C H 2 C H 2 O - + RSNO (4.7) 

This e f f e c t of enhancement of the r e a c t i v i t y by /5-electron 
withdrawing groups has also been shown f o r the r e a c t i o n of 
a l k y l n i t r i t e s w i t h amines under s i m i l a r conditions.^ I n 
t h i s case the y5-0C2H5 group was found t o a c t i v a t e the 
r e a c t i o n by a f a c t o r of about s i x , a /?-halogen s u b s t i t u e n t s 
y about t h i r t y - e i g h t and two /3-chloro s u b s t i t u e n t by over 
f o u r hundred. These e f f e c t s can be explained by c o r r e l a t i n g 
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the r e s u l t s t o a simple " T a f t " r e l a t i o n s h i p (equation 4.8). 

log k/ k^® = pa + E^(5 (4.8) 

Thus a c o r r e l a t i o n between the s t r u c t u r e of a l k y l 
n i t r i t e s and t h e i r r e a c t i v i t y can be shown by p l o t t i n g log k 
versus a . I n the case of L-cysteine the values of log k 
and the known values of a f o r the a l k y l n i t r i t e s are shown 
i n t a b l e 4.17. 

Table 4.17 Values of a and log k f o r the r e a c t i o n of a l k y l 
n i t r i t e s w i t h L-cysteine 

R-
* 

(7 
(Ref. lOfell) 

k 
/ I mol-i s-i 

log k 

C1 (CH2)2- .385 1045 3.02 

Br ( C H 2 ) 2 - .400 1055 3.02 

1 ( C H 2 ) 2 - .378 1060 3.03 

EtO (CH2)2- .233 169 2.23 
Et- - .100 28 1.45 

i p r - - .190 11 1.04 

^Bu- - .300 1.7 0.23 

As can be seen from the p l o t of l o g k versus a (Figure 
4.11) there i s a reasonable c o r r e l a t i o n s a t i s f y i n g Taft's 
equation between s t r u c t u r e and r e a c t i v i t y of the a l k y l 
n i t r i t e s w i t h L-cysteine ( t h i s was also found t o be the same 
w i t h the other t h i o l s used. Thus the parameters of Taft's 
equation can be determined from these p l o t s and were 
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found t o be p = 3.6 t 0.10 and log k̂ *̂  = 1.67 ! 0.16. The 
p o s i t i v e slope i n d i c a t e s a S u b s t i t u t i o n N ucleophilic 
Concerted bimolecular r e a c t i o n (SNC2) c o r r e l a t i o n and i t s 
value i s i n good agreement w i t h the value obtained f o r the 
n i t r o s a t i o n of dimethylamine^ by a l k y l n i t r i t e s i n basic 
c o n d i t i o n s (p = 3.89) and f o r t h a t obtained f o r the basic 
h y d r o l y s i s of n i t r i t e ester (p = 2.67).^^ 

An exact p a r a l l e l between the r e a c t i v i t i e s of RS" and RO" 
i n these r e a c t i o n s cannot be drawn, although the n i t r o s o 
group exchange between an a l k y l n i t r i t e and alkoxide ion has 
been demonstrated using the corresponding alcohol as 
solvent.^ Nevertheless, one would expect RS" t o be more 
r e a c t i v e than RO" and t h i s i n t e r p r e t a t i o n i s based on the 
d i f f e r e n c e i n b a s i c i t y and n u c l e o p h i l i c i t y between sulphur 
and oxygen.^'* Since sulphur i s more n u c l e o p h i l i c than 
oxygen, due t o the f a c t t h a t sulphur i s more p o l a r i z a b l e 
than oxygen, one would expect RS" t o be more susceptible 
than RO" t o an e l e c t r o p h i l i c a t t a c k . This d i f f e r e n c e i n 
r e a c t i v i t y between sulphur and oxygen can be shown by 
comparing the r e a c t i v i t y of the n i t r o s a t i o n of 
N- a c e t y l p e n i c i l l a m i n e (a reasonbly good model f o r t - b u t y l 
t h i o l ) and t - b u t a n o l by n i t r o u s a c i d. One f i n d s t h a t 
N - a c e t y l p e n i c i l l a m i n e i s several orders of magnitude more 
r e a c t i v e than t - b u t a n o l . ^ T h u s one would t o expect a 
s i m i l a r behaviour when comparing the r e a c t i v i t y of RS" and 
RO' towards a d i r e c t e l e c t r o p h i l i c a ttack by a l k y l n i t r i t e s . 

However, an exact comparison between the t h i o l a t e ion 
, (RS") and hydroxide ion (OH") can be drawn. I n the case of 

2-ethoxyethyl n i t r i t e C h a l l i s and Shuker^ found t h a t the 
r a t e of h y d r o l y s i s t o n i t r i t e ion occurred i n accordance 
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w i t h the equation, r a t e = 8.26 x 10"^ (mol 1"^ s'^) 
;EtO(CH2 )2 0N0] [NaOH] at 25^C. Thus a l l the t h i o l a t e ions 
used i n t h i s study are many orders of magnitude more 
r e a c t i v e than the hydroxide i o n . 
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CHAPTER FIVE 

Reactions of g l y c e r y l t r i n i t r a t e 



5.1 I n t r o d u c t i o n 
Although g l y c e r y l t r i n i t r a t e (GTN) has been used (over 

100 years) f o r the treatment of angina, acute congestive 
heart f a i l u r e and hypertensive emergencies, fundamental 
questions remain concerning i t s mode of a c t i o n . However, 
one suggestion, as stat e d e a r l i e r (chapter one), has 
proposed t h a t GTN owes i t s a c t i o n t o i n t r a c e l l u l a r release 
of n i t r i c oxide which then reacts w i t h SH-containing 
compounds t o form S - n i t r o s o t h i o l s . The S - n i t r o s o t h i o l s then 
a c t i v a t e c y c l i c GMP l e v e l s r e s u l t i n g i n v a s o d i l a t i o n . 

5.1.1 Formation of S - n i t r o s o c y s t e i n e 

Ignarro and co-workers^ claimed t h a t GTN reacted w i t h 
cysteine at near n e u t r a l pH i n oxygen-free n i t r o g e n 
atmosphere t o give S-nitrosocysteine. This r e a c t i o n was 
only observed i n the pH range 6.5-7.5 and not i n a c i d i c and 
a l k a l i n e c o n d i t i o n s . They proposed t h a t the r e a c t i o n 
i n v o l v e d i n i t i a l l y the formation of n i t r i t e ion from which 
n i t r i c oxide was released and t h i s then e f f e c t e d the 
n i t r o s a t i o n of cysteine t o give S-nitrosocysteine. The 
explanation given f o r observing the formation of 
S-nitrosocysteine a t near n e u t r a l pH only was t h a t since the 
formation of n i t r i t e ion i s f a s t e r i n a l k a l i n e conditions 
and the S-nitrosocysteine formation i s f a s t e r i n acid 
c o n d i t i o n s , then i t f o l l o w s t h a t the formation of 
S-nitrosocysteine from n i t r i c oxide (released from n i t r i t e 
ion) would occur at pH value conducive t o both of the above 
re a c t i o n s i . e . near n e u t r a l pH. I t i s very d i f f i c u l t t o 
accept t h i s p r o p o s i t i o n considering t h a t n i t r i c oxide has 
been found t o be an i n e f f e c t i v e n i t r o s a t i n g agent and also 
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the formation of n i t r i c oxide from n i t r i t e ion v i a the 
formation of n i t r o u s acid i s d i f f i c u l t t o envisage given the 
chemistry involved. The proposal becomes more unconvincing 
considering t h a t they found no evidence f o r the formation of 
S - n i t r o s o t h i o l when GTN was reacted w i t h other t h i o l s . 

However, on closer examination of the work one f i n d s the 
r e a c t i o n would be best i n t e r p r e t e d as i n v o l v i n g the 
n i t r o s a t i o n of SH group by the protonated form of n i t r o u s 
a c i d . This i n t e r p r e t a t i o n i s based on the f a c t t h a t the 
amount of S-nitrosocysteine (maximum 6 umoles) formed i s 
i n s i g n i f i c a n t considering the amount of GTN (10 mmol) and 
cysteine (10 mmol) used and the small amount of 
S-nitrosocysteine formed may be due t o very small amounts of 
n i t r o u s a c i d being present at these pH values even though 
the pKa value of n i t r o u s a c i d i s 3.35 at 25°C.^ Taking the 
pKa of n i t r o u s a c i d i n t o c o n s i d e r a t i o n , there i s v i r t u a l l y 
no f r e e n i t r o u s a c i d i n a l k a l i n e conditions and t h i s would 
account f o r not f i n d i n g any evidence f o r the formation of 
S-nitrosocysteine at pH values greater than 7.5. The 
explanation f o r not observing the formation of 
S-nitrosocysteine at pH values less than s i x i s t h a t at 
these pH values the r e a c t i o n between GTN and cysteine does 
not give n i t r i t e ion and thus there i s no p o s s i b i l i t y of the 
presence of n i t r o u s a c i d at these pH. Nevertheless, t a k i n g 
t h i s i n t e r p r e t a t i o n i n t o c onsideration one would expect a 
s i m i l a r observation f o r the r e a c t i o n of GTN w i t h other 
t h i o l s . As t o why Ignarro and co-workers^ d i d not observe 
the formation of S - n i t r o s o t h i o l from the r e a c t i o n of GTN and 
other t h i o l s besides cysteine i s unclear and confusing. 
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S i m i l a r l y the i n t e r p r e t a t i o n of the r e a c t i o n of sodium 
n i t r i t e and cysteine i n acid conditions t o form 
S-nitrosocysteine was misinterpreted.^ The r e a c t i o n was 
i n t e r p r e t e d as one i n v o l v i n g the formation of n i t r i c oxide 
( i n the presence of hydrogen ion) which then e f f e c t s the 
n i t r o s a t i o n of cysteine t o form S-nitrosocysteine. However, 
t h i s type of r e a c t i o n has been es t a b l i s h e d , by various 
research groups,'^"^ as one i n v o l v i n g the r a t e - l i m i t i n g 
e l e c t r o p h i l i c a t t a c k by n i t r o u s acidium ion ( H 2 N O 2 * ) or 
nitr o s o n i u m ion (NO*), and not n i t r i c oxide, on the sulphur 
atom, fo l l o w e d by the r a p i d proton loss from the protonated 
t h i o n i t r i t e (Scheme 5.1). 

HNO2 + H* . NOVH2NO2* + H 2 O 

N0VH2N02^ + RSH . R—S 
/NO 

Fast 

RSNO + H* 
Scheme 5.1 

A s i m i l a r i n t e r p r e t a t i o n was used t o explain the r e a c t i o n of 
isoamyl n i t r i t e w i t h cysteine but as can be seen from 
chapters 2 t o 4 Ignarro's i n t e r p r e t a t i o n i s again i n c o r r e c t . 
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5.1.2 A c t i v a t i o n of guanylate c y c l a s e 

Guanylate cyclase (GTP pyrophosphate lyase) i s an enzyme 
which catalyses the conversion of guanosine triphosphate 
(GTP) t o guanosine 3',5'-monophosphate ( c y c l i c GMP).'' I t 
has been shown t h a t GTN and sodium n i t r i t e are very weak 
a c t i v a t o r s of soluble guanylate c y c l a s e ^ w h e r e a s n i t r i c 
oxide and sodium n i t r o p r u s s i d e are potent a c t i v a t o r s of 
s o l u b l e guanylate cyclase.^ ̂  '-̂  ̂  However, i t has been shown 
t h a t the enzyme a c t i v a t i o n by GTN s p e c i f i c a l l y requires the 
a d d i t i o n of c y s t e i n e , whereas the a c t i v a t i o n by sodium 
n i t r i t e occured i n the presence of one of several t h i o l s . ^ ^ 
The a c t i v a t i o n of guanylate cyclase by GTN i n the presence 
of c ysteine has been a t t r i b u t e d t o the r e a c t i o n between 
n i t r i c oxide, formed from GTN, and cysteine t o form 
S-nitrosocysteine. This has been shown t o be a potent 
a c t i v a t o r of u n p u r i f i e d guanylate cyclase i n the absence of 
added t h i o l s . ^ ^ ^ ' ^ ^ The a c t i v a t i o n of guanylate cyclase 
by S - n i t r o s o t h i o l s was found t o be i n h i b i t e d by methylene 
blue^"^"^^ and t h i s e f f e c t was also observed when n i t r i c 
oxide was used t o a c t i v a t e the enzyme.^ I n the cases of 
n i t r i c oxide, n i t r o p r u s s i d e and sodium n i t r i t e , the a d d i t i o n 
of t h i o l s were found t o enhance the a c t i v i t y of u n p u r i f i e d 
guanylate cyclase.^^ 

Carven and DeRubertis^^ i n i t i a l l y reported t h a t p a r t i a l l y 
p u r i f i e d hepatic guanylate cyclase required the presence of 
haem f o r the a c t i v a t i o n of the enzyme by n i t r i c oxide and 
n i t r o g e n o xide-containing compounds. This suggestion was 
based on the f i n d i n g t h a t guanylate cyclase was i n s e n s i t i v e 
t o a c t i v a t i o n by n i t r i c oxide and n i t r o g e n oxide-containing 
compounds but t h i s i n s e n s i t i v i t y was reversed by the 
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a d d i t i o n of haemoproteins. This suggestion has r e c e n t l y 
been s u b s t a n t i a t e d by the f i n d i n g s t h a t soluble guanylate 
cyclase p u r i f i e d from bovine lung i n a form t h a t i s 
haem-deficient r e q u i r e d the a d d i t i o n of haem i n order t o 
observe enzyme a c t i v a t i o n by n i t r i c oxide, S-nitroso 
- N - a c e t y l p e n i c i l l a m i n e and n i t r o g e n oxide-containing 
compounds but i t was markedly a c t i v a t e d by nitrosyl-haem 
complex (NO-haem) and protoporphyrin I X . ^ ^ ' ^ i Soluble 
guanylate cyclase, c o n t a i n i n g haem, p u r i f i e d from bovine 
lung was markedly a c t i v a t e d by a l l of the above compounds i n 
the absence of added haem. S i m i l a r l y , a haem-deficient 
guanylate cyclase r e c o n s t i t u t e d w i t h haem was markedly 
a c t i v a t e d by a l l of the above compounds. 

On the basis of these observations and the premice t h a t 
n i t r i c oxide react w i t h t h i o l s t o give S - n i t r o s o t h i o l s 
Ignarro and co-workers suggested t h a t S - n i t r o s o t h i o l s may be 
responsible f o r guanylate cyclase a c t i v a t i o n by n i t r i c oxide 
and other n i t r o g e n oxide-containing v a s o d i l a t o r s . 

5.1.3 N i t r i c oxide the endothelium-derived r e l a x i n g f a c t o r 

E n d o t h e l i a l c e l l s were f i r s t discovered by Furchgott^- t o 
be o b l i g a t o r y i n b r i n g i n g about the r e l a x a t i o n of i s o l a t e d 
a r t e r i e s by a c e t y l c h o l i n e . Since then several experiments 
c a r r i e d out on i s o l a t e d a r t e r i e s from various species have 
confirmed t h a t the presence of e n d o t h e l i a l c e l l s i s indeed a 
p r e r e q u i s i t e f o r b r i n g about r e l a x a t i o n by a c e t y l c h o l i n e , 
other neurohormonal substance, hormones and antacoids. 
These f i n d i n g s have also been confirmed i n i n t a c t 
organisms. ̂ -̂ "̂ ^ 
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I t i s thought t h a t the degree of c o n t r a c t i o n of the 
u n d e r l y i n g smooth muscle by e n d o t h e l i a l c e l l s , when 
st i m u l a t e d by a c e t y l c h o l i n e (or other endothelium-dependent 
r e l a x i n g agent), i s c o n t r o l l e d by the release of va s o d i l a t o r 
and/or v a s o c o n s t r i c t o r substances. This b e l i e f has been 
su b s t a n t i a t e d by bioassay studies c a r r i e d out on the 
e n d o t h e l i a l c e l l s from i s o l a t e d blood v e s s e l s ^ ^ ^ ^ and 
also from the f i n d i n g t h a t e n d o t h e l i a l c e l l s i n c u l t u r e 
maintain the a b i l i t y t o produce the r e l a x i n g s u b s t a n c e ^ ° 
The substance produced by the e n d o t h e l i a l c e l l s was termed 
by Furchgott as the endothelium-derived r e l a x i n g f a c t o r 
(EDRF). 

Since the discovery of EDRF, i t has been found t o 
st i m u l a t e soluble guanylate cyclase of vascular smooth 
muscles and t h i s r e s u l t s i n an increase i n the l e v e l of 
c y c l i c GMP.2^"^^ These are thought t o be responsible f o r 
the sustained endothelium-dependent r e l a x a t i o n caused by 
ac e t y l c h o l i n e (and other endothelium r e l a x a n t s ) . 
Furthermore, studies demonstrated t h a t EDRF was a l a b i l e 
humoral agent, w i t h an extremely short h a l f - l i f e and was 
r e a d i l y degraded by superoxide a n i o n s . ' ^ ^ ' • ^ ^ However, 
not u n t i l very r e c e n t l y was i t suggested by Furchgott''^ t h a t 
i t was n i t r i c oxide. This suggestion was substantiated by 
the f i n d i n g s of Palmer and c o - w o r k e r s . T h e y found t h a t 
n i t r i c oxide released from e n d o t h e l i a l c e l l was 
i n d i s t i n g u i s h a b l e from EDRF i n terms of b i o l o g i c a l a c t i v i t y , 
s t a b i l i t y and s u s c e p t i b i l i t y t o an i n h i b i t o r and t o a 
p o t e n t i a t o r . Thus i t may be possible t h a t n i t r o v a s o d i l a t o r s 
which act by r e l e a s i n g n i t r i c oxide can mimic the e f f e c t s of 
EDRF. 
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A f e a s i b i l i t y study of the r e a c t i o n of GTN and cysteine 
t o form S-nitrosocysteine and the p o s s i b i l i t y of forming 
n i t r i c oxide from GTN was i n v e s t i g a t e d and r e s u l t s presented 
below. U n f o r t u n a t e l y , only a p r e l i m i n a r y i n v e s t i g a t i o n was 
undertaken due t o the c o n s t r a i n t of time. 

5.2 E x t r a c t i o n of GTN from l a c t o s e adsorbate 

GTN was obtained as a 10% absorbate on lactose (a g i f t 
from Glaxo Research Group Ltd.) and i t was extracted from 
lactose by using d i e t h y l ether as an e x t r a c t i n g solvent. 
This was achieved by adding d i e t h y l ether (50 ml) t o the 
powder (5g) and continuously shaking the mixture f o r 10 
minutes. The mixture was then f i l t e r e d and the eluent 
c o l l e c t e d and l e f t standing overnight i n a fume cupboard. 
The GTN obtained was then dissolved i n 10% e t h a n o l / d i s t i l l e d 
water mixture. 

5.3 Reactions with c y s t e i n e i n a c i d and base conditions 

The p o s s i b i l i t y of S - n i t r o s a t i o n of cysteine by GTN under 
both a c i d and base conditions was i n v e s t i g a t e d . A study was 
c a r r i e d out using v a r y i n g concentration of cysteine 
(2 —• 20 X lO-^M) and g l y c e r y l t r i n i t r a t e (1 —^ 2 x lO'^M). 
I n the acid c o n d i t i o n s the concentration of p e r c h l o r i c acid 
used was also v a r i e d , w h i l s t i n the base conditions the 
r e a c t i o n was i n v e s t i g a t e d i n the pH range 6-13. 

I n a l l the case i n v e s t i g a t e d there was no evidence of the 
formation of S-nitrosocysteine. That i s there was no broad 
peak at A 330nm on the U.V./visible spectrum of the 
s o l u t i o n and also there was no yellow colour development 

- 155 -



which i s c h a r a c t e r i s t i c of S - n i t r o s o t h i o l s ( t h i o n i t r i t e ) 
species i n solution.'''^ However, when reactions were c a r r i e d 
out under basic and n e u t r a l conditions a white p r e c i p i t a t e 
was observed. This was i s o l a t e d and characterised as the 
d i s u l p h i d e , c y s t i n e by I.R. and elemental a n a l y s i s . The 
r a t e of formation of the d i s u l p h i d e was found t o vary w i t h 
pH and concentration of cysteine. I t was found t o be much 
(approx. 10 times) f a s t e r than the a e r i a l o x i d a t i o n of 
cysteine which occurred a f t e r approximately 10 hours. Thus 
i t may be concluded t h a t GTN oxidises cysteine t o cystine 
w h i l s t GTN i t s e l f undergoes reduc t i o n . The mechanism of 
t h i s r e a c t i o n i s s t i l l u n c e r t a i n since a k i n e t i c study of 
the r e a c t i o n could not be c a r r i e d out due t o the 
d i f f i c u l t i e s i n f i n d i n g an appropriate method f o r 
determining, q u a n t i t a t i v e l y , the formation of p r e c i p i t a t e . 

A s i m i l a r r e a c t i o n was observed by Heppel and Hilmoe^^ 
who found t h a t reduced g l u t a t h i o n e underwent a spontaneous 
r e a c t i o n w i t h GTN t o give inorganic n i t r i t e and oxidised 
g l u t a t h i o n e . The r e a c t i o n between GTN and reduced 
g l u t a t h i o n e can be enzymically catalysed, i s pH-dependent, 
and d u r i n g t h i s process 2 moles of reduced g l u t a t h i o n e are 
o x i d i s e d f o r every mole of n i t r i t e produced. The enzyme 
which catalyses the r e a c t i o n i s known as organic n i t r a t e 
reductase or more c o r r e c t l y as g l u t a t h i o n e : p o l y o l n i t r a t e 
o x i d o r e d u c t a s e ^ The most popular theory which accounts 
f o r the d e n i t r a t i o n of GTN by r e a c t i o n w i t h g l u t a t h i o n e 
assumes the i n i t i a l r e duction of the n i t r a t e group t o a 
n i t r i t e w i t h the o x i d a t i o n of g l u t a t h i o n e t o the disulphide 
(GSSG) and then the spontaneous h y d r o l y s i s of the organic 
n i t r i t e group t o give a p a r t i a l l y d e n i t r a t e d product and 
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inorganic n i t r i t e (Scheme 5.2). 

C H 2 ONO2 

C H 2 O N O 2 + 2GSH 
C H 2 ONO2 

CH2 ONO 
CH2 ONO2 

CH2 ONO2 

CH2 OH 
CH2 ONO2 

CH2 ONO2 

+ 2GSSG + 2 r 

NO2 + OH-

Scheme 5.2 

I t also assumes t h a t the reduction occurs p r i o r t o 
h y d r o l y s i s because d i r e c t h y d r o l y s i s would give r i s e t o 
n i t r a t e i o n which cannot be reduced t o inorganic n i t r i t e 
under the con d i t i o n s of the r e a c t i o n . However, the theory 
assumes the formation of an intermediate organic n i t r i t e 
species whose existence has never been demonstrated during 
these s t u d i e s . Thus the scheme although p l a u s i b l e lacks 
conclusive proof. Nevertheless, i t could be used t o explain 
the formation of cyst i n e when GTN i s reacted w i t h cysteine 
i n n e u t r a l and basic c o n d i t i o n s . 

The formation of n i t r i t e ion i n the above reactions was 
confirmed by d i a z o t i s a t i o n of sulphanilamide (4-amino-benze-
nesulphonamide) under a c i d i c conditions and then coupling 
the product w i t h N-(1-naphthyl)-ethylenediamine 
d i h y d r o c h l o r i d e by the procedure described by Vogel.^^ 
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I n a l l of the cases studied (base conditions) the formation 
of NO2" was confirmed using the above procedure. 

5.4 Reactions i n n i t r o g e n atmosphere 
Since the only d i f f e r e n c e between the above reactions and 

those c a r r i e d out by Ignarro and co-workers^ i s t h a t the 
re a c t i o n s were c a r r i e d out i n oxygen atmosphere instead of 
an oxygen-free n i t r o g e n atmosphere, i t was decided t o repeat 
the r e a c t i o n s i n s e c t i o n 5.2 but t h i s time i n ex a c t l y the 
same co n d i t i o n s as those used by Ignarro and co-workers.^ 

The s o l u t i o n s of GTN and cysteine were flushed w i t h 
oxygen-free n i t r o g e n , i n a glove-box, f o r approximately 
f o r t y minutes. The s o l u t i o n s were mixed and a sample of the 
s o l u t i o n was placed i n a U.V. quartz c e l l and sealed using 
l a b f i l m . Then U.V./visible scans (600nm-190nm) of the 
s o l u t i o n were taken at i n t e r v a l s of 5 mins f o r two hours. 
However, i n a l l the cases studied no evidence of the 
formation of S-nitrosocysteine was observed. The re a c t i o n 
s o l u t i o n was t e s t e d f o r the presence of n i t r i t e ion by the 
same procedure as described before. I n a l l the cases 
stu d i e d the formation of n i t r i t e ion was confirmed. 

5.5 Determination of n i t r i c oxide 
As Ignarro's hypothesis i s based on n i t r i c oxide being 

the e f f e c t i v e n i t r o s a t i n g agent i t was decided t o 
i n v e s t i g a t e the p o s s i b i l i t y of n i t r i c oxide being formed 
from GTN i t s e l f or from the r e a c t i o n of GTN and cysteine i n 
n e u t r a l and basic c o n d i t i o n s . 
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The r e a c t i o n of GTN (3 x 10"^M) w i t h cysteine (1 x 10"^M) 
i n oxygen-free n i t r o g e n atmosphere i n the pH range 6-13 was 
c a r r i e d out i n a round-bottomed f l a s k , attached w i t h a 
tap-stopper, f o r one hour. Whether or not n i t r i c oxide was 
formed i n the r e a c t i o n was i n v e s t i g a t e d by analysing the 
vapour i n the mass spectrometer. This was achieved by 
f r e e z i n g and thawing out the s o l u t i o n several times and then 
f i n a l l y f r e e z i n g the s o l u t i o n and e l u t i n g the vapour i n t o 
the mass spectrometer. As can been seen from the mass 
spectrum, of the r e a c t i o n of GTN w i t h cysteine at pH 7.5 
(Figure 5.1), t h a t there i s no evidence of the formation of 
n i t r i c oxide i n t h i s r e a c t i o n . S i m i l a r r e s u l t s were 
obtained f o r the reactions c a r r i e d out at various pH's i n 
the pH range 6-13. 
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F i g u r e 5.1 Mass spectrum f o r the r e a c t i o n of GTN and 
c y s t e i n e i n nitrogen atmosphere at pH 7.5 
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5.6 D i s c u s s i o n 
I n no case was there any evidence f o r the formation of 

S-nitrosocysteine from the r e a c t i o n of GTN and cysteine. I t 
was found t h a t GTN i s d e n i t r a t e d i n the presence of 
c y s t e i n e , i n oxygen-free n i t r o g e n atmosphere, t o release 
n i t r i t e ion but i n oxygen atmosphere the r e a c t i o n involves 
the o x i d a t i o n of cysteine t o cystine and the reduction of 
GTN t o n i t r i t e ion plus other products. The r e s u l t s are 
i n c o n s i s t e n t w i t h those found by Ignarro and co-workers^ 
except f o r the formation of n i t r i t e i o n . The question t h a t 
a r i e s from t h i s i s whether or not GTN owes i t s v a s o d i l a t o r y 
a c t i o n t o the formation of the intermediate, 
S - nitrosocysteine. The b i o l o g i c a l studies i n v o l v i n g 
S - n i t r o s o t h i o l s do support the hypothesis t h a t i t can be an 
i n t e r m e d i a t e . However, the hypothesis centres on the 
formation of n i t r i c oxide from the v a s o d i l a t o r s (which i s 
considered t o be the e f f e c t i v e n i t r o s a t i n g agent of t i s s u e 
bound t h i o l s ) but i t has been shown t h a t n i t r i c oxide i s not 
formed from GTN i n the presence or absence of cysteine at 
any pH w i t h i n the pH range 6-13. Thus i t seems from the 
p r e l i m i n a r y studies c a r r i e d out t h a t GTN does not owe i t s 
a c t i o n t o the formation of S - n i t r o s o t h i o l whereas the 
v a s o d i l a t o r y a c t i o n of organic n i t r i t e s may be due t o the 
formation of S - n i t r o s o t h i o l s . The r e a c t i o n of the organic 
n i t r i t e s w i t h t h i o l s i s not one i n v o l v i n g n i t r i c oxide, as 
proposed by Ignarro and co-workers,^ but one i n v o l v i n g the 
d i r e c t r e a c t i o n of the organic n i t r i t e w i t h the t h i o l a t e ion 
of the t h i o l . 

Having concluded t h a t GTN does not owe i t s v a s o d i l a t o r y 
a c t i o n t o the formation of the intei-mediate S - n i t r o s o t h i o l 
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one can hypothesise as t o the possible mechanism of the 
a c t i o n of GTN using the i n f o r m a t i o n derived from the 
p r e l i m i n a r y study c a r r i e d out and t h a t derived from the 
l i t e r a t u r e . One of the p o s s i b i l i t i e s i s t h a t GTN may owe 
i t s a c t i o n t o the formation of the d i s u l p h i d e from the 
r e a c t i o n of GTN and t h i o l . I t i s g e n e r a l l y believed t h a t 
the o x i d a t i o n - r e d u c t i o n r eactions i n v o l v i n g -SH groups 
govern the guanylate cyclase a c t i v i t y and the transformation 
of -SH t o S-S i s the p o t e n t i a l mechanism of enzyme 
a c t i v a t i o n . ^ ^ " ^ ^ Thus the formation of the disulphide 
c y s t i n e from the r e a c t i o n of GTN and cysteine i n an oxygen 
atmosphere would cause the a c t i v a t i o n of guanylate cyclase 
and i n t u r n increase the l e v e l of c y c l i c GMP and thus induce 
v a s o d i l a t i o n . This theory could also be used t o explain the 
v a s o d i l a t o r y e f f e c t of organic n i t r i t e s . I n t h i s case the 
mechanism would i n v o l v e the n i t r o s a t i o n of the t h i o l a t e ion 
t o form S - n i t r o s o t h i o l which being unstable would decompose 
t o give the d i s u l p h i d e and n i t r i c oxide (equation 5.1).^'* 

2RSN0 • RSSR + 2N0 (5.1) 

The d i s u l p h i d e and n i t r i c oxide would than cause the 
a c t i v a t i o n of the enzyme guanylate cyclase and thus induce 
v a s o d i l a t i o n . However, recent studies c a r r i e d out on 
p a r t i a l l y p u r i f i e d hepatic soluble guanylate cyclase 
i n d i c a t e t h a t the d i s u l p h i d e instead of a c t i v a t i n g the 
enzyme a c t u a l l y i n h i b i t s i t . i 4 > i 6 ? 4 2 j j ^ ^ g -(.ĵ g hypothesis of 
the formation of the d i s u l p h i d e i n the v a s o d i l a t o r y a c t i o n 
of organic n i t r i t e s and n i t r a t e s should be viewed w i t h 
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c a u t i o n . The other p o s s i b i l i t y i s t h a t GTN may owe i t s 
a c t i o n t o the formation of n i t r i c oxide. Although i t has be 
shown t h a t n i t r i c oxide i s not released from GTN or GTN plus 
cysteine i n in vitro r e a c t i o n s , i t may be possible t h a t 
n i t r i c oxide i s released i n in vivo reactions due t o the 
a c t i o n of an enzyme of the environment. I f t h i s i s the case 
than i t would account f o r the v a s o d i l a t o r y a c t i o n of GTN 
since i t has been observed t h a t n i t r i c oxide a c t i v a t e s the 
enzyme guanylate cyclase i n the absence of t h i o l s but i n the 
presence of haem. 

I n conclusion one can only say t h a t more experimentation, 
e s p e c i a l l y on the p o s s i b i l i t y of the release of n i t r i c oxide 
from GTN, i s necessary t o e l u c i d a t e f u l l y the mechanism by 
which GTN induces vascular smooth muscle r e l a x a t i o n . 
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CHAPTER SIX 

Experimental d e t a i l s 



6.1 Experimental techniques used 
Both conventional U.V./visible spectrophotometry and 

stopped-flow spectrophotometry were used f o r the 
determination of r a t e constants quoted i n t h i s t h e s i s . 

6.1.1 U.V./visible spectrophotometrv 
Rate measurements f o r the n i t r o s a t i o n of t h i o l s by 

i s o p r o p y l n i t r i t e , isoamyl n i t r i t e and t - b u t y l n i t r i t e i n 
basic c o n d i t i o n s (except those w i t h h a l f - l i f e less than 10 
seconds) were c a r r i e d out by using e i t h e r Perkin Elmer 
Lambda 3 or P h i l i p s PU8720 spectrophotometers. 

Stock s o l u t i o n of the t h i o l s and a l k y l n i t r i t e were made 
up i n the appropriate b u f f e r and thermostated i n a water 
bath at 25^C. The required amount of the a l k y l n i t r i t e 
s o l u t i o n was added t o the t h i o l s o l u t i o n ( t o t a l volume 5ml) 
and a f t e r r a p i d mixing, a p o r t i o n of the r e a c t i o n mixture 
was t r a n s f e r e d t o a 1cm quartz c e l l and placed i n a 
thermostated c e l l holder of the spectrophotometer. An 
i d e n t i c a l c e l l c o n t a i n i n g the solvent was used as the 
reference. The d i f f e r e n c e i n absorbance between the sample 
and reference c e l l was then monitored as a f u n c t i o n of time. 

6.1.2 Stopped-flow spectrophotometrv 
Rate measurements f o r the n i t r o s a t i o n of t h i o l s by 

i s o p r o p y l n i t r i t e i n acid conditions and by various a l k y l 
n i t r i t e s i n basic conditions (except those w i t h h a l f - l i v e s 
g r e a t e r than 10 seconds) were c a r r i e d out using a HI-TECH 
S c i e n t i f i c SF-3 series stopped-flow spectrophotometer. This 
i s shown schematically i n Figure 6.1. 
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The two s o l u t i o n s , A and B (one normally being the a l k y l 
n i t r i t e and other c o n t a i n i n g a l l the other components of the 
r e a c t i o n ) , are stored i n r e s e r v o i r s and from there enter two 
i d e n t i c a l syringes. A s i n g l e p i s t o n d r i v e s the two syringes 
so t h a t equal volumes of each s o l u t i o n are mixed. On 
mixing, the concentration of each reactant present i s 
halved. The r e a c t i o n s o l u t i o n then flows i n t o a t h i r d 
s y r i n g e . On f i l l i n g , the plunger of t h i s syringe i s forced 
against a stop which h a l t s the flow and at the same time the 
t r i g g e r which s t a r t s the monitoring of the r e a c t i o n . 

The r e a c t i o n i s followed by using a beam of monochromatic 
l i g h t which passes through the c e l l . The i n t e n s i t y of the 
beam i s converted t o an e l e c t r i c a l s i g n a l and a m p l i f i e d by a 
p h o t o m u l t i p l i e r , which has a voltage of approximately -6 
v o l t s across i t . I f t h i s s i g n a l were t o be used, the change 
i n voltage due t o the r e a c t i o n proceeding would appear as a 
very small voltage change superimposed on the 
p h o t o m u l t i p l i e r ' s standing output voltage, so an equal but 
opposite voltage i s added t o the standing voltage (biasing) 
a l l o w i n g a m p l i f i c a t i o n by the recording equipment of the 
voltage change only. Therefore w i t h j u s t a non-absorbing 
s o l u t i o n a t the observation p o i n t the f i n a l voltage i s zero 
and any voltage change observed r e s u l t s from the progression 
of the r e a c t i o n . The voltage changes were recorded and 
analysed t o give the r a t e constant, by an Apple l i e 
microcomputer by e i t h e r running a k i n e t i c analysis program 
supplied by "HITECH" ( v i a a f a s t analogue t o d i g i t a l 
converter) or by using the Firs t - O r d e r Rate Constant 
Evaluation (FORCE) program, w r i t t e n by Mr. C. Greenhalgh. 
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6.2 pH Measurements 
A l l pH measurements were c a r r i e d out using a PTI-6 

U n i v e r s a l d i g i t a l pH meter (accurate t o ! 0.02 pH u n i t s ) . 

6.3 Determination of the observed r a t e constant 
The n i t r o s a t i o n of t h i o l s by a l k y l n i t r i t e s i n acid and 

basic c o n d i t i o n s were c a r r i e d out under f i r s t - o r d e r 
c o n d i t i o n s and the reactions were followed by monitoring the 
r a t e of appearance of the product w i t h time. 

For f i r s t - o r d e r r e a c t i o n R • P (where R i s the 
reactant and P i s the product) the r a t e of formation of the 
product or the r a t e of the disappearance of the reactant can 
be expressed by the equation 6.1. 

- ^ = ^ = k m (6.1) 

I n t e g r a t i n g equation 6.1 gives the expression f o r the 
observed f i r s t - o r d e r r a t e constant (equation 6.2). 

ko = I I n 
W Q (6.2) 

Where [ R ] ^ and [ R ] ^ are the concentrations of the reactants 
at time t = 0 and t = t r e s p e c t i v e l y . 

Using Beer-Lamberts law A = eCl (where A i s the 
absorbance, £ i s the molar e x t i n c t i o n c o e f f i c i e n t , C i s the 
c o n c e n t r a t i o n and 1 i s the pathlength) and assuming t h a t the 
pathlength of the c e l l i s 1cm the expression of the 
absorbance at time t = 0 and t = t can be derived (equations 
6.3 and 6.4). 
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\ = W o (6-3) 

^ t = ^R M t ^ P̂ tPJt (6-4) 

Since [Pj-^. = [ R ] Q - [ R ] ^ s u b s t i t u t i n g f o r [ P ] ^ i n t o equation 
6.4 gives: 

h = ^R M t ( [ R ] ^ - [ R ] ^ ) (6.5) 

h = ^R W t ^ ^p W o - P̂ W t (6-5) 

But A^ = Gp [ R ] ^ = Gp [ P ] ^ Since [ P ] ^ = [R] ̂  

Thus: ( A ^ - A J = GR [ R ] ^ - Gp [ R ] ^ 

(A, - A ) 
[R]^ = ^ (6.6) 

^ (̂ R - ^P) 

S i m i l a r l y : A^ = [R] ̂  

and A^ = Gp [ P ] ^ = Gp [ R ] ^ 

(K - V = ̂ R t l ^ ^ o - P̂ 0 

(A - A ) 
[R] = 1-2 ^ (6.7) 

' (̂ R - ^P) 
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S u b s t i t u t i n g equation 6.6 and 6.7 i n t o equation 6.2 gives: 

1 (A. - A ) 
ko = i I n ^ (6.8) 

(A, - A ) 

Rearranging equation 6.8 gives: 

I n (A^ - A J = -kot + I n (A^ - A J (6.9) 

Therefore a p l o t of I n (A^ - A^) or I n (A^ - A^) versus t 
should be l i n e a r w i t h a slope of -ko. The i n f i n i t y values, 
A was determined a f t e r a period of ten h a l f - l i v e s and the 
CO, ^ 

appearance of absorbance was followed f o r at l e a s t two 

h a l f - l i v e s . 
For experiments c a r r i e d out using the stopped-flow 

technique the value was determined using the "FORCE" or 
"HITECH" k i n e t i c s program. The "FORCE" program ca l c u l a t e s 
the value of ko from the slope of a p l o t of l n ( V ^ - V^) 
versus t i m e , t , where V i s the output s i g n a l v o l tage, and 
under the experimental conditions used the voltage i s 
p r o p o r t i o n a l t o the absorbance. I n t h i s case a l i n e a r 
regression combined w i t h l e a s t squares f i t method i s used t o 
c a l c u l a t e the value of ko. However, the "HITECH" program 
i n i t i a l l y c a l c u l a t e s the value of ko from the slope of a 
ca l c u l a t e d p l o t of ln(V - V.) versus time, then optimises 
t h i s value i t e r a t i v e l y , using non-linear regression analysis 
thus removing some of the e r r o r s inherent i n using l i n e a r 
regression methods. 

172 -



Owing t o the e r r o r s i n measuring f a s t r e a c t i o n s , the 
value of ko quoted f o r these reactions i s the mean of at 
l e a s t f i v e separate determinations and the e r r o r quoted i s 
the standard d e v i a t i o n between the i n d i v i d u a l ko values. 

6.4 Chemical reagents 
A l l the a l k y l n i t r i t e s used were prepared by the method 

of Noyes.^ This preparation involves 0 - n i t r o s a t i o n of the 
al c o h o l by n i t r o u s acid which i s generated i n s i t u from 
sodium n i t r i t e and concentrated sulphuric acid (equation 
6.10) . 

2NaN02 + H2SO4 • 2HNO2 + Na2S04 
(6.10) 

ROH + HNO2 ^ RONO + H2O 

The r e a c t i o n i s c a r r i e d out at 0°C i n an ice bath and the 
a l k y l n i t r i t e separated from the aqueous layer and 
subsequently 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 f o r t - b u t y l n i t r i t e ) . The sample i s then 
analysed by n.m.r./U.V. and stored i n the dark at 0-4*̂ C. 
The a l c o h o l s , sodium n i t r i t e and concentrated sulphuric acid 
used i n these r e a c t i o n s were conmiei-cially a v a i l a b l e and used 
as supplied. 

A l l the t h i o l s used were purchased commercially and used 

as supplied. 
The s o l u t i o n s of p e r c h l o r i c acid were prepared by 

d i l u t i n g the req u i r e d amount of 60-62% p e r c h l o r i c acid 
s o l u t i o n w i t h d i s t i l l e d water. The acid s o l u t i o n s were then 
standardised against standard sodium hydroxide s o l u t i o n 
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using phenolphthalein i n d i c a t o r . 
The s a l t s , potassium hydrogen ph t h a l a t e , potassium 

dihydrogen orthophosphate, borax and disodium hydrogen 
orthophosphate, used f o r preparing b u f f e r s o l u t i o n s were 
purchased commercially and used as supplied. 

6.5 Ki n e t i c Measurements 

6.5.1 Nitrosation of t h i o l s by isopropyl n i t r i t e i n acid 
solution 

The r a t e measurements were c a r r i e d out using a HI-TECH 
S c i e n t i f i c SF-3 series stopped-flow spectrophotometer. The 
r e a c t i o n was s t a r t e d , as explained e a r l i e r , by mixing 
together equal amounts of the two s o l u t i o n s , one containing 
"'"PrONO, the other co n t a i n i n g the t h i o l and acid and •'"PrOH 
where a p p r o p r i a t e . The r e a c t i o n was followed by monitoring 
the increase i n absorbance at 330 nm due t o the formation of 
the S - n i t r o s o t h i o l . The conditions used were such t h a t the 
concentrations of a l l the other species were i n excess of 
the a l k y l n i t r i t e c o n c e n t r a t i o n , and good f i r s t order p l o t s 
of l n ( V ^ - V^) versus time were obtained. T y p i c a l k i n e t i c 
runs f o r each of the t h i o l s studied are shown i n tables 
6.1-6.5. Table 6.6 shows a t y p i c a l set of i n d i v i d u a l ko 
values from which the mean ko value was determined. 

174 



Table 6.1 N i t r o s a t i o n of Cysteine by ̂ PrONO 
;^PrONO] = 1 X 10-m [ H C I O 4 ] = 5.2 x 10"m 

[Cys] = 3.2 X 10-2M 

V̂ /mV t / s ko/s-i 

194.7 0 — 
219 0.5 .519 
238 1.0 .523 
253 1.5 .530 
264 2.0 .528 
273 2.5 .534 
279 3.0 .525 
284 3.5 .524 
288 4.0 .525 
291 4.5 .525 
301 00 — 

ko = .526 ,004 s-

Table 6.2 N i t r o s a t i o n of L-cysteine methyl ester by """PrONO 
;^PrONO] = 1 X 10-4M [ H C I O 4 ] = 36.5 x 10'^M 

;MeCys] = 1.36 x 10-^M 

V̂ /mV t / s ko/s-i 

86.7 0 — 
198.0 0.2 1.220 
273.0 0.4 1.238 
328.4 0.6 1.220 
375.4 0.8 1.236 
411.8 1.0 1.238 
440.8 1.2 1.261 
461.7 1.4 1.258 
535.8 00 — 

ko = 1.239 ! .016 s-^ 
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Table 6.3 N i t r o s a t i o n of L-cysteine e t h y l ester by """PrONO 
;^PrONO] = 1 X 10-4M [HCIO4] = 27.37 x 10"m 

[EtCys] = 1.41 X 10-2M 

V̂ /mV t / s k o / s - i 

45.4 0 — 
189.9 0.2 .927 
281.0 0.4 .927 
338.0 0.6 .925 
374.1 0.8 .926 
396.8 1.0 .926 
411.1 1.2 .927 
420.0 1.4 .925 
389.9 00 — 

ko = .926 ,0009 s-

Table 6.4 N i t r o s a t i o n of N-acetyl-L-cysteine by ""̂ PrONO 
[^PrONO] = 1 X 10-4M [HCIO4] = 36.5 x 10"2M 

;N-Ac-Cys] = 4.06 x 10-^M 

V̂ /mV t / s k o / s - i 

4.4 0 — 
127.1 .02 21.46 
207.0 .04 21.46 
259.0 .06 21.46 
292.8 .08 21.47 
314.9 .10 21.46 
329.2 .12 21.45 
338.6 .14 21.47 
356.0 00 — 

ko = 21.46 ! .007 s - 1 
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Table 6.5 N i t r o s a t i o n of gl u t a t h i o n e by ̂ PrONO 
[̂ -PrONO] = 1 X 10-4M [HCIO4] = 36.5 x 10"ni 

;GSH] = 4.08 X 10-2M 

V̂ /mV t / s ko/s-^ 

77.8 0 — 
2 0 4 . 0 .02 1 6 . 6 7 
296.0 .04 16.65 
3 6 1.0 .06 16.63 
4 0 8 . 0 .08 16.55 
4 4 1 . 2 . 1 0 1 6 . 6 1 
4 6 5 . 3 . 1 2 1 6 . 6 1 
4 8 2 . 6 . 1 4 1 6 . 6 1 
5 2 6 . 4 00 — 

ko = 1 6 . 6 2 1 .04 s-i 

Table 6.6 A t y p i c a l set of du p l i c a t e runs. 
The concentrations of the reagents are the same as i n 
t a b l e 6.5 

Run k o / s-i 
1 16. 6 1 
2 16. 63 
3 16. 62 
4 16. 65 
5 16. 60 

ko = 16.62 1 .02 s-i 
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6.5.2 N i t r o s a t i o n of t h i o l s by a l k v l n i t r i t e s i n basic 
c o n d i t i o n s 

The r a t e measurements were c a r r i e d out using one of the 
f o l l o w i n g : HI-TECH S c i e n t i f i c SF-3 series stopped-flow 
spectrophotometer, Perkin Elmer Lambda 3 spectrophotometer 
of P h i l i p s PU8720 spectrophotometer. The r e a c t i o n was 
s t a r t e d by mixing the appropriate amount of the t h i o l 
s o l u t i o n w i t h the a l k y l n i t r i t e s o l u t i o n . The r e a c t i o n was 
fo l l o w e d by moni t o r i n g the increase i n absorbance at 330nm 
due t o the formation of S - n i t r o s o t h i o l . The conditions used 
were such t h a t the concentration of the t h i o l was i n excess 
of the a l k y l n i t r i t e concentration and good f i r s t - o r d e r 
p l o t s of l n ( V ^ - V^) versus time were obtained. Typical 
k i n e t i c runs f o r each of the t h i o l s studied are shown i n 
t a b l e s 6.7-6.12. Table 6.13 shows a t y p i c a l set of 
i n d i v i d u a l ko values from which the mean ko value i s 
determined. 

Table 6.7 N i t r o s a t i o n of Cysteine by ^PrONO at pH 7.0 
[^PrONO] = 1 X 10-4M [CYS] = 5.2 x 10-m 

^ t t / s k o / s - i 

.314 0 — 

.347 4 .0254 

.372 8 .0232 

.396 12 .0228 

.418 16 .0227 

.439 20 .0227 

.458 24 .0228 

.656 00 — 
ko = .0233 1 .001 s"^ 
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Table 6.8 Nitrosation of L-Cysteine methyl ester by ̂ BuONO 
at pH 8.5 

["̂ BuONO] = 1 X 10"'̂ M [MeCys] = 10.0 x 10' 

t/s 

.134 0 

.149 4 .0492 

.159 8 .0442 

.168 12 .0432 

.176 16 .0433 

.183 20 .0438 

.189 24 .0443 

.193 28 .0433 

.198 32 .0448 

.201 36 .0444 

.218 00 — 

ko = .0445 1 .002 s-i 

Table 6.9 Nitrosation of L-Cysteine ethyl ester by ÂmONO 
at pH 6.0 

[̂ AmONO] = 1 X 10-4M [EtCys] = 2.02 x 10"^1 

^ t t/s 

.273 0 — 

.336 10 .0165 

.388 20 .0162 

.438 30 .0169 

.473 40 .0164 

.505 50 .0164 

.532 60 .0163 

.556 70 .0164 

.575 80 .0163 

.688 00 — 
ko = .0164 1 .0002 s"̂  
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Table 6.10 Nitrosation of N-acetyl-L-Cysteine by Br(CH2)2 0N0 
at pH 10.0 

[Br (CH2)2 0N0] = 1 x 10" Hi ;N-Ac-Cyst] = 7.86 x 10" 

V̂ /mV t/s ko/s-1 

111.2 0 — 
297.9 .01 53.40 
407.0 .02 53.30 
471.5 .03 53.40 
509.0 .04 53.35 
531.0 .05 53.30 
544.1 .06 53.42 
552.0 .07 53.86 
562.4 00 — 

ko = 53.43 19 s-i 

Table 6.11 Nitrosation of glutathione by C2H50(CH2)2ONO 
at pH 9.2 

;c2H5 0(CH2)2 0N0] = 1 X 10-ni [GSH] = 3.99 X 10-ni 

V̂ /mV t/s ko/s-i 

155.5 0 — 
343.0 .10 4.635 
461.0 .20 4.636 
535.0 .30 4.631 
581.9 .40 4.637 
611.0 .50 4.627 
629.7 .60 4.637 
641.3 .70 4.636 
661.0 00 — 

ko = 4.634 ! .0038 s-̂  
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Table 6.12 Nitrosation of t h i o g l y c o l i c acid by C1(CH2)2 0N0 
at pH 9.0 

[ci(CH2)2 0N0] = 1 X 10-m ;TGA] = 1.99 X 10-2 M 

V̂ /mV t/s ko/s-^ 

53.3 0 — 
152.5 .10 2.907 
227.0 .20 2.914 
282.0 .30 2.904 
323.5 .40 2.904 
354.5 .50 2.903 
378.0 .60 2.910 
395.0 .70 2.902 
446.6 00 — 

ko = 2.906 1 .0043 s-i 

Table 6.13 A t y p i c a l set of duplicate runs. 
The concentrations of the reagents are the same as i n 
table 6.12 

Run k o/s-i 
1 2.906 
2 2.903 
3 2.908 
4 2.909 
5 2.904 

ko = 2.906 1 .0025 s-i 
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APPENDIX 

RESEARCH COLLOQUIA, SEMINARS, LECTURES 
AND CONFERENCES 



The Board of Studies i n Chemistry requires that each 
postgraduate research thesis contains an appendix l i s t i n g : 

(A) a l l research colloquia, seminars and lectures arranged 
by the Department of Chemistry during the period of the 
author's residence as a postgraduate student; 

(B) lectures organised by Durham University Chemical 
Society; 

(C) a l l research conferences attended and papers presented 
by the author during the period when research for the thesis 
was carried out; 

(D) d e t a i l s of the postgraduate induction course. 
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(A) Research colloquia. seminars and lectures organised by 
Durham University Chemistry Department. 1986-1989 

(* denotes lectures attended) 

* 29.10.86 Prof. E.H. Wong (University of New Hampshire, 
U.S.A.), 'Coordination Chemistry of P-O-P 
Ligands'. 

* 05.11.86 Prof. D. Dopp (University of Duisburg), 
'Cyclo-additions and Cyclo-reversions Involving 
Captodative Alkenes'. 

* 26.11.86 Dr. N.D.S. Canning (University of Durham), 
'Surface Adsorption Studies of Relevance to 
Heterogeneous Ammonia Synthesis'. 

* 03.12.86 Dr. J. M i l l e r (Dupont Central Research), 
'Molecular Ferromagnets: Chemistry and Physical 
Properties' . 

08.12.86 Prof. T. Dorfmuller (University of Bi e l e f e l d ) , 
'Rotational Dynamics i n Liquids and Polymers'. 

28.01.87 Dr. V. Clegg (University of Newcastle-upon-
Tyne), 'Carboxylate Complexes of Zinc: Charting 
a Structural Jungle'. 

04.02.87 Prof. A. Thomson (University of East Anglia), 
'Metalloproteins and Magnetooptics'. 

* 11.02.87 Dr. T. Shepherd (University of Durham), 
'Pteridine Natural Products: Synthesis and Use 
in Chemotherapy'. 

17.02.87 Prof. E.H. Vong (University of New Hampshire, 
U.S.A.), 'Symmetrical Shapes from Molecules to 
Art and Nature'. 

04.03.87 Dr. R. Newman (University of Oxford), 'Change 
and Decay: A Carbon-13 CP/MAS NMR Study of 
Humification and Coa l i f i c a t i o n Processes'. 

11.03.87 Dr. R.D. Cannon (University of East Anglia), 
'Electron Transfer i n Polynuclear Complexes'. 

17.03.87 Prof R.F. Hudson (University of Kent), 'Aspects 
of Organophosphorus Chemistry'. 

* 18.03.87 Prof. R.F. Hudson (University of Kent), 
'Homolytic Rearrangements of Free Radical 
S t a b i l i t y ' . 

* 27.03.87 Graduate Chemists (Northeast Polytechnics and 
Un i v e r s i t i e s ) , R.S.C. Graduate Symposium. 
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* 06.05.87 Dr. R. Bartsch (University of Sussex), 'Low 
Co-ordinated Phosphorus Compounds'. 

* 07.05.87 Dr. M. Harmer ( I . C . I . Chemicals fe Polymer 
Group), 'The Role of Organometallics i n Advanced 
Materials'. 

11.05.87 Prof. S. Pasynkiewicz (Technical University, 
Warsaw), 'Thei'mal Decomposition of Methyl Copper 
and i t s Reactions with Trialkylaluminium'. 

27.05.87 Dr. R.M. Blackburn (University of Sheffield), 
'Phosphonates as Analogues of Biological 
Phosphate Esters'. 

* 24.06.87 Prof. S.M. Roberts (University of Exeter), 
'Synthesis of Novel A n t i v i r a l Agents'. 

26.06.87 Dr. C. Krespan (E.I. Dupont de Nemours), 'Nickel 
(0) and Iron (0) as Reagents i n Organofluorine 
Chemistry'. 

04.11.87 Mrs. M. Mapletoft (Durham Chemistry Teachers' 
Centre), 'Salters' Chemistry'. 

* 19.11.87 Dr. J. Davidson (Herriot-Vatt University), 
'Metal Promoted Oligemerisation Reactions of 
Alkynes'. 

* 10.12.87 Dr.C.J. Ludman (University of Durham), 
'Explosives'. 

* 16.12.87 Mr. R.M. Swart ( I . C . I . ) , 'The Interaction of 
Chemicals with L i p i d Bilayers'. 

16.03.88 Mr. L. Bossons (Durham Chemistry Teachers' 
Centre), 'GCSE Practical Assessment'. 

* 07.04.88 Prof. M.P. Hartshorn (University of Canterbury, 
New Zealand), 'Aspects of Ipso-Nitration'. 

13.04.88 Mrs. E. Roberts (SATRO Officer for Sunderland), 
Talk - Durham Chemistry Teachers' Centre, 'Links 
Between Industry and Schools'. 

* 18.04.88 Prof. C.A. Nieto de Castro (University of Lisbon 
and Imperial College), 'Transport Properties of 
Non-polar Fluids'. 

* 19.04.88 Graduate Chemists (Northeast Polytechnics and 
Un i v e r s i t i e s ) , R.S.C. Graduate Symposium. 

24.04.88 Prof. D. B i r c h a l l ( I . C . I Advanced Materials), 
'Environmental Chemistry of Aluminium'. 

27.04.88 Dr. J.A. Robinson (University of Southampton), 
'Aspects of A n t i b i o t i c Biosynthesis'. 

27.04.88 Dr. R. Richardson (University of B r i s t o l ) , 
'X-Ray D i f f r a c t i o n from Spread Monolayers'. 
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28.04.88 Prof. A. Pines (University of California, 
Berkeley, U.S.A.), 'Some Magnetic Moments'. 

* 11.05.88 Dr. V.A. McDonald ( I . C . I . V i l t o n ) , 'Liquid 
Crystal Polymers'. 

11.05.88 Dr. J. Sodeau (University of East Anglia), 
Durham Chemistry Teachers' Centre Lecture, 
'Spray Cans, Smog and Society'. 

08.06.88 Prof. J.-P. Majoral (Universite Paul Sabatier), 
'Sta b i l i s a t i o n by Complexation of Short-Lived 
Phosphorus Species'. 

* 29.06.88 Prof. G.A. Olah (University of Southern 
C a l i f o r n i a ) , 'New Aspects of Hydrocarbon 
Chemistry'. 

18.10.88 Dr. J. Dingwall (Ciba Geigy), 
'Phosphorus-containing Amino Acids: 
B i o l o g i c a l l y Active Natural and Unnatural 
Products'. 

18.10.88 Mr. F. Bollen (Durham Chemistry Teachers' 
Centre), 'The Use of SATIS i n the classroom'. 

* 18.10.88 Dr. C.J. Ludman (Durham University), 'The 
Energetics of Explosives'. 

09.11.88 Dr. G. Singh (Teesside Polytechnic), 'Towards 
Third Generation Anti-Leukaemics'. 

16.11.88 Dr. K.A. McLauchlan (University of Oxford), 'The 
Effect of Magnetic Fields on Chemical 
Reactions'. 

* 02.12.88 Dr. G. Hardgrove (St. Olaf College, U.S.A.), 
'Polymers i n the Physical Chemistry Laboratory'. 

09.12.88 Dr. C. Jaeger (Friedrich-Schiller University 
GDR), 'NMR investigations of Fast Ion Conductors 
of the NASICON Type'. 

14.12.88 Dr. C. Mortimer (Durham University Teachers' 
Centre), 'The Hindenberg Disaster - An Excuse 
f o r Some Experiments' 

25.1.89 Dr. L. Harwood (University of Oxford), 
'Synthetic Approaches to Phorbols Via 
Intramolecular Furan Diels-Alder Reactions: 
Chemistry Under Pressure 

01.02.89 Mr. T. Cressey and Mr. D. Waters (Durham 
Chemistry Teachers' Centre), 'GCSE Chemistry 
1988: A Coroner's Report'. 

* 13.02.89 Prof. R.R. Schrock (M.I.T.), 'Recent Advances i n 
Living Metathesis'. 
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* 15.02.89 Dr. A.R. Butler (St. Andrews University), 
'Cancer i n Linxiam: The Chemical Dimension'. 

22.02.89 Dr. G. MacDougall (Edinburgh Univ e r s i t y ) , 
'Vibrational Spectroscopy of Model Catalytic 
Systems'. 

01.03.89 Dr. R.J. Errington (University of Newcastle-
upon-Tyne), 'Polymetalate Assembly i n Organic 
Solvents' . 

09.03.89 Dr. I . Marko (Sheffield University), 'Catalytic 
Asymmetric Osmylation of Olefins'. 

14.03.89 Mr. P. Revell (Durham Chemistry Teachers' 
Centre), 'Implementing Broad and Balanced 
Science 11-16'. 

15.03.89 Dr. R. Aveyard (University of H u l l ) , 
'Surfactants at your Surface'. 

* 12.04.89 Graduate Chemists (Northeast Polytechnics and 
Un i v e r s i t i e s ) , R.S.C. Graduate Symposium. 

20.04.89 Dr. M. Casey (University of Salford), 
'Sulphoxides i n Stereoselective Synthesis'. 

* 27.04.89 Dr. D. Crich (University College London), 'Some 
Novel Uses of Free Radicals i n Organic 
Synthesis'. 

03.05.89 Mr. A. Ashman (Durham Chemistry Teachers' 
Centre), 'The Chemical Aspects of the National 
Curriculum'. 

03.05.89 Dr. P.CB. Page (University of Liverpool), 
'Stereocontrol of Organic Reactions Using 
1,3-dithiane-1-oxides'. 

* 10.05.89 Prof. P.B. Veils (Hull University), 'Catalyst 
Characterisation and A c t i v i t y ' . 

11.05.89 Dr. J. Frey (Southampton University, 
'Spectroscopy of the Reaction Path: 
Photodissociation Raman Spectra of NOCl'. 

16.05.89 Dr. R. Stibr (Czechoslovak Academy of Sciences) 
'Recent Developments i n the Chemistry of 
Intermediate-Sited Carboranes'. 

* 17.05.89 Dr. C.J. Moody (Imperial College), 'Reactive 
Intermediates i n Heterocyclic Synthesis' 

23.05.89 Prof. P. Paetzold (Aachen), 'Iminoboranes 
XBEENR: Inorganic Acetylenes ?'. 

14.06.89 Dr. M.E. Jones (Durham Chemistry Teachers' 
Centre), 'GCSE and A-level Chemistry 1989' 
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15.06.89 Prof. J. Pola (Czechslovak Academy of Sciences), 
'Carbon Dioxide Laser Induced Chemical Reactions 
- New Pathways i n Gas-Phase Chemistry'. 

28.06.89 Dr. M.E. Jones (Durham Chemistry Teachers' 
Centre), 'GCSE and A-level Chemistry 1989'. 

11.07.89 Dr. D. Nicholls (Durham Chemistry Teachers' 
Centre), 'Liquid Air Demonstration'. 

(B) Lectures organised bv Durham University Chemical 
Society 1986-1989 

(* denotes lectures attended) 
* 16.10.86 Prof. N.N. Greenwood (University of Leeds), 

'Glorious Gaffes i n Chemistry'. 
* 23.10.86 Prof. H.V. Kroto (University of Sussex), 

'Chemistry i n Stars, between Stars and in the 
Laboratory', 

* 30.10.86 Prof. D. Betteridge (B.P. Research), 'Can 
Molecules Talk I n t e l l i g e n t l y ' . 

* 06.11.86 Dr. R.M. Scrowston (University of H u l l ) , 'From 
Myth and Magic to Modern Medicine'. 

* 13.11.86 Prof. Sir G. Allen (Unilever Research), 
'Biotechnology and the Future of the Chemical 
Industry'. 

20.11.86 Dr. A. Milne and Mr. S. Christie (International 
Paints), 'Chemical Serendipity - A Real L i f e 
Case Study'. 

* 27.11.86 Prof. R.L. Williams (Metropolitan Police 
Forensic Science), 'Science and Crime'. 

22.01.87 Prof. R.H. O t t e w i l l (University of B r i s t o l ) , 
'Colloid Science: A Challenging Subject'. 

* 05.02.87 Dr. P. Hubberstey (University of Nottingham), 
'Demonstration Lecture on Various Aspects of 
A l k a l i Metal Chemistry'. 

* 12.02.87 Dr. D. Brown ( I . C . I . Billingham), 'I n d u s t r i a l 
Polymers from Bacteria'. 

* 19.02.87 Dr. M. Jarman ( I n s t i t u t e of Cancer Research), 
'The Design of Anti-Cancer Drugs'. 

05.03.87 Prof. S.V. Ley (Imperial College), 'Fact and 
Fantasy i n Organic Synthesis'. 

* 09.03.87 Prof. E.G. Bordwell (Northeastern University, 
U.S.A.), 'Carbon Anions, Radicals, Radical 
Anions and Radical Cations'. 
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* 12.03.87 Dr. E.M. Goodger (Cranfield I n s t i t u t e of 
Technology), 'Alternative Fuels fo r Transport'. 

* 15.10.87 Dr. M.J. Winter (University of Shef f i e l d ) , 
'Pyrotechnics (Demonstration Lecture)'. 

* 22.10.87 Prof. G.W. Gray (University of H u l l ) , 'Liquid 
Crystals and t h e i r Applications'. 

* 29.10.87 Mrs. S. van Rose (Geological Museum), 'Chemistry 
of Volcanoes'. 

* 05.11.87 Dr. A.R. Butler (University of St. Andrews), 
'Chinese Alchemy', 

* 12.11.87 Prof. D. Seebach (E.T.H. Zurich), 'From 
Synthetic Methods to Mechanistic Insight'. 

* 19.11.87 Prof. P.G. Sammes (Smith, Kline and French), 
'Chemical Aspects of Drug Development'. 

* 26.11.87 Dr. D.H. Williams (University of Cambridge), 
'Molecular Recognition'. 

* 03.12.87 Dr. J. Howard ( I . C . I . Wilton), 'Liquid Crystal 
Polymers'. 

* 21.01.88 Dr. F. Palmer ^University of Nottingham), 
'Luminescence (Demonstration Lecture)'. 

28.01.88 Dr. A. Cairns-Smith (University of Glasgow), 
'Clay Minerals and the Origin of L i f e ' . 

* 11.02.88 Prof. J.J. Turner (University of Nottingham), 
Catching Organometallic Intermediates'. 

* 18.02 88 Dr. K. Borer (University of Durham I n d u s t r i a l 
Research Laboratories), 'The Brighton Bomb - A 
Forensic Science View'. 

* 25.02.88 Prof. A. Underhill, (University of Bangor), 
'Molecular Electronics'. 

03.03.88 Prof. W.A.G. Graham (University of Alberta, 
Canada), 'Rhodium and Iridium Complexes in the 
Activation of Carbon-Hydrogen Bonds'. 

* 06.10.88 Prof. R. Schmutzler (University of 
Braunschweig), 'Fluorophosphines Revisited - New 
Contributions to an Old Theme'. 

21.10.88 Prof. P. von Rague Schleyer (University of 
Erlangen), 'The F r u i t f u l Interplay Between 
Calculational and Experimental Chemistry'. 

* 27.10.88 Prof. W.C. Rees (Imperial College), 'Some Very 
Heterocyclic Compounds'. 

* 10.11.88 Prof. J.I.G. Cadogan (B.P. Research), 'From Pure 
Science to P r o f i t ' . 
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* 24.11.88 Dr. R.W. Walker and Dr. R.R. Baldwin (University 
of H u l l ) , 'Combustion - Some Burning Problems'. 

* 01.12.88 Dr. R. Snaith (University of Cambridge), 
'Egyptian Mummies - What, Where, Why and How ?'. 

26.01.89 Prof. K.R. Jennings (University of Warwick), 
'Chemistry of the Masses'. 

* 02.02.89 Prof. L.D. Hall (Addenbrookes' Hospital), 'NMR -
A Window to the Human Body'. 

* 09.02.89 Prof. J. Baldwin (University of Oxford), '??'. 
* 16.02.89 Prof. J.B. Aylett (Queen Mary College), 

'Silicon-based Chips: The Chemists 
Contribution'. 

23.02.89 Dr. B.F.G. Johnson (University of Cambridge), 
'The Binary Carbonyls'. 

(C) Conferences attended 
European Symposium on Organic Reactivity I I , University 

of Padova, I t a l y , 27th August - 1st September 1989. 
Poster presented: 'S-nitrosation under mild conditions 
using a l k y l n i t r i t e s and a nitrososulphonamide'. 

190 



(D) F i r s t year induction course. October 1986 
This course consists of a series of one hour lectures on 

the services available i n the department. 

1. Departmental organisation. 
2. Safety matters. 
3. E l e c t r i c a l appliances and infra-red spectroscopy. 
4. Chromatography and microanalysis. 
5. Atomic absorptiometry and inorganic analysis. 
6. Library f a c i l i t i e s . 
7. Mass spectroscopy. 
8. Nuclear magnetic resonance spectroscopy. 
9. Glassblowing technique. 

- 191 • 


