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ABSTRACT 

In the presence of a r e l a t i v e l y high concentration of sodium azide 

N-nitrosodiphenylamine undergoes i r r e v e r s i b l e denitrosation i n aqueous 

ac i d i c media to give diphenylamine. The reaction i s catalysed by both H + 

(with k Qcc h Q) and various nucleophiles, and for which, at low nucleophile 

concentrations, a solvent-isotope effect of ̂ D/^ = 2.0 i s observed. 

These f a c t s are consistent with rate-determining attack by the nucleophile 

upon the protonated form of the nitrosamine. At high bromide concentrations 

k Q becomes independent of [Br"] and the solvent-isotope effect changes to 

= 0.8. This suggests that the i n i t i a l protonation of the nitrosamine 

then becomes rate-determining. Direct c a t a l y s i s by a n i l i n e and i t s ring-

substituted derivatives i s also observed and has been interpreted i n terms 

of TC - complex formation between PhgNH.NO and ArNH^. The a p p l i c a b i l i t y of 

such a mechanism to the Fischer-Hepp rearrangement and related reactions i s 

also discussed. I n general k Q <£ l/fPhgNH] and a study of t h i s effect has 

revealed a r e a c t i v i t y sequence for some ' n i t r i t e - t r a p s ' toward reaction with 

free nitrosating species such as NOBr. 

The diazotization of several substituted a n i l i n e s has been carried 

out i n aqueous a c i d i c media under conditions such that the active 

nitrosating agents are NOCL and NOBr. The variation of the observed ra t e -

constant ( k Q ) with [Halide] suggests that the process i s r e v e r s i b l e , 

p a r t i c u l a r l y at high [Halide] and for those a n i l i n e s for which pK B H+<^.0, 

and that t h i s accounts for the e a r l i e r observation of an apparently large 

substituent s e l e c t i v i t y for reaction at high [HCl] . This large s e l e c t i v i t y 

was o r i g i n a l l y taken as evidence against diffusion-control but an analysis 

of k Q i n terms of a reversible steady-state scheme has yielded values for 

the true bimolecular rate constants for encounter between NOX and ArNHg 

which do indeed approach the diffusion-controlled l i m i t . For those amines 



carrying electron-withdrawing groups a second relaxation can be observed 

and i t i s suggested that t h i s corresponds to the tautomerisation of the 

intermediate primary nitrosamine. 



S E C T I O N O N E 

i 



CHAPTER ONE 

Acid Catalysed Reactions of aromatic nitrosami 



1.1 C l a s s i f i c a t i o n of Reactions; 

I t i s well known that secondary aromatic amines readily undergo 

nitrosation with, for example, sodium n i t r i t e and hydrochloric acid, to 

y i e l d thermally stable, i s o l a b l e , secondary nitrosamines. For example, 

N-nitrosodiphenylamine forms yellow plates m.pt 66.5°C The reverse 

process, i . e . denitrosation, i s accomplished by heating the nitrosamine 
1 2 in hydrochloric acid containing an excess of urea or ferrous ion. 

e.g. ArNRNO + HC1 + FeClg- ArNHR + F e C l 3 + NO (g) 

Thus the normally reversible process i s made i r r e v e r s i b l e by 

removal of the active nitrosating agent, i n t h i s case as n i t r i c oxide, 

from the equilibrium mixture. 

I n the absence of such ' n i t r i t e traps' denitrosation i s accompanied 

by the formation of the corresponding para-C-nitrosamine, the so-called 

Fischer-Hepp rearrangement.-^ The usual products of acid hydrolysis 

of aromatic nitrosamines are therefore the amine and the rearrangement 

product i n varying proportions according to the conditions used. I n 

pa r t i c u l a r the y i e l d of rearrangement product i s maximised by use of 
i j . 

ethanolic rather than aqueous hydrogen chloride. 
R. N̂Q R 

N 

Mechanistically one can ask whether rearrangement i s due to C-

nitrosation by the nitrosating agent liberated during denitrosation 

(intermolecular mechanism) or due to some process which i s independent 

of denitrosation (intramolecular mechanism). I n either case one has to 

explain the exclusive formation of para-C-nitrosamine during rearrangement 

SCIENCE S'f?s\ 
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(no ortho-isomer has ever been positively i d e n t i f i e d ) . H i s t o r i c a l l y 

the intermolecular mechanism was the f i r s t to be proposed. 

1.2 The Intermolecular Mechanism for Rearrangement 

This was f i r s t proposed by Houben^ to account for the following 

observations:-

(a) Added n i t r i t e increased the y i e l d of rearrangement product^ 

(b) Transnitrosations can occur. For example, PhgN.NO i n the 

presence of N,N - dimethylaniline gave some para-nitroso-

N,N - dimethylaniline, and PhNMe.NO i n the presence of 

anethole gave the nitrosochloride adduct, i n addition to 

t h e i r normal products of rearrangement.^ 

NMe„ NMe„ 

Ph2N.NO 

CH = CHMe 

H+ 

OMe 

PhNMe.NO 
~H+ 

HHC1 - GH(NO)Me 6 
OMe 

(c) I n the presence of a large excess of urea, meta-nitro-N-

methyl-N-nitrosoaniline underwent denitrosation exclusively. 

(d) Low yie l d s of rearrangement product were obtained i n 

sulphuric and n i t r i c acids,^ thus implying the importance 

of chloride i n the rearrangement. 

(e) Hydrogen bromide gave mainly the product of denitrosation, 

plus bromo by-products.^ 

http://Ph2N.NO


These r e s u l t s i n f e r the importance of free n i t r o s y l chloride i n attacking 

the para-position of the ring. That i t e x i s t s i s 'proven' by the trans-

nitrosation reactions. Adding NaNOg to HCl creates more NOCl. A large 

excess of urea removes a l l the NOCl as gaseous nitrogen. I n HgSO^ and 

HNÔ  no NOCl can exist and with HBr the NOBr formed i s i n s u f f i c i e n t l y 

reactive to attack the ring since i t i s l e s s polarised than NOCl. 

eme i s 
^ 0 

The scheme i s thus:-
R 

\ 
N 

R H 
N 

HCl + NOCl 

R H 
N 

+ NOCl + HCl 

which has been accepted u n c r i t i c a l l y u n t i l very recently. 

1.3 The Intramolecular Mechanism for Rearrangement; 

The above observations do not demand that the reaction must be 

intermolecular. The trapping of k i n e t i c a l l y free NOY with species such 

as N,N-dimethylaniline cannot be taken as evidence of intermolecularity 

since an intramolecular mechanism whereby denitrosation and rearrangement 

occur as simultaneous reactions of a common intermediate w i l l also give 

k i n e t i c a l l y free NOY. The scheme i s thus:-

R H 

N 

+ NOY 

H 

+ H 



Furthermore, i t i s conceivable that transnitrosation to species 

such as N,N-dimethylaniline and anethole could take place without the 

intermediacy of free NOY and involve d i r e c t N0+ transfer from the proton-

ated nitrosamine. This i s a theme which w i l l be discussed i n d e t a i l in 

Chapter Four. The other objections can also be r a t i o n a l i s e d by t h i s 

mechanism. For instance, the addition of NaNOg could increase the y i e l d 

of rearrangement product by increasing the rate of N-nitrosation of 

the product PhNHR so that denitrosation i s suppressed and loss of NOY 

by reaction with the solvent becomes negligible. The increased stationary 

concentration of the protonated nitrosamine i s then r e f l e c t e d i n an 

increased rate of intramolecular rearrangement. The alleged preference 

for HCL i n the rearrangement can be ascribed to other fac t o r s . For example, 

with HBr denitrosation may compete more eff e c t i v e l y because of the greater 

nucleophilicity of Br as compared to Cfl i n the step:-

I n sulphuric acid or n i t r i c a cid i t may be that the solvation requirements 

of the t r a n s i t i o n state leading to rearrangement are not s a t i s f i e d as well 

as i n ethanolic HC1. 

I t i s thus apparent that one cannot decide between the two 

mechanisms by means of product analyses alone. A detailed k i n e t i c analysis 

i s obviously necessary. 

The observation that rearrangement of N-methyl-N-nitroso a n i l i n e 
n 8 

takes place even i n the presence of a large excess of urea'' casts some 

V 
NO Ar 

+ 
^ > ArNHR + NOY 

H 

V C I o o n e i v i u c u l ^ c v l u c n u c 



doubt as to the v a l i d i t y of the intermolecular mechanism. Examination of 

the pickup of label by the C-nitroso product from added sodium "̂ N 

n i t r i t e proved t o be unable to distinguish between the two mechanisms 
Q 

because of very rapid exchange between the label and the^ nitrosamine. 
Me NO Me NO 

* 
HNO. + HNC 

However, the schemes outlined below f o r the two mechanisms are 

s u f f i c i e n t l y d i f f e r e n t to allow dir e c t k i n e t i c tests of mechanism to be 

made on the basis of a steady-state treatment. This has been reviewed 

elsewhere 1^ so only b r i e f mention of relevant det a i l s w i l l be made here. 

Scheme (a) : Intermolecular 

R NO R NO 
N NH 

X X K 
+ H 

A 

Y = some nucleophile 
(e.g.H20,Cl",Br") 

X = ' n i t r i t e trap' 
(e.g.urea,hydrazine) 

S = solvent 
R H 

N 

X 
+ SH 

o 

products 
R H 

N 6 
H 

N 

X 
x H NO D 



Scheme ("b): Intramolecular 
NO R 

K 
+ H 

With Y, X and S 
as before. 

R H 
N 

products 

+ NOY 

C 

N 
H 

+ 
+ SH 

D NO 
The intermediates D and NOY are assumed to be highly reactive and to 

exist only i n steady-state concentrations. The protonation of A i s assumed 

to be f a s t and reversible, as i s usual i n proton transfers between oxygen 

and nitrogen, and i t s extent i s assumed to be small i n view of the expected 

weak basicity of nitrosamines. Thus we can expect the protonation to follow 

Hammett's ac i d i t y function and write [B] = Kh Q [A] . (The v a l i d i t y of 

correlating the observed rate constants with H i n the denitrosation reaction 
o 

w i l l be discussed l a t e r ) . Algebraic d e t a i l s are given elsewhere,1^" the 

results being:-

I n t e r i k
0 = k i M K h

0 <k3 hi + fd ) 
k

3 M + ( k_! + k g ) [C] 

I n t r a : ^ [Y] Kh Qk 3 fx] 
k 3 [x] + K l [ c ] \ + k - 5 

where k Q i s the observed f i r s t - o r d e r rate constant f o r the disappearance 

of A and - kg - (k_ 2k2 [Y] / k_ 2 [Y] + k^). 



The predictions made by these equations have "been tested by Williams 

and co-workers i n a series of experiments; the observational results i n a l l 

cases supporting the intramolecular mechanism.^"^'^ Differences i n 

behaviour were predicted as follows:-

(a) Reaction at high [x] 

At a s u f f i c i e n t l y high concentration of ' n i t r i t e trap* X (e.g. s u l -

phamlc acid) k^ [ x ] ^ > [C] or kg [ C] . Hence, the rate equations 

become:-

I n t e r : - k = k, [Y1 Kh o 1 L J o 

I n t r a : k Q = ^ [Y] Kh Q + k ^ K h ^ k ^ + k_ 5 

Thus the intermolecular mechanism predicts that the % of rearrangement 

should f a l l t o zero as [x] i s increased whereas the intramolecular mechanism 

predicts that i t should remain constant at any one a c i d i t y and nucleophile 

concentration and be independent of [x] . The l a t t e r i s observed. 

(b) Reaction at high [C] 

At a s u f f i c i e n t l y high concentration of added secondary amine then 
k _ l l c ] » k 3 [ x ] s o t h a t v i r t u a l l y no NOY i s l o s t by reaction with the 
n i t r i t e t r ap. The intramolecular mechanism predicts that k should become 

o 

independent of [Y] , [c] and [x] since the rate equation reduces t o : -

k Q = ( V 5 / k 4 + k_ 5) Kh Q 



8 

I f we wr i t e the f u l l intermolecular rate equation as: 

k o - k l l Y ] K h o 

we see that k Q should never become independent of Y . Also, k Q should 

approach zero since the term -1 ( k ^ + k^) [ C ] ~ 1. This i s "because 

the rate of N - ni t r o s a t i o n k ^ [ C] can be expected to be much faster than 

the rate of C- ni t r o s a t i o n k^ [C] and f u r t h e r because ki^ckg. 

Thus a l l of the di r e c t k i n e t i c evidence points towards the i n t r a 

molecular mechanism as being correct. However, i t must be emphasised that 

the above k i n e t i c tests were applied to N-methyl-N-nitrosoaniline i n aqueous 

acidic media. For other nitrosamines and other solvents the results could 

well be d i f f e r e n t . I n pa r t i c u l a r f u r t h e r work i n Durham has demonstrated 

that solvent effects may be important and that the reaction could be 
12 

p a r t i a l l y intermolecular i n alcoholic media. 

i - _ 1 tGK 3 [X] + ( k ^ + k j ) [C] 

1.5 The Mechanism of Denltrosation; 

We have seen that denitrosation i s favoured i f the free NOY can be 

removed as i t i s formed by ' n i t r i t e traps' such as urea, sulphamic acid, 

a n i l i n e , hydrazine, hydroxylamine and hydrazoic acid. I f an e f f i c i e n t 

nucleophile i s also present then denitrosation becomes v i r t u a l l y q u a n t i t a t i v e . 

Urea has been shown to be the least reactive of the conventional traps and 

with N-methyl-N-nitrosoaniline i s only e f f e c t i v e i n concentrations above 
ft 1 V ^3 
W a x 1*1 • 

I t i s thus feasible t o study the denitrosation process without 

competition from rearrangement and without complications due to r e v e r s i b i l i t y 

so long as s u f f i c i e n t trap i s present i n order to suppress the reverse process 



of N-nitrosation and to ensure that [X] >£> k ^ [ C] . A t t h i s l i m i t i n g 

concentration of trap k Q becomes independent of [ X] and the intramolecular 

rate equation e f f e c t i v e l y reduces t o : -

k o - k l t Y ] K h o 

since the rearrangement term disappears. I t thus becomes indistinguishable 

from the l i m i t i n g form of the intermolecular expression at high [x] . 

The equation suggests that catalysis by acid and by nucleophiles 

should be operative. This has been confirmed f o r N-methyl-N-nitrosoaniline 
14 

i n hydrochloric acid when k Q was found to be l i n e a r l y dependent upon 
h o [ C 1 - ] UP t 0 5 M a c i d » T h e solvent isotope effect ^gO/^O of ~ 3 i s 

consistent with a f a s t protonation of the nitrosamine followed by rat e -

determining nucleophilic attack at the nitroso-nitrogen. 
PhNMeNO + H + j^J? PhNHMe^ NO fcL~ S 1 ° ^ PhNHMe + NOCI 

An analogous scheme i s held t o be operative as the f i r s t stage 

of the Orton rearrangement of N-chloroanilides.' 1'^ 

CI + CI CI ~ 
PhN'" + H + ^ PhNlf : ^PhNHCOR + Cl„ 

\ COR ^COR 

I n sulphuric acid i t i s possible t o maintain constant a c i d i t y whilst 

varying the nucleophile concentration by the addition of suitable s a l t s . 

Furthermore, plots of k Q versus [Y] should be linear with slope k^KhQ. 
14 

I n t h i s way Bigg,a and Williams obtained the k̂ K values f o r several 

nucleophiles ( C l ~ , Br", SCN" and i " ) and successfully correlated Log k̂ K 

with 'n' the nucleophilic constant of Swain and S c o t t . ^ The slope of t h i s 



10 

correlation gave a value of 2.1 f o r the s u s c e p t i b i l i t y constant showing 

denitrosation t o be strongly dependent upon the r e a c t i v i t y of the nucleo-

ph i l e . 

I n the absence of added nucleophiles denitrosation i n sulphuric acid 

i s accompanied by rearrangement. At low a c i d i t i e s water i s believed t o be 

the active nucleophile whereas at higher a c i d i t i e s attack by H^0+ i s 

believed t o occur.^ (HS0^~ and S0^~ are believed not to be involved). 

+ + 
PhNHMeNO + HgO => PhNHMe + HgNOg 
+ + + + 

PhNHMeNO + Ĥ O 5> PhNHgMe + HgNOg 

The reverse of the l a t t e r reaction had been proposed by Ridd ' by 

analogy with the diazotization of a n i l i n e , which, under comparable 
+ 1 8 

conditions, i s believed t o react as PhNH^. 

Vfe have seen that at low a c i d i t i e s the l i m i t i n g condition 

k^ [ x ] k_^ [ c ] can be s a t i s f i e d as the concentration of n i t r i t e trap 

X i s increased. The order of r e a c t i v i t y of the various traps towards 
+ 19 nitrosation by HgNOg o r N 0 G 1 ^ a s b e e n s n o w n t o be : hydrazoic acid 

hydrazine>sulphamic acid ;>hydroxylamine> urea, f o r reaction with N-methyl-

N-nitrosoaniline. Thus, hydrazoic acid i s needed i n lowest concentration 

t o satisfy the l i m i t i n g condition. Experiments have now been carried out 

using the l i m i t i n g concentrations of the various traps whilst varying 
20 

the acidity of the medium. The results show that the l i m i t i s s a t i s f i e d 
below 'j.'SM HGL.Yk bein^ a linear function of -H s whereas above t h i s o " o 
acid concentration the li n e a r relationship breaks down f o r a l l the traps 

studied. This was interpreted as follows:-

(a) For the least reactive traps urea, hydroxylamine and sulphamic 

acid,extensive protonation i n the highly acidic media reduces the eff e c t i v e 



concentration of X so that [ X ] no longer greatly exceeds k_^ [c] and 

the simple linear relationship between k Q and -HQ can no longer hold. 

Rather, the f u l l rate equation applies i n t h i s region. This i s not 

unreasonable since the protonated trap species would be expected to be 

less reactive towards e l e c t r o p h i l i c nitrosation.than the free bases. 

Furthermore,the value of k Q reaches a maximum and then decreases as the 

aci d i t y i s increased, the position of the maximum varying from trap t o 

trap. This i s obviously due to d i f f e r i n g trap b a s i c i t i e s . 

(b) With hydrazine and hydrazoic acid i n these acidic solutions 

i t i s thought that the active species toward e l e c t r o p h i l i c n i t r o s a t i o n 

are NH?NH~ and HN_ respectively, and that f u r t h e r protonation t o 
+ + + 
NHyttl^ and HgN^ does not occur t o any s i g n i f i c a n t extent. Rather, 
the deviation from l i n e a r i t y of k versus -H (the curve does not reach 

- o o 
a maximum) i s ascribed t o extensive protonation of the nitrosamine. 

The equation: 
k = k, [Y] Kh 
O 1 L J o 

should then be replaced by: 

k Q = k x [Y] Kh Q / ( 1 + Kh Q) 

which s i m p l i f i e s t o k Q = k^ [ Y] when the protonation i s v i r t u a l l y complete. 

Thus kQ should become zero order with respect t o a c i d i t y as -H i s 

increased. 

At low a c i d i t i e s the normal solvent isotope effect of 

/ : > ^'^ i s observed which i s consistent with a f a s t , reversible 

i n i t i a l proton transfer. However, at higher a c i d i t i e s t h i s i s reversed 

where i t i s thought that protonation of the trap i s the dominant factor 

and that such protonation i s more extensive i n DGl/DgO than i n HCl/HgO of 



the same concentration. The rate maximum therefore occurs at a lower 
20 

acid concentration i n DCl/DgO. Slow proton transfer i s thought not 

to occur. 

The effect of various substituents upon the rate of denitrosation 
21 

has recently been studied. For the halide ion catalysed reaction the 

rate-sequence f o r N-alkyl-N-nitrosoanilines was found to be:-
Pr 1 » Et > Pr n ~ Bu* > Me 

where the anomalous r e a c t i v i t y of the N-t-butylnitrosamine i s thought 

to r e f l e c t s t e r i c hindrance to the approach of the nucleophile. Relative 

rates k Q (Bu*) S k Q (Me) of 2.^5 ( C I ~ ) , 2.39 (HgO), 1.45 (Br") and 

0.9^ ( l ~ ) lend support t o t h i s argument. I n sulphuric acid without any 

added halide the same pattern of r e a c t i v i t y i s found where the nucleophile 

i s believed to be the water molecule. A l t e r n a t i v e l y , the above rate-

sequence could r e f l e c t the d i f f e r i n g b a s i c i t i e s of the various N-alkyl-

N-nitrosoanilines or perhaps the two factors operate simultaneously. 

For meta- and para- r i n g substituents no s t e r i c complications 

exist and the r e l a t i v e l y small range of r e a c t i v i t y i s interpreted as 

being due to two opposing e f f e c t s , namely the effect of r i n g substitution 

on k^ and K, i . e . on the attack at the nitroso-nitrogen by the nucleo

phile and on the protonation of the nitrosamine, respectively. 

For the halide catalysed reaction the rate-sequence f o r para-

substituents i s CI > H > Me ~> OMe r e f l e c t i n g that the major effec t i s 

that upon the s u s c e p t i b i l i t y of the nitrosamine t o nucleophilic attack. 

I n sulphuric acid containing no added halide t h i s sequence i s reversed 

implying that attack at the nitroso-nitrogen i s by a positive species. 

I t i s suggested that H~0+ i s responsible, p a r t i c u l a r l y at high a c i d i t i e s . 



A simple cor r e l a t i o n of the Hammett type was not attempted "because 

although the k Q versus -HQ plots f o r para- CI, H, Me and OMe were approx

imately p a r a l l e l , those f o r p-NOg and m-NOg were not. Thus the r e l a t i v e 

r e a c t i v i t i e s are a function of the a c i d i t y of the medium, and make such a 

correlation meaningless. The n i t r o compounds could possibly follow a 

di f f e r e n t a c i d i t y function. 

One aspect of the denitrosation process which i s of current interest 

i s i t s catalysis by various sulphur containing species such as thiourea 

and thiocyanate ion. I n a preliminary communication Williams reported 

that thiourea exhibited nucleophilic r e a c t i v i t y towards the protonated 

form of N-methyl-N-nitrosoaniline somewhat between that of bromide and 
22 23 iodide. The reaction was reported i n more d e t a i l i n a l a t e r publication 

+ 
where the formation of an unstable^: S-NO intermediate was proposed. The 

essential d e t a i l s are outlined below. 

I n the absence of trap the reaction between the nitrosamine and 

thiourea resulted i n the formation of a transient yellow colour. This had 

been observed also by Stedman and co-workers during the n i t r o s a t i o n of 
2k 2*5 thiourea with nitrous acid. I n the o r i g i n a l work of Werner J more 

concentrated solutions had been used and the colour appeared red rather 

than yellow. I t i s interesting t o remark on the very early observation 
26 + -

by Dobereiner that NO HSÔ ~ i n concentrated sulphuric acid gave a red 

precipitate of sulphur on passing hydrogen sulphide through the solution 

and that ferrous sulphide was turned bright red by the same reagent. 

We may speculate as to whether t h i s too i s an example of S-nitrosation. 

I n the case of reaction between thiourea and N-methyl-N-nitroso-

a n i l l n e fading of the yellow colour resulted i n the formation of the 

C.C1- dithiodiformamidinium dication i n high y i e l d . The scheme proposed 



i s essentially the same as that f o r reaction between thiourea and nitrous 
2k 

acid except that the formation of thiocyanate v i a N-nitrosation of the 

thiourea was not recorded. 
PhNHMeNO + S = G(NH 2) 2 =?» 0 = N-S = G(NH 2) 2 + PhNHMe 

+ 
(NH2)2CSSC(NH2)2 + 2N0 

Ik 

The nitrosamine i s eventually regenerated by reaction of the 

N-methyl-aniline with nitrous acid formed by a e r i a l oxidation of the n i t r i c 

oxide i n solution. I n de-oxygenated solutions no such regeneration occurred. 

When most of the thiourea had reacted as above, the regenerated nitrosamine 

gave i t s usual acid-hydrolysis products, namely N-methyl-aniline and some 

Fischer-Hepp rearrangement product. 

The importance of the above scheme l i e s i n the f a c t that nitrosamines, 

which are well known as carcinogens ', may well be able t o induce such 

disulphide formation i n the l i v i n g c e l l from t h l o l i c species such as 

cysteine, glutathione and co-enzyme A. I n p a r t i c u l a r , during mitosis 

various t h i o l i c proteins coagulate v i a the formation of disulphide bridges 
28 

thereby forming the spindle along which the chromosomes separate. I n 

such a delicately balanced system as the l i v i n g c e l l premature spindle 

formation through reaction between the protein t h i o l groups and nitrosamines 

could conceivably i n i t i a t e chromosome separation and ultimately c e l l -

d i v i s i o n . I f t h i s were t o happen rapidly and frequently cancerous growth 

could well ensue. 

Current work on the catalysis of denitrosation by various N-alkyl 

substituted thioureas and the sulphur containing amino acids cysteine 29 and methionine has indicated that the reactions are k i n e t i c a l l y complex. 

However, S-nitrosation i s believed t o occur i n a l l cases. Cysteine i s 
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only weakly nucleophilic being about as reactive as chloride. The effect 

of methyl substitution i n thiourea upon the rate of denitrosation i s small 

f o r N-substitution. One might expect increasing deactivation by protonation 

i n the series mono, d i - , t r i - and tetra-N-methyl thiourea but the pKgjj+ 

values are a l l so small so as to make protonation a minor factor i n the 

reaction. Thus a l l the thioureas exhibit similar r e a c t i v i t y towards the 

protonated nitrosamines. Only with S-methyl substitution i s there a 

dramatic rate reduction. This tends to support the idea of nit r o s a t i o n 

at the sulphur s i t e . 

I n connection with the n i t r o s a t i o n of sulphur nucleophiles by 

N-methyl-N-nitrosoaniline i t might be added that the int e r a c t i o n of N-alkyl-

N-nitrosourethanes with t h i o l i c species such as cysteine has been reported 
30 

and a bewildering array of products i d e n t i f i e d . However, no mechanistic 

d e t a i l s were proposed. These compounds are extremely potent as carcinogens 

and indeed, the f i r s t nitroso compound shown t o be able to produce 

chromosomal abberations was N-methyl-N-nitrosourethane^, MeN(NO).COOEt. 

Obviously i t would prove useful to obtain d e t a i l s of t h e i r mode of action 

and t o compare the results with those obtained f o r N-methyl-N-nitrosoaniline. 

However, i t has been shown that the i n i t i a l proton transfer t o N-ethyl-N-

nitrosourethane i n aqueous sulphuric acid i s probably rate-determining 

(see Section 3.6) and therefore that subsequent stages i n the reaction are 

not k i n e t i c a l l y observable. Furthermore, at low acidities(l.5M HgSO^) the 

denitrosation i s accompanied by approximately JQ$> deamination. The 

deamination reaction has been invoked as a possible source of carbenium 
ions t o account f o r the i n vivo a l k y l a t i o n of the N-? s i t e of DNA bound 

32 
guanine. These results are i n accord with those obtained by Challis f o r 
the acid-catalysed denitrosation and deamination of N-n-butyl-N-nitroso-

33 34-acetamide^ and N-nitroso-2-pyrrolidone, and with those of Williams 

f o r the acid-catalysed denitrosation of N-methyl-N-nitrosotoluene-^-
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sulphonamide. Generally, i t thus appears that N-nitroso compounds i n 

which the amino nitrogen carries a fu r t h e r electron a t t r a c t i n g substituent 

such as -SOgR, -CONHg, -COR or -COOR undergo slow i n i t i a l proton transfer 

as a re s u l t of t h e i r very weak ba s i c i t y . The reported catalysis of the 

degradation of N-ethyl-N-nitrosourea by various metal.ions i n weakly acidic 
35 

aqueous solution thus seems rather surprising. There appears to be no 
2+ 2+ 

correlation between the reported r e a c t i v i t i e s of these ions (Cu Ni 
CO ^ Mn ~ Fe ) and the pK values of the aquo complexes. I t 

BH 
therefore seems l i k e l y that the effect i s due to some novel factor such 

as rate-determining decomposition of complexes of the type:-
ON . Et 

Cu 

^NH2 ^ 0 

Note that the above order of r e a c t i v i t y p a r a l l e l s exactly the I r v i n g -

Williams series f o r the s t a b i l i t y constants of complexes of divalent f i r s t -

row t r a n s i t i o n metal ions.^ 1 No such catalysis was reported f o r N-methyl-

N-nitrosourethane,N-methyl-N-nitrosoaniline,-^ or N-methyl-N-nitroso-

toluene-4-sulphonamide. These presumably cannot form chelate complexes. 

F i n a l l y , l e t i t be emphasised that d i r e c t transfer of N0+ from the 

protonated nitrosamines to the various trap species i s thought not to occur 

Support f o r t h i s view comes from the observation of halide catalysis i n the 

nitrosation of, f o r example, azide by both nitrosamines-3'3 and nitrous acid. 

Williams has shown that halide-catalysis i s generally operative f o r 

denitrosation of M-methyl-N-nitrosoaniline i n the presence of excess trap, 

and that the zero-order dependence i n trap when [ x ] » k ^ [ c] also 

rules out d i r e c t N0 + transfer. The discrepancy l i e s i n the case of a n i l i n e 

f o r which Challis & Osborne had proposed a direc t N0 + transfer i n t h e i r 
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+ 
reaction with PhgNH.NO. Thus i t was argued that d i r e c t transfer did 

indeed take place since the reactions were not catalysed by halide ions. 

On the other hand Williams had argued that d i r e c t transfer from the 

protonated nitrosamine ( i n t h i s case N-methyl-N-nitrosoaniline) of the 

-NO group to a n i l i n e was unlikely to be observable i n view of the exten

sive protonation of the a n i l i n e i n the acidic reaction medium. Thus i t 

was believed that reaction was l i k e l y t o occur with the unprotonated form 

of a n i l i n e (not an unreasonable assumption), which would be present i n 

concentrations too small to e f f e c t observable rate enhancements. 

However, t h i s approach neglects the p o s s i b i l i t y of reaction 

between the protonated nitrosamine and the protonated form of a n i l i n e . 

Thus although t h i s reaction involves two p o s i t i v e l y charged species i t 

might not be too unreasonable t o expect i t s occurrence, especially i f 

proton loss i s largely complete i n the t r a n s i t i o n state. We may r e c a l l 

that d i r e c t reaction between the nitrous acidium ion (HgNOg*) and 
+ 1* PhNHgMe i s believed to occur under certain conditions. ' I t i s one of 

the objectives of t h i s thesis t o show clearly that such a reaction does 

1.6 The Mechanism of Rearrangement: 

As we have seen the actual rearrangement of aromatic N-nitroso-

amines t o t h e i r para-G-nitroso isomers i s now generally believed to be 

an intramolecular process, at least i n aqueous acidic media. Denitrosation 

can be suppressed by the omission of any n i t r i t e trap and the addition of 

an excess of the product of denitrosation (C). Under these conditions, 

with k ^ [c] » k~ [x] , the intramolecular rate equation reduces t o : 

occur between Pb̂ NH.NO and PhNH-.(Ch.*0 

k o 
k,.k.Kh 
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so that k Q becomes independent of Y, C and X. I n the case of N-methyl-

N-nitrosoaniline increasing the concentration of N-methylaniline resulted 
-4 -1 

i n a decrease i n the value of k Q to a l i m i t i n g value of 2.8 x 10 sec i n 

5.90M HC1 which was taken to be the rate-constant f o r rearrangement at t h i s 

a c i d i t y . Simultaneously the y i e l d of rearrangement product was observed 
40 

to increase from 28% with no added N-methylaniline to"!>80% at the l i m i t . 

I t was also observed that meta- electron withdrawing groups reduced the rate 

and y i e l d of the rearrangement step whilst meta-electron releasing groups 

acted i n the opposite sense. The rearrangement i s therefore one of 

el e c t r o p h i l i c G- n i t r o s a t i o n . The effect of these substituents upon the 

rate of denitrosation was f e l t t o be negligible i n view of t h e i r remote 

position from the nitroso-group. I n the extreme cases i t was found that 

f o r the meta-OMe compound only rearrangement occurred even i n the absence 

of added secondary amine whilst f o r the meta-NOg compound only denitrosation 
40 1 occurred . Thus the observation by Macmillan & Reade that no rearrangement 

of the meta-NOg compound occurred i n the presence of urea must be q u a l i f i e d 

i n that no rearrangement occurs even i n the absence of urea. 

The rearrangement of 2,4,6-trideutero-N-methyl-N-nitrosoaniline 

was found t o be slower than that of the non-deuterated compound by a factor 

of 1,7 thus implying that proton lass from the f i n a l o~ - complex i s 
0 

p a r t i a l l y rate-determining. Increasing the concentration of added 

N-methylaniline t o suppress denitrosation increased ̂ HAp t° 2.4. Such 

primary k i n e t i c isotope effects have been found t o be t y p i c a l of electro

p h i l i c aromatic nltrosations i n general and have been interpreted as being 
41 

due to rapid regeneration of reactants. I n the case of the Fischer-Hepp 

rearrangement t h i s implies that k_^:>k^ i n the scheme:-R NO + 
NH 

-5 

R H 

6 
NO 

+ 
+ SH 
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Rearrangement of various N-alkyl-N-nitrosoanilines i n sulphuric acid 

has now been successfully carried out by use of an added excess of the 
21 

corresponding secondary amine. Yields of rearrangement product were 

found t o be v i r t u a l l y quantitative. This dismisses the e a r l i e r evidence 

i n favour of free n i t r o s y l chloride as the only active nitrosating agent 

i n the Fischer-Hepp rearrangement,^ (see Section 1.2). Furthermore, 

N-t-butyl-N-nitrosoaniline was found to rearrange under these conditions 

although at a lower rate than that expected on the grounds of the normal 

electronic effect of the t - b u t y l group. Steric hindrance t o protonation 

of the nitrosamine was suggested as a l i k e l y cause. This compound was 
42 

previously believed not to undergo rearrangement at a l l . 

The effect of a c i d i t y upon the rate of rearrangement has also been 

s t u d i e d . 9 , 2 0 For PhNMeNO i n the range 2 - 8M HC1, log k Q versus -H i s 

linear with slope of 1.2 implying that rearrangement occurs v i a a singly 

protonated intermediate as expected. This also rules out catalysis 

by chloride ion since a second-order dependence on HCI would then be 

expected. The r a t e - p r o f i l e then reaches a maximum at 10M HG1 when i t 

i s believed that the nitrosamine i s f u l l y protonated. At higher a c i d i t i e s 

log k Q decreases l i n e a r l y with - H q where the rapidly increasing a c t i v i t y 

of the proton i s thought to i n h i b i t proton loss from the para-nitroso 

o~- complex ( k ^ ) . 

Despite success i n demonstrating the v a l i d i t y of the intramolecular 

mechanism f o r the Fischer-Hepp rearrangement the k i n e t i c data shed l i t t l e 

l i g h t upon the physical d e t a i l s of the actual migration of the -NO group. 

I t i s thought that the distance involved i n migration from the amino 

nitrogen to the para- position of the r i n g i s too large to allow reaction 

t o take place without the involvement of a f u r t h e r intermediate and t h i s 



40 i s usually represented as a ir - complex of the type: 
+ 
NO 

NHR 

Such species have never been unambiguously i d e n t i f i e d i n e l e c t r o p h i l i c 

aromatic substitution reactions i n general although analogous complexes 

have been proposed to account f o r the observed r i n g substituent effects 
+ 41 

i n the diazotization of a n i l i n e by H
2

N 0 2 * However, Dimitrov & 
44 

Fratev have observed the formation of deep red colours when aromatics 

such as benzene and toluene are mixed with a solution of sodium n i t r i t e 

i n sulphuric acid. Observation of t h e i r v i s i b l e spectra and t h e i r 

destruction by donor solvents such as EtOH and HgO was interpreted i n 

terms of i n i t i a l j r - complex formation followed by a TT—3* crtrans-
45 

i t i o n . Somewhat l a t e r Allan and co-workers J observed the formation of 

red-brown colours during the mixing of N0+HS0^~ with aromatics such as 

benzene, diphenyWnaphthalene, thiophene and phenol. On heating,products 

such as ArN" 2
+ and ArNOg were i d e n t i f i e d and the involvement of TT -

complexes proposed on the basis of n.m.r and UV/visible data. Furthermore, 

the N0 + cation has an extensive gas-phase chemistry and i t s reactions with 

organic species under such conditions are of interest i n that the products 

formed often bear close s i m i l a r i t y t o several types of 'reactive i n t e r 

mediate' frequently proposed i n solution chemistry. Thus N0+ reacts with 

alkanes by a hydride-transfer mechanism to produce a variety of novel 
species as has been demonstrated by a recent ion-cyclotron resonance 

46 
study. 



o o 
N + i f 

( H X H 'X H 

NOX + V- (. HXNO + ) ( HX 

I t was therefore suggested that the Lewis a c i d i t y of N0 + i s quite a 

si g n i f i c a n t feature i n i t s chemistry. 

However, under the low a c i d i t i e s normally used i n the Fischer-Hepp 

rearrangement where the water a c t i v i t y i s s t i l l s i g n i f i c a n t l y large, one 

might expect rapid destruction of such complexes to the amine and 

k i n e t i c a l l y free H 2 N 0 2 + " T h e i n v 0 ^ v e m e n t of i r - complexes i s thus 

based on very tentative arguments but i t i s conceivable that the trans

i t i o n state l i e s very close to the r e l a t i v e l y stable cr - complex and that 

the formation of the l a t t e r takes place very rapidly v i a N0+ migration 

across the TT - cloud. This assumes that the energy bar r i e r to migration 

across the r i n g TT - system i s so low as to allow complete transfer of the 

N0 + across the r i n g before any c o l l i s i o n s with solvent molecules can take 

place. The model i s thus analogous t o that f o r the very rapid transfer 

of electrons across bridging groups i n t r a n s i t i o n metal complexes. 1 The 

rate of rearrangement would therefore be largely governed by the rate of 

proton loss from the <r - complex which, as has already been mentioned, 
o 

i s at least p a r t i a l l y rate-determining. 

We r e c a l l that any successful mechanism f o r Fischer-Hepp rearrange

ment must account f o r the apparently exclusive formation of para- as 

opposed to ortho-C-nitroso isomer. F i r s t l y . i t may prove useful t o again 

mention that Williams obtained a maximum y i e l d o f ^ 80% f o r the 

rearrangement of N-methyl-N-nitrosoaniline. The remaining 20% can 

http://Firstly.it
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possibly be accounted f o r i n terms of denitrosation plus the formation 
21 

of an unidentified yellow substance which may be derived from the 

ortho-isomer. However, experience with the behaviour of N-nitrosodiph-

enylamine i n sulphuric acid (see Chapter 3) suggests that the formation of 

Wurster's Blue via a radical-cation mechanism can become dominant over both 

rearrangement and denitrosation and i t i s l i k e l y that the above yellow 

colour i s due to the corresponding reaction with PhNMeNO. 

That the Fischer-Hepp rearrangement gives exclusively the para-
48 

isomer i s well documented. However, the reaction i s not unique i n t h i s 
respect. For example, the Reilly-Hickinbottom rearrangement of N-n-

49 
propylaniline gives largely the para-n-propyl isomer, 

n NHPr NH, 

+ COCl, A 

n 

41 
Also, Challis and co-workers had noted that i n the nitr o s a t i o n 

of electron r i c h aromatics by H^O^, N0C1 etc., the predominant products 

were the para-C-nitroso isomers, e.g.:-
OH(Me) OH(Me) 

NO 
I t i s interesting t o note that the resul t f o r azulene ( n i t r o s a t i o n 

at position 3) can be rationalised i n terms of the TT - charge densities 



calculated by Dewar. 50 

0.8?0 
1.090 1-030 090 1.0?2 

0.982 V 0.895 

Perhaps similar SGF MO calculations w i l l indicate a high TT - charge 

density at the para-position of N-methyl-N-nitrosoaniline, as compared 

with the ortho-position. 

An alternative approach i s given by modern generalized perturbation 

theory"^ which regards e l e c t r o p h i l i c aromatic su b s t i t u t i o n as a reaction 

between a donor molecule (the aromatic substrate) and an acceptor mole

cule (the e l e c t r o p h i l e ) . Basically, the GP equation f o r the energy 

change due to p a r t i a l bond formation between the interacting atoms 

contains two terms, one representing the e l e c t r o s t a t i c interaction and 

the other the covalent i n t e r a c t i o n . I f the energy difference between 

the HOMO of the donor and the LUM0 of the acceptor i s large then i t i s 

found that both terms favor i n t e r a c t i o n between the two centres carrying 

the highest opposite charges. This s i t u a t i o n i s referred to as charge-

controlled reaction. However, when the donor HOMO and acceptor LUM0 

are nearly degenerate the covalent term becomes extremely large and as 

an approximation the e l e c t r o s t a t i c term can be neglected. The reaction 

then occurs between the two centres possessing highest electron density 

i n the interacting ( f r o n t i e r ) o r b i t a l s . This s i t u a t i o n i s referred 

t o as or b i t a l - c o n t r o l l e d reaction. Estimation of the HOMO - LUM0 

energy gap can be made i n a q u a l i t a t i v e manner by use of the concept of 

hard & soft acids and bases. As a rule hard acid-hard base and soft acid-soft 



base interactions w i l l "be approximately degenerate and the reactions 

w i l l be or b i t a l - c o n t r o l l e d . Conversely hard acid - so f t base and hard 

base - soft acid interactions w i l l involve large energy differences 

between HOMO and LUMO and the reactions w i l l be charge-controlled. 

Thus with an aromatic n - system as donor (s o f t base) we expect 

reaction with a hard electrophile to be charge-controlled (e.g. NOg*), 

and reaction with a soft electrophile to be or b i t a l - c o n t r o l l e d (e.g.Br +). 

With regard to possible sites of e l e c t r o p h i l i c attack i n substituted 

benzenes both PNDO and CNDO theories predict that f o r toluene C-2 

carries the highest negative charge and C-4 the highest electron 

density i n the HOMO. Thus C-2 i s preferred by hard electrophiles 

whilst C-k i s preferred by soft electrophiles. I t i s f u r t h e r argued 

that charge-controlled electrophiles w i l l not be able t o distinguish 

between the various s i t e s i n alternant hydrocarbons, i . e . w i l l be 

unselective, whereas o r b i t a l - c o n t r o l l e d electrophiles w i l l be highly 

selective. Hence, n i t r a t i o n of toluene should lead to a mixture of 

ortho- / para- isomers whereas bromination should give almost 

exclusive para-isomer.-^" 

I f we regard the Fischer-Hepp rearrangement as TT -donation to 

N0 + from the aromatic amine i t would appear that the same factors w i l l 

operate here as i n toluene. Thus although M0+ i s c l a s s i f i e d as 

borderline i n the hard/soft c l a s s i f i c a t i o n of Lewis a c i d s ^ i t appears 

to react i n an or b i t a l - c o n t r o l l e d manner, being highly selective i n 

giving exclusive para-C-nitroso isomer. We must therefore now attempt 

t o use t h i s theory t o t r y and explain the orientation of substitution 

i n several related rearrangements. This i s of course only speculative. 

Formally we can regard reaction as being due to e l e c t r o p h i l i c attack by 

X + on the aromatic r i n g . 
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NH N 6 6 + H 
The following Table has been compiled from data presented i n reviews 

62 63 6^ by Banthorpe, Shine and Williams. The hard-soft c l a s s i f i c a t i o n i s 

from the a r t i c l e by Klopman.^1 

REARRANGEMENT R X Ortho-para r a t i o Comments 

Fischer-Hepp A l k y l -NO Exclusive para. N0 + borderline.Any 
ortho isomer may 
decompose. 

Orton A l k y l -Hal Mainly para.Very 
l i t t l e ( ~ 5 % ) o r t h o 

B r + s o f t , C l + i s 
presumably hard but 
B r 2 & C l 2 s o f t . 

Benzidine H -NHAr Mainly para. Symmetrical case 
.". expect degen
erate donor & accep
t o r . 

Quinamine H see 
below 
(a) 

Exclusive para. Analogous to Ben
zidine rearrange
ment. 

Hoffmann-Martius & 
Reilly-Hickinbottom 

H Alk y l Predomi nantly 
para. 

Carbenium ions 
borderline. 

N-alkyl-N-aryl 
sulphonamide 

A l k y l -S02Ar Exclusively 
ortho 

Probably genuine 
intramolecular 
'cartwheel' . 

Nitramine A l k y l -N02 Mainly ortho 
(70-90%) 

N0 2
+ hard.Probably 

i n t r a - ' cartwheel' 
mechanism. 

Diazoaminoaromatic H -N=NAr Exclusive par6-
unless blocked 
then ortho. 

Like +diazc-ccupling 
ArN 2 not c l a s s i f i e d 

Ghattaway Acyl Acyl Mainly para. RC0+ hard unusual. 
Steric effect? 

N-arylaminomethy1 
- a r y l sulphide 

Al k y l see 
below 
(b) 

Exclusive para. 
No ortho even i f 
para blocked. 

Steric effect could 
be dominant. 
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As can "be seen para-substitution appears to be the rule rather than the 

exception, i n l i n e with the low e l e c t r o p h i l i c i t y of species such as N0+, 

Hal^, ArNHjp-, ArNg + e t c . However, one or two further points need to be 

mentioned. I n the Orton rearrangement where e l e c t r o p h i l i c attack by Halg 

i s believed to occur the y i e l d of ortho-isomer i s usually quite low (~5%)« 

V/ith more reactive e l e c t r o p h i l i c species such as H^O-Hal or H a l + A l ( H a l ) ^ -

one would expect an increase i n the proportion of ortho-substitution. The 

ortho-para r a t i o w i l l thus be strongly dependent upon the conditions used. 

The Ghattaway rearrangement i s believed to involve Friedel-Crafts type 
+ fa 

e l e c t r o p h i l i c s u b s t i t u tion by RGO species, as i s the related Fries 

rearrangement of phenyl esters. However, the former gives only para-

substitution whereas the l a t t e r gives ortho- and para- (u s u a l l y ) . 

Thermodynamic rather than k i n e t i c control may therefore be important 

here since the ortho-para r a t i o i n the Fries rearrangement i s known t o 

be temperature dependent.^ I t i s worth emphasising however, that the 

Chattaway rearrangement has only received scant attention and that early 

product analyses could well be suspect. There i s clearly room here f o r 

well-designed research. 

However, the success or f a i l u r e of the theory depends to a large 

extent upon the observed ortho-para ra t i o s i n the nitramine rearrange

ment. High yields of ortho-isomer are usually obtained as would be 



expected f o r reaction with the hard electrophile NOg . For instance, 

rearrangement of N-nitro»»aniline i n 84% sulphuric acid gives 93% ortho-
6° 

and 7% para-substitution. ' I t has been argued, however, that the reaction 

does not involve N-N f i s s i o n t o give NCX,* but rather that f i s s i o n occurs i n the opposite sense, and a 'cartwheel' type mechanism has been 

suggested to account f o r the intramolecular nature of the r e a c t i o n i -68 

NHNO, H2N - N; 

Q + H Q 0 _ N 

N02 

+ H 

H / \0N0 NU2 
The observation that n i t r a t i o n of an i l i n e under similar conditions,(where 

N0 2
+ i s believed to be involved) gave 6% ortho, 3*$ meta, and 59% para-

(P + s u b s t i t u t i o n , ' was taken as evidence against the involvement of NOv, i n 

the rearrangement since otherwise i d e n t i c a l product d i s t r i b u t i o n s would 

be expected. However, i n highly acidic media ani l i n e would be expected 
+ 

to react as PhNH^ (hence meta substitution) whereas i n the rearrangement 

the departing n i t r o group s t i l l keeps the amino basicity low so that 

reaction can be thought of as involving PhNH^ and not i t s conjugate acid. 

With a weakly basic a n i l i n e one might therefore expect d i r e c t n i t r a t i o n , 

and rearrangement of the N-nitro derivative, t o give i d e n t i c a l product 
69 

d i s t r i b u t i o n s . This has been shown to be so by Ridd since n i t r a t i o n 

of 2,3-dinitroaniline and rearrangement of N,2,3-trinitroaniline each 

gave 3*+% 2,3,4- and 66% 2 , 3 , 6 - t r i n i t r o a n i l i n e . One must therefore 



conclude that the rearrangement involves either p r i o r N-nitration followed 

by 'cartwheel' migration OR the e l e c t r o p h i l i c involvement of NOg+. However, 

there i s no need to invoke the cartwheel mechanism i n order to account f o r 

the intramolecular!ty of the reaction since such a process i s clearly not 

possible i n the Fischer-Hepp rearrangement which i s also intramolecular, 

( i n other words intramolecular rearrangement s t i l l occurs when the c a r t 

wheel process i s not possible.) The formation of by-products derived from 
6+ 5-

nitrous acid could arise v ia concurrent f i s s i o n i n the sense PhNH-NOg. 

Thus the NOg* TT - complex mechanism may not be so dead as was once 

thought. However, i t i s s t i l l necessary to account f o r the observed 

isotope effect i n the nitramine rearrangement since these are largely 

absent i n di r e c t n i t r a t i o n s . I t i s l i k e l y , however, that proton loss 

would be faster from an intermediate such as A than from B, because of 

the greater positive charge on the former. Furthermore, rapid reversion 

A B 
to N-nitroamine i s possible i n B but unlikely i n A because of the 

protonation of the amino nitrogen. Rapid regeneration of reactant (s) 

has been suggested to account f o r the isotope effects observed i n 
41 

el e c t r o p h i l i c aromatic nit r o s a t i o n . 

I t i s hoped that t h i s b r i e f survey of aromatic rearrangements 

w i l l have shown that the orientation effects i n these reactions can be 

explained by current molecular o r b i t a l theory i n a general way, and 

that the use of novel mechanisms such as the cartwheel process may be 

unnecessary. The exclusive formation of para-C-nitroso isomer i n the 



Fischer-Hepp rearrangement i s p a r t i c u l a r l y well accounted f o r where i t 

i s d i f f i c u l t to evisage novel reaction pathways. Indeed the only other 
52 

attempt to account f o r t h i s feature comes from Allan^ who has proposed 

direc t transfer of the nitroso group to the para position i n a bent, 

r i n g protonated intermediate (C). 
R 
^ -N NO 

+ 
H 

(C) 
o 

The observed r i n g isotope effect would be s a t i s f i e d i f proton 

loss occurred simultaneously with -NO migration. However, transfer of 

N0+ to positive carbon would not be expected to be p a r t i c u l a r l y 

favorable and the other apical hydrogen atom must transfer to the amino 

nitrogen i n order to restore benzenoid character i n the product. Further

more, one would expect an intermediate of t h i s type (C) t o also exist 

i n the crown form (d) where ortho-migration might be favorable. Indeed, 

the crown form w i l l be energetically more favorable since i t i s s t e r i c -

a l l y less strained. 

The evidence f o r protonation at r i n g carbon i n benzenoid 

compounds i s v i r t u a l l y non-existent. A study of the H^0+ catalysed 

d e t r i t i a t i o n of a number of aromatic substrates has given a crude 

^ 3H + v a , l u e °^ "15^3 f o r r i n g protonation i n anisole and one might 

expect the corresponding pKgH+ values f o r r i n g protonation i n anilines 

to be of the same order of magnitude. Indeed Olah found only N-

protonation f o r a n i l i n e and ten of i t s derivatives i n superacid media.' 

N,N-dimethylaniline i s , however, believed to undergo r i n g protonation 



30 

i n aqueous acidic media, but only i n equilibrium with the N-protonated 

form. 1 

Since low rates are usual i n proton transfer t o unsaturated carbon 

the Allan proposal c o n f l i c t s with the observed fast pre-equilibrium 

protonation of N-methyl-N-nitrosoaniline 1^ f o r which ^D^O/^R^O ̂  3-

Quite frankly the Allan scheme seems untenable. 

1.? Alternative k i n e t i c studies 

The hydrogen chloride catalysed rearrangement of N-nitroso-
54 

diphenylamine i n methanol has been studied by Baliga. The reaction 

was found to be f i r s t - o r d e r i n both nitrosamine and hydrogen chloride. 

However, catalysis by chloride ion was not observed, the small rate 

increase on addition of LiCI being a t t r i b u t e d t o a s a l t e f f e c t . The 

proposed mechanism involved the slow formation of diphenylamine and 

n i t r o s y l chloride v i a a four-centre t r a n s i t i o n state. 

Slow 
Ph2N.N0 + HC1 > 

HC1 + p-nitrbsodiphenylamine 

This scheme has been c r i t i c i s e d by W i l l i a m s ^ as follows:-

(a) Reaction v i a k i n e t i c a l l y free NOCI has been ruled out by the 

observation of rearrangement i n the presence of excess added 

(b) The observed solvent isotope effect i s only consistent with a 

fa s t i n i t i a l protonation. 

(c) The observed r i n g isotope effect indicates that the f i n a l 

proton loss i s rate-determining. 

5+ 
Ph 2 N-

H-
6+ 

6-
-NO 

-CI 
5-

>Ph2NH + N0C1 

V 
Fast 



(d) I t cannot account f o r the observed acid catalysis at constant 

chloride concentration. 

(e) Rearrangement i n sulphuric acid can be made quantitative i n the 

absence of chloride ion. 

However, Williams' data were accumulated f o r reaction i n aqueous acidic 

media whereas those f o r Baliga i n methanol and methanol-toluene mixtures. 

U n t i l the solvent effects upon the reaction are clearly understood i t w i l l 

remain uncertain as to whether these c r i t i c i s m s generally apply. 

More recently, Russian w o r k e r s ^ ' ^ have also studied the 

rearrangement of N-nitrosodiphenylamine i n methanolic hydrogen chloride. 

(4M). They assume i n the f i r s t - p l a c e that the reaction i s intermolecular. 

+ k k 
PhgNHNO >- 1 ^ Ph2NH + N0 + para-NO.C^.NHPh 

A 2 B C 

and assume N0+ to be a reactive intermediate whence:-

k l tAl = k2 M K ] + k3 [ B] [ N 0 + ] 

. • . [N0 +] = k l M / ( k 2 + k 3) [B] 

and d dt = k 3 [B] [N0 +] = k l k
3 [ A ] / ( k 2 + ^ ) = k ^ [A] 

k , vras found to be 0.055 min"^ obs 

I n order to determine values f o r k^, kg and k^ the equilibrium 

constants f o r the denitrosation of several di-para-substituted - H -

nitrosodiphenylamines were determined and from a Hammett plot of 

log versus 0* a K d value of 2.1 x 10 J was interpolated f o r N-

nitrosodiphenylamine i t s e l f . This was then followed by measurement of 



rate-constants f o r the C-nitrosation of K-substituted diphenylamines 

PhgNHR (R = Me, Et, Ph, GOMe) , the correlation of log K with o^ giving 

an interpolated value of 32 1 mole"^ rnin-"^ f o r k^ i n the case of 

diphenylamine. I n t h i s way i t was thus hoped that each stage i n the 

actual rearrangement could be studied separately. From k Q^ g = k-̂ k-j / 

(kg + k^) and the above values of k^ and (= k l / k g ) the constants 

k^ and kg were calculated t o be 0.3 min"^ and 14? 1 mole ^ min \ 

respectively, and i t was thus concluded that denitrosation i s r a t e -

determining. 

These values of k^, kg and k^ were then used to solve the 

d i f f e r e n t i a l equations:-

d M / dt = -k x [A] + kg [B] 2 

d t B ] / dt = k x [A] -kg [B] 2 - k 3 [B] 

d [°] / dt = k 3 [B] 2 

2 

and the r e s u l t i n g curve claimed to closely resemble the experimental 

k i n e t i c curve f o r the actual rearrangement. Thus the reaction was 

claimed t o be probably intermolecular. 

However, several c r i t i c i s m s can be levelled at t h i s approach. 

F i r s t l y , since the intramolecular model was not subjected t o the same 

kind of treatment no meaningful comparison can be made. Secondly, the 

use of Hammett type correlations f o r the interpolation of data i s 

considered t o be unreliable unless a large substituent basis set i s used.-

I n the present case only four points were used to define the straight 

l i n e i n each correlation. Furthermore, the influence of the 

substituents upon the acid-base properties of the substrates cannot 



"be ignored. I t has already been shown that the r e l a t i v e r e a c t i v i t i e s 

of various r i n g substituted N-methyl-Nnitrosoanilines towards denitrosation, 

and therefore any mechanistic conclusions based upon them, are a function 
21 

of the a c i d i t y of the medium. F i n a l l y , the proposed mechanism involves 

denitrosation to give free N0+ as the nitrosating agent. This would seem 

unlikely since i n aqueous media ni t r o s a t i o n by k i n e t i c a l l y free N0+ ions 

i s only thought to occur at high a c i d i t i e s , f o r example i n •v, 60% HCIO^ 

or HgSO^ where -H ~ 4.5 - 5«0 and the water a c t i v i t y i s too low f o r 

e f f e c t i v e solvation to HgNCv,"*" t o o c c u r . W i t h 4M hydrochloric acid 

t h i s i s not the case since -H i s approximately 1.4 f o r both water and 

efchanol as solvent.-^ I n such media one would at least expect solvation 

of the N0+ to occur. However, there i s also the additional factor of 

n i t r o s y l chloride formation. I n 4M aqueous hydrochloric acid containing 

added n i t r i t e N0C1 can be detected spectrophotometrically ( A m a x = 460 nm) 

and i t has been c a l c u l a t e d ^ that any free nitrous acid i s almost 

completely converted into N0C1 under such conditions. There would seem 

to be no reason why t h i s should not also be true of 4M methanolic 

hydrochloric acid, and as a r e s u l t , since denitrosation has been proposed 

as the rate-determining stage i n the rearrangement, one might expect 

chloride catalysis to be observed. This c o n f l i c t s with the observations 

of both W i l l i a m s 1 0 and B aliga. 5^ 



CHAPTER TWO 

Halide Catalysed Diazotization 



2.1 Introduction 

The diazotization of aromatic amines can be conveniently summarised 

by the scheme:-

NOX + 
ArNH_ ^ ArNHoN0 5s» ArN_ 

2 (a) 2 (b) 2 

The decomposition of the primary nitrosamine i s i n fact a m u l t i 

stage process involving several tautomeric proton s h i f t s and the f i n a l 

loss of a water molecule. Such processes are generally very rapid and 

t h i s therefore results i n rate-determining i n i t i a l n i t r o s a t i o n , (step a ) . 

Indeed, at ordinary temperatures the intermediate nitrosamine i s not 

observable spectrophotometrically. However, such species have been 

i d e n t i f i e d at -?0°G by means of t h e i r U.V. spectra i n ethereal solutions 

of the amine containing n i t r o s y l chloride.'^ 

The observed kinetics i n aromatic diazotization are therefore 

largely dominated by the various mechanisms of ni t r o s a t i o n . That t h i s 

i s a general phenomenon i s shown i n the work of Kalatzis & Ridd 1 where 

similar rate equations were obtained f o r the diazotization of a n i l i n e 

and the nitrosation of N-methylaniline, 

However, i n aqueous acidic media the s i t u a t i o n i s complicated 

by the f a c t that several inorganic n i t r o s a t i n g agents can exist i n 

equilibrium with molecular nitrous acid depending upon the conditions. 

I n decreasing order of r e a c t i v i t y these are:-

NO nitrosonium ion 
HgNOg"*" nitrous acidium ion 

NOX n i t r o s y l halide 
N90- nitrous anhydride 

and i t i s thought that nitrous acid i t s e l f (HN02) i s i n s u f f i c i e n t l y 

reactive t o nitrosate amines d i r e c t l y . V/ith solutions of n i t r i t e i n 



perchloric or sulphuric acid the only active species possible are N0+, 
H 2 N 0 2 + a n d N2^3' a n d M n i c n i s k i n e t i c a l l y s i g n i f i c a n t depends upon the 

a c i d i t y . I n the presence of halide ion, however, the formation of the 

corresponding n i t r o s y l halide becomes important. This i s also the case 

fo r solutions of n i t r i t e i n the corresponding hydrohalic acid, f o r example, 

i n HG1 the formation of N0C1 from dissolved sodium n i t r i t e i s v i r t u a l l y 

quantitative 

Further k i n e t i c complications can arise from the fact that 

under certain conditions the formation of the active n i t r o s a t i n g agent 

from molecular nitrous acid can become rate-determining. Then the active 

species i s consumed as rapidly as i t i s formed by reaction with the amine 

and the overall rate equation corresponds to the stoichiometry of i t s 

formation. 

I t i s thus apparent that the elucidation of the mechanisms of 

diazotization has been long and arduous and resulted i n much confusion 
no nl± ^6 

i n the past. The f i e l d has been reviewed i n more d e t a i l elsewhere,' " 1 1 

and the next section i s provided merely to put the halide catalysed 

reaction i n t o perspective. 

2.2 Diazotization i n the Absence of Halide 

I n mechanistic studies the reaction has most commonly been 

carried out i n perchloric and sulphuric acid, although aqueous n i t r i c 

acid has also been used. The active n i t r o s a t i n g agents are, i n each 
r>p c o + h m i r r h + + r> V>o M H U Mn + 9 r v l Mn+ 

p " * *—k-*tz>i *" v ̂  »<2v^ 1 **2 2 1 • ̂ . 

(a) Nitrous Anhydride Mechanism 

For amines of comparable basicity to a n i l i n e t h i s mechanism i s 

important at low a c i d i t i e s i n perchloric and sulphuric acid (<0.5M). 



in 

With a n i l i n e i n sulphuric acid (~0.2M) Schmid' ' observed third-order 

k i n e t i c s , v i z : -

2 Rate = k [ArNH 2] [ HN02] 

and expressions of equivalent form had already been discovered f o r the 

deamination of methylamine' and diethylamine.' 
80 

I n 19^0 Hammett suggested that the second-order dependence 

upon nitrous acid was due to nitrosation by nitrous anhydride (NgO^) 

formed i n a fa s t pre-equilibrium step. 
Fast + 

H + HNO^ s K20 - NO 

+ Fast 
H20 - NO + N0 2"^ N N 20 3 + H20 

Slow + 
ArNH2 + NgÔ  ̂  N ArNHgNO + N02" 

fas t 

ArN 2
+ + H20 

81 82 
and t h i s was l a t e r confirmed by Hughes, Ingold & Ridd ' who, i n 

addition t o duplicating the third-order k i n e t i c s of Schmid, succeeded 

i n obtaining second-order kinetics of the form:-
Rate = k [HN0 2] 2 

at lower a c i d i t i e s (0.002M). Under these conditions the proportion 

of free base i s much higher and being more reactive than the protonated 

form towards e l e c t r o p h i l i c attack i t e f f e c t i v e l y removes the N90^ as 

rapidly as i t i s formed. The second-order ki n e t i c s then correspond 

with rate-determining formation of nitrous anhydride. 



Further support f o r t h i s mechanism was provided by a study of 
If l 

the 0- exchange between nitrous acid and water which, at low a c i d i t i e s 

and high n i t r i t e concentration, i s second-order i n nitrous acid, v i z s -

HN02 + HN02* rs ^ : + HgO * 

and proceeds at a similar rate t o the diazotization under similar 

conditions. I t i s implied that both processes share the same rat e -

determining step, i . e . ^2^3 f°rma'tion« 

Nitrous anhydride i s regarded as a weak electrophile i n comparison 

with HgKOg4 and the n i t r o s y l halides since i t does not react with 
8^ 

deactivated amines such as p- n i t r o a n i l i n e . The existence of a 
8*1-

reasonable c o r r e l a t i o n of the Hammett type i n the diazotization of 

aromatic amines by NgO-j precludes any p o s s i b i l i t y of dif f u s i o n - c o n t r o l . 

The true rate c o e f f i c i e n t f o r the encounter between NgO^ and ArNHg 

molecules has been estimated to be ~ 10' 1 mole sec which i s 
°2 

indeed below the diffusion-controlled l i m i t . ' 
(b) Acid-Catalysed Diazotization: 

Since nitrous anhydride i s such a weak electrophile i t i s i n 

capable of reaction with the protonated form of the amine and as a 

result one would expect the observed rate constant to decrease with 

increasing a c i d i t y because of the decrease i n free base concentration. 

This i s observed with those amines f o r which the mechanism i s 

auTDlicable but as the aciriitv i s fnrthe-r inr».i-i»aRfiri ( > O.W HCL-D. ̂  t.he 

rate p r o f i l e passes through a minimum and a f t e r which R <c [ H +] . 

This i s ascribed to a change i n mechanismi the rate equation now 



having the form:-

Rate = k [ArNHj [™0 2] [ H + ] 

which has been interpreted as rate-determining attack by the nitrous 
Q r 

acidium ion. This reaction i s most easily studied with the weakly 

basic amines f o r which complications a r i s i n g from competition with the 

NgÔ  mechanism do not apply. Furthermore formation of the nitrous 

acidium ion cannot be made rate-determining since proton transfers to 

and from oxygen are generally very rapid. 
Fast + 

HN02 + H — HgO - NO 

+ Slow + 
ArMU + mo - NO 5> ArNH„NO + H„0 2 2 2*" "2 k 

Fast 

ArN* + H20 

The fact that the nitrous acidium ion i s capable of diazotizing 

the n i t r o a n i l i n e s suggests that i t i s a more reactive electrophile than 

NgO^, and the v i r t u a l independence of observed rate constants from amine 
8^ 

basicity further suggests d i f f u s i o n - c o n t r o l , although the true 

bimolecular rate-constants f o r the encounter between H 2N0 2
+ and ArNH^ 

have not been calculated since the equilibrium constant f o r the i n i t i a l 

protonation i s unknown. I t has been argued that since the encounter 

between ArNHg and N0C1 i s diffusion-controlled and since H 2N0 2
+ would be 

expected to be a more reactive electrophile than K0G1, then the encounter 
+ 

between ArNHg andH£NQ2 should also be diffusion-controlled. However, 

recent measurements have cast some doubt as to the v a l i d i t y of d i f f u s i o n -

control f o r the encounter between ArNHg and NOGI i n contrast to e a r l i e r 

work. This w i l l be discussed more f u l l y l a t e r since i t i s the i n t e n t i o n 

of t h i s work to resolve t h i s discrepancy. 



Further increase i n the a c i d i t y of the medium leads to two 

developments. F i r s t l y , f o r the weakly basic amines such as p - n i t r o -

a n i l i n e increasing the concentration of perchloric acid whilst maintaining 

constant ionic strength by the addition of sodium perchlorate results i n 

a rate expression of the form:-

Rate = k [ArNH2] [HNOj h Q 

where the observed rate-constant i s v i r t u a l l y independent of a c i d i t y 

since increasing h Q results i n a decrease of free base concentration. 

The mechanism i s believed to be the same as that above, the s u b s t i t u t i o n 

of h Q f o r [ H + ] being necessary i n the more concentrated acid solutions. 

However, secondly, f o r the more basic amines such as a n i l i n e the c a t a l 

y t i c e f f e c t of HCIO^ i s more marked and i s believed to be largely due 

to the incursion of a new mechanism with k i n e t i c s of the form:-

Rate = k [ArNH^+] [HN0 2] h Q 

which corresponds t o rate-determining attack by HgNOg"1" upon the 
18 43 

protonated form of the amine. ' I t i s thought that t h i s mechanism 

only becomes k i n e t i c a l l y s i g n i f i c a n t when the proportion of the more 

reactive free base becomes negligibly small hence i t s a p p l i c a b i l i t y 

to the more basic amines. A mechanism involving the formation of an 

intermediate TC- complex has been proposed on the basis of a study of 
43 

r i n g substituent effects J and i s discussed i n section 4.3 i n r e l a t i o n 

to the analogous diazotization by N-nitrosodiphenylamine. 
(c) Diazotization at High A c i d i t i e s 

As the ac i d i t y i s increased s t i l l f u r t h e r the r a t e - p r o f i l e passes 



through a maximum at ~ 6M HCIO^ and thereafter the observed rate constant 

decreases rapidly with increasing a c i d i t y . The reaction then follows 
CO 

the equation: -

Rate = k [ArNH_+ ] [HNO„] h -2 o 

At such a c i d i t i e s nitrous acid i s v i r t u a l l y quantitatively present 

as free nitrosonium ion as i s evident from the presence of a Raman l i n e 

:on1 
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1 ftf-> at 2213 - 2319 cm i n 60% HCJO^ containing added n i t r i t e . Hence the 

following mechanism was proposed: 

Fast + 
ArNH^ + NO ^ ^ ArNĤ NO + H 

+ Slow 
ArNHgNO ArNHNO + H 

Fast 

ArN 2
+ + OH" 

which accounts f o r the large isotope effect (^Ap = 10) by v i r t u e of 

the slow proton loss. I t has been suggested that two factors operate to 

make the second step rate-determining. F i r s t l y , proton transfer from 

ArNHgNO* t o a highly acidic medium would not be expected to occur easily 
+ + 

and secondly reversion of ArNHgNO to reactants v i a displacement of HO 
by a proton would be expected t o become rapid at high a c i d i t i e s . 

2.3 Halide Catalysed Diazotization 

I t has long been known that diazotization i s catalysed by 
8^ 

hydrochloric acid. ' Schmid showed that the rate equation f o r the 

diazotization of a n i l i n e i n hydrohalic acids had the f o r m : - ^ ' ^ 
Rate = k [ArNH 2] [ H +] [HNOg] [ X~] 

where X = CI, Br or I . The same equation applies f o r diazotization i n 



80 perchloric or sulphuric acid containing added halide and Hammett proposed 
that t h i s was consistent with rapid formation of the corresponding n i t r o s y l 
halide which then nitrosates the amine i n the rate-determining step. 

Fast + 
HNOg + H ^ ^ H20 - NO 

+ Fast 
H20 - NO + X~^ NOX + HgO 

Slow + 
ArNIL, + NOX 5* - ArNIUNO + X~ 2 l2 l 

Fast 

ArN 2 + H20 

80 

This was confirmed when Hughes & Ridd showed that f o r bromide 

and iodide the formation of the n i t r o s y l halide could be made rat e -

determining by using a s u f f i c i e n t excess of amine i n order to remove 

the NOX as f a s t as i t was formed. The rate equation then had the form:-
Rate = k [HNOJ [ H +] [ X ~ ] 2-

which corresponds to formation of NOX from the nitrous acidium ion and 

not NgÔ  since otherwise a second-order dependence upon nitrous acid 

would r e s u l t . Although N0C1 i s expected to be more reactive than either 

NOBr or NOI on the basis of simple electronegativity principles,the 

formation of NOGI has not beer made rate-determining i n aromatic 

nitr o s a t i o n reactions. This i s because the equilibrium constants f o r 

the formation of NOX from nitrous acid l i e i n the order I > B r > G I so 

that the concentration of NOGI i s never large enough to make the n i t r o 

sation step faster than the rate of i t s own formation. These equilibrium 

constants l i e i n the same sequence as the nucleophilic r e a c t i v i t i e s of 



the corresponding X species which i s i n accord with nucleophilic attack 

by these anions upon the nitrous acidium ion i n the NOX formation process 

Thus NOX formation i s most easily made rate-determining f o r iodide, and 

t h i s also explains the apparent greater c a t a l y t i c effect of bromide as 

compared to chloride on the observed rate constant f o r diazotization. 

Studies i n methanolic hydrochloric acid have shown that the 

mechanism remains unchanged from the one above, although the reaction i s 
91 

considerably slower, and t h i s has been ascribed t o reduction of the 
92 

NOGI concentration by methanolysis. 

NOCI + MeOH = ^ MeONO + HCI 

The a v a i l a b i l i t y of the equilibrium constants f o r the formation 

of NOX from nitrous acid and X enabled Schmid & co-workers to calculate 

the true bimolecular rate coefficients f o r the reaction of unprotonated 
93 oij. oc 03 96 amines with both n i t r o s y l chloride, ' J and n i t r o s y l bromide. ' 

However, a number of assumptions were made i n evaluating these r a t e -

constants and the k i n e t i c method employed usually involved the analysis 

of one or two quickly taken points. Nevertheless, the results a l l l i e 

within the range 1 - 3 x 10^4! mole - 1 sec - 1 at 25°C. Originally Schmid 

attempted t o correlate these results with the b a s i c i t i e s of the amines 

but the v a r i a t i o n i s very small and i t was l a t e r suggested that the 

rate-constants do i n fact approach closely t o that expected f o r a 
°2 

diffusion-controlled process. 1 This compares with the values of 
n i -1 -1 1 7 9 

~ 10' l mole sec f o r the corresponding ^£^3 r e a c " t i o n s , 1 " a n d 

suggests that the n i t r o s y l halides are more e f f i c i e n t electrophiles 

than NgÔ . 



However, i t has been recently suggested that the n i t r o s y l halide 

reaction does not involve d i f f u s i o n - c o n t r o l f o r the encounter between 
on 

NOX and ArNH,,. ' This contention i s based upon an ind i r e c t determination 

of the r e l a t i v e rate-constants f o r the diazotization of a series of para-

substituted anilines i n 4.75M hydrochloric acid and i n 3-̂ 5M sulphuric 

acid containing thiocyanate where the active nitrosating agents are 

thought to be NOCI and NOSCN, respectively. The method used i s the same 

as that outlined i n section 3«5 of t h i s thesis, that i s , the va r i a t i o n 

of the rate-constant f o r the denitrosation of N-methyl-N-nitrosoaniline 

with changing M-methyl-aniline concentration i s measured i n the presence 

of the a n i l i n e . 
+ K" H-i |X 

PhNMeNO + H PhNHMeNO ^, * PhNHMe + NOCI 

NOCI + ArNHg *2 -ss» various products 

where, 

k o 
k 1Kh Q [ X"] k 2 [ArNH2] 

k_ 1 [PhNHMe] + k g [ArKl-iJ 

so t h a t : -

k Q = k x [PhNHMe] 1 

k 1Kh ( j [ X"] k 2 [ArNH2] k 1Kh Q [ X" ] 

so that - l / k 2 [ArNH 2] r a t i o s can be calculated from the values of the 
-1 n 

slope and intercept f o r the linear plot of k Q versus [PhNHMeJ . By 

equating [ArNHp] with the concentration of unprotonated amine r e l a t i v e 



k„ r a t i o s can be calculated since:-

( k-iA 2) H 
( k-lA 2) R 

( k2) R 
( k2) H 

These r a t i o s then f a l l i n t o a discernible pattern f o r both NOCL and 
3 

NOSCN with the values f o r p-toluidine and p-anisidine being ~ 1 0 times 

larger than those f o r p - n i t r o a n i l i n e and p-aminobenzoic acid. Furthermore, 

the existence of good Hammett plots of log (kg)^ - log ( ^ 2 ) ^ versus o" 

with slopes of - 3 . 1 and - 3 . 6 respectively f o r NOCI and NGSCN was taken 

as evidence against di f f u s i o n - c o n t r o l . 

I t i s the i n t e n t i o n of t h i s work to attempt to resolve t h i s 

difference i n the results of Schmid & Williams by a detailed examination 

of the kinetics of diazotization by NOCI and NOBr with the aid of a modern 

fas t reaction technique (see Chapters 5 and 6 ) . 



I 

S E C T I O N TWO 



CHAPTER THREE 

Denitrosation of N-nitrosodiphenylamine 



3.1 Effect of Added N i t r i t e traps (X) 

I n order to study the catalysis of the denitrosation of aromatic 

N-nitrosaminesby various nucleophiles i t i s advantageous to work at high 

trap concentrations so that k^ [x] k_^ [c] and the intramolecular 

rate expression reduces t o : -

ko = k l K h o t Y l + k 4 k 5 K h o / ( \ + k - 5 ) 

(flenitrosation) (Rearrangement) 

Physically t h i s means that the step NOY + X s»- products becomes 

s u f f i c i e n t l y f a s t to remove any free nitrosating agent from the 

equilibrium system as molecular nitrogen so that the reverse step of 

N-nitrosation (k_^) i s suppressed and denitrosation (k^) becomes 

ef f e c t i v e l y i r r e v e r s i b l e . No rearrangement then occurs, especially 

i f an e f f i c i e n t nucleophile (Y) i s also present i n order to catalyse 

the denitrosation, v i z : -

+ ^ k i k3 
Ph2NH - NO * Y => PhgNH + NOY ^-^various products 

k - l C X 

I t i s now well known that the various n i t r i t e traps (X) exhibit 

d i f f e r i n g r e a c t i v i t y towards a given nitrosating agent (NOY) and f o r the 

denitrosation of N-methyl-N-nitrosoaniline the sequence was found to be:-

HH.j ~ NH2NH2 =- NHgSÔ H =• NHgOH =» (NH 2) 2 GO 

However, preliminary experiments with N-nitrosodiphenylamine have 

indicated that the l i m i t at high [ x ] cannot easily be reached with any 



i*6 

of these species except hydrazoic acid. Moreover a r e l a t i v e l y large concent

r a t i o n of hydrazoic acid i s required before the l i m i t can be reached. This 

contrasts with the case of N-methyl-N-nitrosoaniline where the l i m i t can be 

sa t i s f i e d f o r a l l the trap species. The most l i k e l y explanation f o r t h i s 

i s that the d i f f e r e n t b a s i c i t i e s of the two products of denitrosation, 

diphenylamine and N-methylaniline, leads to more extensive protonation of 

the l a t t e r i n solutions of comparable a c i d i t y . Since i t i s generally 

regarded that the free bases are more reactive towards nitrosation than the 

corresponding conjugate acids,' and since there i s proportionately more 

free base present i n the case of diphenylamine, the bulk rate of the 

reverse step of N-nitrosation can be expected to be faster than i n the 

case of N-methylaniline. Hence, i n order t o satisfy the condition 

[x]=»=» k ̂  [c] f o r the denitrosation of N-nitrosodiphenylamine, a 

r e l a t i v e l y large concentration of reactive trap w i l l be needed. 

The results obtained f o r denitrosation of N-nitrosodiphenylamine 

( i n i t i a l l y J.l x 10 Si) i n sulphuric acid (0.625M) containing potassium 

bromide ( 3 . 1 5 x 10" M) are drawn up i n Table 1 . 

TABLE] I 
lo\ sec" 1 

0 
1 0 2 [ Azide] H 

11 .2 1 .58 

16 .2 3 . 1 ? 

1 9 . 8 *K?4 

2 1 . 6 6 .33 

2 2 . I* 7 .91 

23=3 9 .50 

2 2 . 6 11.08 
2 3 . 9 12 .66 

2 3 . ? 

2 3 . 9 15 .83 
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The curve i s shown i n Figure 1, where i t can clearly be seen that 

k Q becomes independent of azide concentration at around 0.16M. No 

rearrangement product was detected spectrophotometrically i n these 

solutions. 

Measurement of the r e l a t i v e r e a c t i v i t i e s of several trap species 

toward reaction with NOY during the denitrosation of N-nitrosodiphenyl-

amine i s discussed i n Section 3«5-

3.2 Catalysis by various nucleophiles: (Y) 

With rearrangement and the r e v e r s i b i l i t y of denitrosation 

suppressed at the l i m i t of high [ X] the quantitative assessment of the 

r e l a t i v e r e a c t i v i t y of various nucleophiles i n the denitrosation process 

can be easily achieved since the rate expression reduces t o the form 

k Q = k^KhQ [ Y ] . Hence, f o r a given nucleophile, a plot of 

k Q versus [ Y] should be li n e a r with slope k^KhQ. The intercept 

corresponds then, not with rearrangement, but with denitrosation by the 

solvent ( i . e . Y = HgO) and at any one ac i d i t y should be common to a l l 

added nucleophiles. 

Catalysis was demonstrated by carrying out the reaction at one 

ac i d i t y i n sulphuric acid containing varying amounts of NaCl, KBr, 

KCNS, KI and thiourea. S u f f i c i e n t sodium azide was used to satisfy 

the l i m i t i n g condition k^ [x] :=•=> k ^ [C ] . Good straight l i n e s 

were obtained i n each case. The results are summarized i n Tables 

2 to 6. 
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TABLE 2 

[ H 2 S 0 4 ] = 0.528M, [Ph2N.N0] = 3.06 x lCfSi, [NaN^] = 0.159M 

4 -1 10 k sec 
0 

10 2 [Chloride] M 

44.9 9.7 
corr.coef. 72.3 19.^ 
= 0.998 97.6 29.1 

118.6 38.8 
140.9 48.5 

TABLE 3 

[ H 2 S 0 j = 0.518M, [Ph2N.N0] = 3.12 x 10~V [NaN* ] = 0.158M 

4 -1 10 k sec 0 10 3 [Bromide] M 

83.4 8.01 

corr.coef. 146.5 16.02 
= 0.997 180.3 24.04 

233.5 32.05 
290.2 40.06 



TABLE k 

[HgSOjJ = 0.521M, [Ph2N.NO] = 1.62 x 10~V [NaN„] = 0.158M 

b -1 10 k sec 
0 

10^ [sCN~] M 

^7.2 7.78 
corr.coef. 80.1 15-56 

= 0.99? 118.8 23.26 

1*0.5 31.05 
187.7 38.83 

The thiocyanate concentrations have been corrected to allow f o r 

protonation. 

[SON-] = [SCN"] T 0 T A L / ( 1 + K [ H + ] ) 

With K = V K D „ + = 10*pKBH+ = 0.199 9 8 and [ H +] = 0.08^, i.e . by !3H 
4. 

using the Ĥ O l e f t over a f t e r assuming complete protonation of the 

azide. 

TABLE 5 

[ H 2 S 0 j = 0.523M, [PhgN.N0] = 1.62 x 1 0 " \ , [NaN„] = 0.158M 

k -1 10 k sec 0 10^[Thiourea] H 

39.1 8.3^ 
corr.coef. 7^.8 16.68 

= 0.995 100.9 2^.93 
139.1 33.27 
157.7 iH. 61 

The thiourea concentrations have been corrected f o r protonation as 

the case of thiocyanate with K = 0.110 9 9 and [ I I + ] = Q.888. 

http://PhgN.N0
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TABLE 6 

[H 2SOj = 0 . 5 3 1 M , [Ph2N.NO] = 1 . 6 2 x 1 0 " S l , [NaN^] = O . I 5 8 M 

1 0 k sec 0 1 0 4 [ i o d i d e ] M 

6 0 . 1 0 . 9 7 

corr.coef. 1 0 2 . 7 1 . 9 ^ 

= 0 . 9 9 9 
1 3 6 . 8 2 . 9 2 

1 7 6 . 9 3 . 8 9 

2 1 3 . 3 ^ . 8 6 

Figure 2 i l l u s t r a t e s , on d i f f e r e n t scales, the lines f o r chloride 

and iodide. From those f o r a l l the nucleophiles studied a common 
- 3 - 1 

intercept of ( 2 . 2 ± 0 . 5 ) x 1 0 sec can be calculated. The error i s 

quite high being 2 0 % but then small errors i n the slopes w i l l lead to 

a r e l a t i v e l y large scatter about the mean intercept. 

The slope of each l i n e represents the value of k-jKho f o r the 

corresponding nucleophile. Calculation of the k̂ K values requires a 

knowledge of h Q. As an approximation i t has been assumed that the azide 

i s completely protonated (being about as basic as an i l i n e with pKgjj+ = ^ . 7 ^ « 

so that the residual H concentration has been used to estimate h from the 
o 

ca l i b r a t i o n of H Q with sulphuric acid concentration given by Robertson 

and Dunford."*"^ The values of k̂ K calculated i n t h i s way are given i n 

Table ?. 

One might reasonably expect these k̂ K values to r e f l e c t the nucleo-

p h i l i c r e a c t i v i t y of the above nucleophiles towards reaction with the 

protonated form of N-nitrosodiphenylamine. However, the subject of 

nucleophilic r e a c t i v i t y i s very complex, and i n the absence of detailed 



knowledge of the potential energy surfaces f o r heterolytic reactions i n 

solution, r e l i e s heavily upon the correlation of the observed rate-constants 

with various other parameters associated with the reaction i n question. 

TABLE ? 

NUCLEOPHILE 102knKhrt 

1 0 
[ H +] free h 

0 
102k1K 

Chloride 2.46 1.056 0.785 3.13 
Bromide 62.5 1.037 O.762 82.02 

Thiocyanate 443.9 1.042 0.771 575.75 
Thiourea 362.? 1.047 O.778 466.19 
Iodide 391.1 1.062 0.794 492.5? 

Thus Ingold'^"'" had o r i g i n a l l y proposed that nucleophilicity could be 

reasonably well correlated with b a s i c i t y , a view now known to be erroneous, 

except f o r closely related nucleophiles where the r e a c t i v i t y can be 

correlated with the corresponding pK values as i n the f a m i l i a r Bronsted 
102 B H 

relationship. Following the pattern of logic established by the 

introduction of the Hammett e q u a t i o n , 1 ^ Swain & S c o t t ^ defined a nucleo-

p h i l i c parameter 'n' as a measure of nucleophilic r e a c t i v i t y f o r s u b s t i t 

ution at a saturated carbon atom i n terms of the equation:-

log k A Q = sn 
fo r which the standard substrate i s methyl bromide (s = 1.0) and the 

standard nucleophile, water (n = 0). A series of 'n' values was then 
k / 

b u i l t up by f i t t i n g log / k Q t o t h i s standard l i n e where k i s the second-

order rate-constant f o r reaction with the nucleophile and k Q the 

corresponding rate-constant f o r the water reaction. I t must be noted that 
k / 

'n' i s therefore a logarithmic quantity, f o r example n Q 1 = log Cl/k^ Q-

and the usual c r i t i c i s m s of log - log correlations must be borne i n mind 



when correlating 'n1 values with log /k values obtained f o r reaction 

with a d i f f e r e n t substrate. I t i s immediately obvious that the minimum 

requirement f o r successful correlation i s the same nucleophilic r e a c t i v i t y 

sequence i n both reactions, and t h i s i s not always the case. I t i s therefore 

surprising t o f i n d that the log k-jK values obtained f o r the denitrosation 

of N-methyl-N-nitrosoaniline by various nucleophiles correlate very well 

with the ' n' values of Swain & Scott, even though reaction now occurs at 
1^ 

positive nitrogen rather than neutral carbon. This i s quite possibly 

due to the two types of reaction centre being isoelectronic. Furthermore, 

the denitrosation process can be seen to be analogous to the standard 

reaction by regarding the product amine as the leaving group. However, 

before proceeding with the Swain-Scott correlation i t i s as well to realise 

that t h i s type of analysis i s open to severe c r i t i c i s m . 

F i r s t l y , l i n e a r free energy relationships nearly always attempt to 

express ' r e a c t i v i t i e s ' i n terms of log k or log K as seen i n the case of 

the 1n' parameter. However, these quantities are strongly temperature 

dependent and i t i s thus conceivable that the r e l a t i v e r e a c t i v i t y w i t h i n 

a reaction series could also change with temperature. Furthermore, LFER 

were o r i g i n a l l y thought to be applicable only to those reaction series 

f o r which Z\Ŝ  i s constant, i.e. invariant with respect to changing 

substrate structure. This i s now known to be untrue, a s u f f i c i e n t 

c r i t e r i o n being the existence of a li n e a r relationship between A H and 

/IS as the substrate structure i s changed. This i s the so-called 

isokinetic relationship. However, establishing the existence of such a 

relationship w i t h i n a reaction series i s rendered d i f f i c u l t by the f a c t 

that ^H and A S by d e f i n i t i o n , must be l i n e a r l y related to each 

other, and excellent correlation becomes unavoidable. Exner has pointed 



out i n a penetrating review the absolute necessity of correct s t a t i s t i c a l 

analysis before concluding that a reaction series s a t i s f i e s the isokinetic 

relationship. Indeed, by using data from e a r l i e r studies, Exner has shown 

that f o r several purportedly well-behaved reaction series no isokinetic 

relationship can be detected at a l l . I t would thus appear that the number 

of reaction series to which LFER can be legitimately applied i s not so great 

as was once thought. 

Secondly there i s the problem of deciding what exactly constitutes 

an excellent c o r r e l a t i o n . This i s usually determined by the value of the 

correlation c o e f f i c i e n t ( r ) which f o r perfect correlation has the value 

+1.0. I n a recent student textbook Shorter gives the following general 

advice, 1 0^ r = 0.99 - 1.00 (excellent), r = 0.95 - 0.99 ( s a t i s f a c t o r y ) , 

r = 0.90 - 0,95 ( f a i r ) and r < 0.90 (poor). However, Heilbronner 1 0^ has 

pointed, out that the correlation of two sets of N random numbers vihich are 

ranked i n the same order, w i l l y i e l d a correlation c o e f f i c i e n t i n excess 

of 0.9. For example, with N = 10, a Monte-Carlo method gives an 

expectation value f o r r of 0.9^. For N = 40 t h i s i s increased to ~0.98. 

The conclusion i s therefore that " r values must be much larger than i s 

usually assumed before a theoretical model can be said to be better than 

random." Of course t h i s state of a f f a i r s becomes even more apparent f o r 

log-log graphs. 

F i n a l l y , problems arise from (a) deciding what exactly constitutes 

a representative reaction series, (b) having a large selection of 

possible parameters with which to attempt correlation and (c) the poss

i b i l i t y of overlooking r e a l non-linear relationships. The method i s 

therefore open t o a more subjective approach than the usual s c i e n t i f i c 

procedure of using deductive logic to derive experimentally testable 



predictions from r i v a l t h e o r e t i c a l models. 

With these points i n mind the Swain-Scott correlation f o r the 

denitrosation of N-nitrosodiphenylamine i s presented i n Table 8 and Figure 

3 solely f o r comparison with that given f o r N-methyl-N-nitrosoaniline i n 

reference 14. 

TABLE 8 

NUGLEOPHILE 2 + log k-jK •n* 

Chloride 0.391 '+.37 
Bromide 1.796 5.79 

Thiocyanate 2.647 6.70 
Thiourea 2.559 7.27 
Iodide 2.592 7.42 

The 'n' values are those due to Pearson. ' Drawing the l i n e through the 

f i r s t three points only, as i n Figure 3i i s possibly vindicated by the 

excellent value of 0.9999 thus obtained f o r the correlation c o e f f i c i e n t . 

The deviance of iodide and thiourea can then be ascribed to a st e r i c 

e f f e c t . The slope of the l i n e gives a measure of the s u s c e p t i b i l i t y of 

the denitrosation of iN-nitrosodiphenylamine to changes i n ' n' and has a 

value of 0.97. This compares with the value of 1.41 obtained f o r N-methyl-
14 , 

N-nitrosoaniline. (N.B. t h i s reference quotes s = 2.1 by using the 

o r i g i n a l ' n* values of Swain & Scott. The value of s = 1,41 i s obtained 

from the same data but by using the 'n' values of Pearson). 

However, i t i s quite possible that the apparent deviation of 

iodide and thiourea i s due to the influence of the diffusion-controlled 

l i m i t upon k ^ For i " , SCN~, and SC(NH2)2 the mean value of k-jK i s 0.51 ± 

0.03. I f we assume that ~ 7 x 109 1 mole sec" 1 (ref .153) then:-



K 
BH 

- l A 1.3? x 10 10 

so that pK 
BH 

- 10 

This agrees quite well with the results of the Bunnett correlation 

of section 3»3 where the pK of the protonated nitrosamine i s shown to l i e 
BH 

in the range -1.2 to -15. 
Thus i t would appear that, with respect to denitrosation, PhgNH.NO 

i s less selective than PhNHMe.NO toward changes i n 'n* . That t h i s 

r e f l e c t s the greater ' r e a c t i v i t y ' of the former because of the d i f f e r e n t 

electronic effects of methyl and phenyl substituents i s open t o debate. 

open to the same kind of c r i t i c i s m as outlined above f o r LFER, so mechanistic 

interpretations i n terms of differences i n t r a n s i t i o n - s t a t e structure w i l l 

be avoided. 

However, whatever the conclusions drawn from the Swain-Scott 

correlation, one thing i s certain, and t h i s i s the fact that thiourea 

behaves as a nucleophile i n reacting d i r e c t l y with the conjugate acids of 

both nitrosamines. Urea i t s e l f does not, preferring t o react v i a p r i o r 

dissociation of the nitrosamines i n t o species such as HgNOg* and N0C1. 

Why t h i s should be so i s not quite clear. Both nitrosamines can be regarded 

as soft electrophiles since the positive charge i n each conjugate acid i s 

delocalised, and as a resul t might be expected t o prefer to react d i r e c t l y 

with soft bases such as the sulphur s i t e i n thiourea. I n c i d e n t a l l y , a l l 

of the nucleophiles used i n t h i s study are c l a s s i f i e d as soft bases, except 

chloride. Conversely, urea only contains r e l a t i v e l y hard N and 0 sites 

and would therefore prefer to react with the r e l a t i v e l y harder electrophiles 

such as H 5N0„ + and N0C1. As a re s u l t urea undergoes N-nitrosation and 

The r e a c t i v i t y - s e l e c t i v i t y p r i n c i p l e , recently reviewed by Pross, 108 i s 
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dearnination:-

2N0Y 
CO(NHj ? S> 2N9 + 2Y~ + 2H-0 + H?GO„ 

* c 2H20 C J5 ^ J5 
as i s well known, whereas thiourea undergoes S-nitrosation to give the 

GjC''" - dithiodlformamidinium dication during which the amino groups remain 
23 

i n t a c t . v 

ArNRNO + + + 
S = C(NH 2) 2 ON - 3 = C(MH 2) ? > ( N H 2 ) 2 GSSC(NH2)2 

With nitrous acid thiourea i s believed to undergo i n i t i a l S-nitros

ation as above coupled with rearrangement to the N-nitroso isomer and 
24 + subsequent deamination. This would suggest that NO and i t s 'carriers' 

tend to l i e on the soft side of borderline i n the hard-soft c l a s s i f i c a t i o n 

of Lewis acids. I t could well be that protonated aromatic nitrosamines 

form the 'softest' set of nitrosonium ion carriers currently available. 

Challis and Osborne have reported that the denitrosation of 

N-nitrosodiphenylamine i n 50% aqueous ethanol becomes independent of the 

nucleophile concentration when the l a t t e r i s s u f f i c i e n t l y high. This has 

been confirmed f o r the bromide catalysed reaction, the results being 

given i n Table 9 and Figure 4. This observation could be due to either 

( i ) the effect of approaching the diffusion-controlled l i m i t on k-̂  or 

( i i ) the s h i f t of the rate-determining step to an e a r l i e r stage of the 

reaction. 
+*~~\ /—"\ k k 

PhgN.NO + H + Ph2NH NO * Y" ̂ — 1 — PhgHH + NOY 2_=^products 
-1 X 

The l a t t e r therefore requires the i n i t i a l protonation to become 

rate-determining. There are three possible types f o r t h i s mechanism 

depending upon which steps are fa s t and which are slow. These are the 



A - l f A-2, and A-S-2 mechanisms f o r acid-catalysed reactions, lb 

[HgSOj = 0.21M, [PhgN.NO] = 3.09 x 10_3M, [NaN^] = O.I65M '2' 
TABLE 9 

10^k sec 0 102 [ B r - ] M 

16.2 2.4 
22.? 4.1 
28.2 5-6 
33-3 7.2 
37.5 8.8 
40.6 10.4 
44.1 12.0 
43.2 13.6 
46.0 15.4 

A-l 

A-2 

Fast Slow 
S + H ^ — SH 2> A 

Fast H?0 
S + H ^ SH — 

Slow 
A - Ŝ 2 S + H ^ = ^ S H 

f'r— 

H20 

Fast 
5» products 

products 
Slow 

Fast 
products 

The analog of the A-2 mechanism cannot be operative at high 
bromide concentration because of the zero-order dependence on bromide i n 
t h i s regions The choice l i e s between the A-l and A - S ,2 mechanisms * For 

the l a t t e r , where proton transfer i s rate-determining, s t a t i s t i c a l 

mechanical calculations predict that the solvent isotope effect 
l> 0 / w i l l be less than unity compared with values o.f~2.5 - 3'3 

2 ' ^ 
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f o r the A-l mechanism. The results are shown i n Table 10 where exact 

concentrations have not been given because of variations i n the a c i d i t y 

i n the two cases. 

TABLE 10 

Bromide 

LOW 
HIGH 

2.0 
0.8 

I t thus appears that the i n i t i a l proton-transfer i s indeed rate-

determining at high bromide concentration. This isotope effect compares 

favorably with those obtained f o r N-nitrosamides (0.5) and N-methyl-

N-nitrosotoluene-p-sulphonamide (0.7) f o r which the i n i t i a l proton 

transfer i s believed to be rate-determining at a l l nucleophile concent

rations. The isotope effect at low bromide concentration does not 

distinguish clearly between the A-l and A-2 mechanisms but the observation 

of bromide catalysis i n t h i s region supports the A-2 mechanism. 

Westheimer's model f o r proton transfer reactions 1"^ predicts a 

r a t i o of ^ 0 . 2 f o r a symmetrical t r a n s i t i o n state. The observed 

value of 0.8 i s too large f o r t h i s but i s i n l i n e with the predictions 

f o r unsymmetrical t r a n s i t i o n states of ~ 1.0 (reactant-like) and 

0.7 - 1.4 (product-like). The model cannot distinguish between the 

l a t t e r two types. 

The d i f f e r e n t behaviour of nitrosamines and nitrosamides can be 

rationalised as follows: 

S + H SH 
B 

^ products 
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For nitrosamines i s below the diffusion-controlled l i m i t because 

of t h e i r weak ba s i c i t y , and so, when kg [B] approaches t h i s l i m i t at high 

[ B] , k^ can become rate-determining. The nitrosamides are even weaker 

bases so that k^ i s well below the diffusion-controlled l i m i t and 

k 2 [B] > k 1 at a l l values of [ B] . 

In t h i s thesis the protonation of the nitrosamine has been assumed 

to occur at the amino nitrogen. This may not be the case since evidence 

has been presented, from n.m.r. studies on a l i p h a t i c nitrosamines, i n 
111 + 

support of protonation at the oxygen atom v i z . R„N = N-OH and t h i s 
112,113 

i s consistent with the known dipolar character of neutral R~N.NO molecules. 
R o R 0 

N N N N 
R R 

However, Layne et a l i a have reported the existence of several 
11^ 

protonated species i n d i l u t e acidic media. The exact nature of the 
protonated form of the nitrosamine which actually reacts with the nucleo-

38 

phile i s therefore i n some doubt. Challis & Osborne prefer a scheme 

whereby at high halide concentration the protonation of the neutral 

nitrosamine i s not rate-determining but rather that rearrangement of one 

protonated form to another becomes the slow step. 
Ph2N.N0 + F a s t ^ r P h 2 N = N^"^ S l o w ^ PfuNH.NO F a s t y . Ph NH + NOBr 

Br" 

However, t h i s i s an example of the A-I mechanism f o r which the 

solvent isotope effect i s expected to l i e i n the range 2.5 - 3.3 1 0 ^ 

and which i s ruled out by the observed *WkH of 0.8. Challis & Osborne 

themselves measured t o be 1.2 f o r reaction at high [ci~] i n 50% 

aqueous ethanol but were reluctant t o accept an unsymmetrical t r a n s i t i o n 

http://R~N.NO


state. The difference between the observed values of 1.2 and 0.8 may be 

due to the d i f f e r e n t solvent systems employed. However, whatever the 

detailed conclusions a l l are agreed that the rate-determining step s h i f t s 

to an e a r l i e r part of the reaction as the halide concentration i s raised. 

I f the disappearance of halide catalysis were solely due to the influence 

of the diffusion-controlled l i m i t upon the s e l e c t i v i t y of the nitrosamine 

one would s t i l l expect f a s t i n i t i a l proton transfer (overall) and t h i s i s 

not observed. 

3.3 Acidity Dependence: 

I n the absence of added nucleophiles one might expect Fischer-Hepp 

rearrangement to compete more e f f e c t i v e l y with denitrosation since the 

rate of the l a t t e r i s then much reduced. However, no rearrangement product 

could be detected spectrophotometrically i n the aqueous sulphuric acid 

solutions that were used. The denitrosation was found to be acid-catalysed. 

I t i s interesting t o note that Challis & 0sborne J only observed s i g n i f i c a n t 

acid catalysis at high azide concentration. This i s no doubt due to the 

fac t that at low a c i d i t y the active trap i s increasingly deactivated 

by protonation as the a c i d i t y i s raised and t h i s counterbalances to some 

extent the effect of the increasing protonation of the nitrosamine. At the 

l i m i t k 3 [x] ;>:> k ^ [c] the reaction i s zero-order i n azide and only 

the increasing protonation of the nitrosamine has any s i g n i f i c a n t k i n e t i c 

e f f e c t . At much higher a c i d i t i e s protonation of the trap again becomes 

k i n e t i c a l l y s i g n i f i c a n t . c y i 

The results f o r denitrosation i n aqueous sulphuric acid are shown 

i n Table 11 where i n i t i a l l y [PhgN.NO] = 1.6 x l O - 4 H and [NaN-j] = 0.16M. 

Again complete protonation of the azide has been assumed and the quoted 

values of [ H + ] are those calculated from [ H + ] - [HN„] . 

General acid catalysis i s believed not to occur since the denitrosation 

i s catalysed by Cl~, Br", i " , SCN" and SC(NH9)„ but not by the anions 
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HSÔ " or NO-j . This i s analogous to the diazotization of an i l i n e and 
o-chloroaniline. 115 

TABLE 11 

lO^k sec ̂  o [ H + ] M 4 + log k Q log [ H + ] -H 
0 

5-7 1.04 0.756 0 .01? -0 .13 

18 .8 2.14 1.274 0.330 0.28 
34.2 3 .30 1.534 0.518 0.62 

73.6 4 .62 1 .86? 0.665 0.94 

155.^ 5.82 2.191 0.765 1.20 

The values of H q have been obtained by inte r p o l a t i o n from the data of 
Robertson & DunforS? Since the substrate molecule i s closely related to the 
ani l i n e derivatives used to define the H Q a c i d i t y function one might reasonably 
expect i t s use to be v a l i d here. Another a c i d i t y function H^'' has been 
defined f o r t e r t i a r y amines and at high a c i d i t i e s i n sulphuric acid deviates 

One might expect t h i s t o be a better function to use markedly from H 
than H q but at low a c i d i t i e s the differences are small and as an approximation 
H q has been used f o r s i m p l i c i t y , 

.11? The use of H q allows the Zucker-Hammett hypothesis ' to be invoked, 
according to which a d i s t i n c t i o n can be made between reactions following the 
A-l and A-2 mechanisms. The hypothesis claims that f o r A-l reactions log k 
w i l l be a linear function of H q whereas f o r A-2 reactions log k and log [ H + ] 
w i l l be l i n e a r l y related, (k = observed f i r s t - o r d e r rate constant). 

I n the present example i t i s found that the graph of log k versus 
log [ H + ] i s curved whereas that between log k and H i s l i n e a r . The l a t t e r 
i s shown i n Figure 5 and f o r which r = 0.997. The slope i s 1.04 which i s 
consistent with the th e o r e t i c a l value of unity f o r reaction v i a a singly 
protonated intermediate. A similar result was obtained f o r the denitrosation 

o 
of N-methyl-N-nitrosoaniline but with a slope of 1.2. The Zucker-Hammett 
c r i t e r i o n therefore comes down i n favor of the A-l mechanism. 

However, the observed halide catalysis and solvent isotope effe c t at 
low halide concentration support the A-2 mechanism. Also, the derivation 
of the rate equations f o r both i n t e r - and intramolecular mechanisms assumes 
that denitrosation can be brought about by reaction with the solvent i n the 
rate-determining step. Thus the simultaneous demonstration of halide catalysis 

n o 
and the l i n e a r i t y of log k 0 versus H Q i s l o g i c a l l y inconsistent. I n order 
to clear up t h i s inconsistency i t has been assumed t h a t , i n t h i s case,the 
Zucker-Hammett treatment i s i n error since i t i s now regarded as not being 

119 
generally v a l i d . 



66 

FIGURE 5: log k. VERSUS H 
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On the basis of the f a i l u r e of the Zucker-Hammett hypothesis in 
120 

several instances Bunnett suggested an alt e r n a t i v e c r i t e r i o n of 

mechanism. He introduced empirical equations to take into account the 

solvation requirements of the t r a n s i t i o n state. These equations involve 

the water a c t i v i t y ( a w ) , a factor neglected in the Zucker-Hammett treatment, 

A-l log k + H = w log a + constant 
o D w 

r +1 * 
A-2 log k - log [ H J = w log a + constant 

and as a r e s u l t are regarded as being more sa t i s f a c t o r y . For substrates 

protonated on oxygen or nitrogen the slopes of such plots (w & w j are 

believed to be c h a r a c t e r i s t i c of the way i n which water i s involved i n 

the rate-determining step of acid catalysed reactions. There are three 
120 

broad cla s s e s of involvement as shown i n Table 12. 

TAELE 12 

INVOLVEMENT OF WATER w * 
w 

Not involved ( S H +—5» products) 

Nucleophile (SH + + HgO 5>H20.SH+) 

Base (SH + + HgO—=s» S + H^O*) 

-2.5 - 0.0 

1.2 - 3.3 

> 3-3 

< -2 

> -2 

The experimental r e s u l t s for N-nitrosodiphenylamine do not f i t the 

f i r s t Bunnett equation ( A - l ) , correlation being ridiculous ( r = -C.'J-?). 

However, they do f i t the second equation, the relevant data being given 

i n Table 13 and the graph shown i n Figure 6. The values of a w have again 

been interpolated from the data of Robertson & Dunford."^^ 
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TABLE 13 

(4 + log k Q ) - log [ H + ] 1 + log a w 

0.?39 0.992 
0.99^ 0.982 
1.016 0.969 
1.202 0.952 
1.1*26 0.933 

Figure 6 c l e a r l y shows that the second point i n t h i s Table i s 

s i g n i f i c a n t l y deviant to warrant i t s exclusion from the l e a s t squares 

c a l c u l a t i o n . Thus the slope (w ) has a value of -11.6 with r = -0.9998. 

This successful correlation of the experimental r e s u l t s by means of 

Bunnett's second equation with w <3=C2 implies that water does in f a c t 

behave as a nucleophile i n the rate-determining step, and that the 

mechanism i s A-2, i n l i n e with the observation of halide c a t a l y s i s . 

I n f a c t t h i s equation i s only t h e o r e t i c a l l y v a l i d when (a) [ B ] > ^ > [ B H + ] 

and (b) K » h . The f i r s t condition i s assumed in the steady-
BH 

state treatment of the i n t r a - and intermolecular mechanisms. The 

second condition shows, i n the equivalent form H » pK , that pK 
0 BH BH 

must be l e s s than -1.2 for protonated N-nitrosodiphenylamine. 

(H = -1.2 i s the highest a c i d i t y studied). The true pK value w i l l 
0 BH 

therefore probably l i e somewhere between -1.2 and -15i the l a t t e r being 

a crude estimate of the pK value of N-n-butyl-N-nitrosoacetamide. 
BH-

•* 

The value of w can be taken as a crude measure of the difference 

i n solvation number between the t r a n s i t i o n state and reactants. (B & H + ) . 



Thus the t r a n s i t i o n state leading to denitrosation of N-nitrosodiphenyl-

amine contains approximately IZH^O l e s s than the solvated free base and 

proton. This i s not too surprising since the positive charge on the 

conjugate acid of the nitrosamine i s largely delocalised so that the 

molecule w i l l be much l e s s polarising than the proton. 

The overall scheme, as indicated by the Bunnett treatment,is 

then:-
H 4 

PhgN.NO + H* ^ F a s t - ^ | p h 2 N - ^ N ' ^ ° ] H 2 ° ' S 1 ° " PhgNH + HgO.NO 

Although Bunnett's c r i t e r i o n of mechanism appears to work very 

well here i t i s known to predict the wrong answers in some cases. For 

the hydrolysis of methyl- oc- D - glucopyranoside an A-2 mechanism was 

suggested 1^ 0 but the A V* value for t h i s reaction strongly suggests an 
121 ± A-l mechanism. Accurate determination of Av for the present 

reaction would therefore prove useful. 

F i n a l l y , i t may be of int e r e s t to note that the Zucker-Hammett 

treatment was rejected, not because i t f a i l e d to give good correlation, 

but because i t suggested a mechanism which conflicted with alternative 

evidence. This emphasises the f a c t that obtaining an excellent l i n e a r 

c orrelation can be fortuitous and t h i s should be taken together with the 

cr i t i q u e of LFER in general, as outlined in section J.2. Most importantly 

i t shows that mechanistic conclusions should be based on evidence obtained 

from as wide a range of techniques as possible. The correlation of 
o 

log k Q with -HQ for N-methyl-N-nitrosoaniline should therefore be 

regarded as probably being fortuitous. 



3 F o r m a t i o n of the Blue Coloration 

In the absence of both added nucleophile and azide i t was again 

hoped that Fischer-Hepp rearrangement would be observed. However, the 
-4 

addition of 2.6 x 10 M methanollc N-nitrosodiphenylamine to JU sulphuric 

acid resulted i n the very rapid formation of a deep blue colour. More 

precisely, the absorption at 290 nm due to the nitrosamine disappears 

and i s replaced by a broad band centered at 5?0 n m - The absence of 

si g n i f i c a n t absorption i n the region of 280 nm precludes the existence 

of diphenylamine i n the blue solution. The blue colour i s stable to a i r 

and p e r s i s t s for approximately one week when a i r i s excluded. 

I t i s well known that a solution of diphenylamine i n concentrated 

sulphuric acid gives a deep blue colour i n the presence of oxidizing 
122 

agents such as nitrous acid, and t h i s has led to the use of such 
solutions as indicators, for example in the oxidation of iron ( i l ) 

122 

with dichromate. However, t h i s colour does not form readily i n 

dilu t e (~'1M) sulphuric acid and i s destroyed on d i l u t i o n with water. 

This contrasts with the behaviour of the blue from N-nitrosodiphenyl

amine . 

The rapidity of reaction and the intense colour suggests that a 

r e l a t i v e l y stable free r a d i c a l i s responsible. Support for t h i s view 

came from the observation that the colour was rapidly discharged on 

the addition of either ascorbic acid or diphenylpicrylhydrazyl, both 

of which are well known r a d i c a l scavengers. The colour could not be 

extracted into non-hydroxylic solvents such as Kt^O, CHCl^ and 

cyclohexane and was destroyed on neutralisation of the solution with 

sodium carbonate. These r e s u l t s further suggest that the r a d i c a l i s 

protonated i n the aqueous a c i d i c medium, that i s , i t e x i s t s as a r a d i c a l 

cation. 



These l a s t two observations rule out the p o s s i b i l i t y that the 

blue substance i s a nitroxide. Nitroxides are generally stable i n both 

ac i d i c and a l k a l i n e media and are most stable in d i l u t e solution where 

dimerisation i s negligible. Diphenylnitroxide i s reported to have a 
12*4-

c h a r a c t e r i s t i c UV absorption i n the region 320 - 325 nm which i s not 
observed i n the present case. 

122 
I t has been claimed that the blue colour from diphenylamine 

and sodium n i t r i t e i n concentrated sulphuric acid i s due to the form

ation of a Wurster r a d i c a l cation. This would seem the most plausible 

cause of the blue colour from N-nitrosodiphenylamine but for the fac t 

that the l a t t e r i s stable to a i r for quite long periods whereas the 

former disappears i n approximately ten minutes to give a flocculent 

yellow pre c i p i t a t e . However, i t i s possible that various side reactions 

are enhanced i n concentrated H^SO^ and that t h i s accounts for the 

r e l a t i v e i n s t a b i l i t y of the diphenylamine blue. 

The Wurster r a d i c a l cations usually have c h a r a c t e r i s t i c , strong 

absorption i n the 450 - 610 nm region, can usually be precipitated by 

large anions such as perchlorate, and generally dimerize below -12°C 
X2S X26 X2 

to give diamagnetic products d i f f e r i n g i n colour from the monomer. ' 

However, the N-nitrosodiphenylamine blue was found not to form a 

precipitate with NaClO^, nor to decolourize on cooling in cardice-

acetone. These r e s u l t s are probably due to too low a r a d i c a l concent

ration, and the structure of i c e preventing r a d i c a l recombination, 

respectively. 
I t i s conceivable that the blue solution might contain other 

+ 

r a d i c a l species. The diphenylamine r a d i c a l cation (PhgNH) i s formed 

during the i r r a d i a t i o n of solutions of diphenylamine i n toluene with 
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126 a reported maximum absorption at 6?0 nm. In aqueous media one might 
expect t h i s to be lowered into the 500 - 600 nm region by a solvent 
induced hypsochromic s h i f t . Hydrazinium r a d i c a l cations could also 
be present as a r e s u l t of coupling of diarylamino species. These are 
well known, and are readily formed i n a c i d i c solutions of t e t r a - a r y l -
h y d r a z i n e s , 1 2 ^ ' 1 ^ 0 as has been confirmed by e.s.r. measurements.131il32,133 

The proposed scheme i s thus:-

Ph2N.N0 + H 
+ +. 

Ph2NH - NO PhgNH + NO 

2Ph2NH PhgNH 
+ 
NHPh, [ph„N - NPh ] + ' 

Benzidine rearrangement 

PhNH-
+ + 
NHPh^^PhNHj Q Q 

1 
+. 

PhgNH 

NH2Ph 

PhNH NHPh o o 
NHPh + Ph 2NH 2 

Wurster r a d i c a l cation 

POLYMER 

This i s e s s e n t i a l l y the same scheme as that developed on the 

basis of the work of Wieland 1^" and Kehrmann, 1^ for the oxidation of 
diphenylamine. 



I t i s of interest to note that the blue colour i s destroyed on 

the addition of the nucleophilesCl", Br", SCN~, 3C(M^)^ and. i " i n 

increasing order of rapi d i t y . Whether t h i s i s due to the incursion of 

denitrosation and the resulting s h i f t i n the position of equilibrium, 

or to reduction of the r a d i c a l cation remains to be seen. However, 

decolourisation by azide appears to involve the l a t t e r process. This 

was ascertained as follows:-

The blue substance was generated from methanolic Pĥ N.NO 

(20 cm^; 0.005M) and sulphuric acid (20 cnP; kQlfc) and then destroyed 

by the addition of small quantities of s o l i d sodium azide. The 

resu l t i n g green solution was then neutralised with sodium carbonate 

and extracted with diethyl ether. The ether layer, a f t e r separation, 

was dried over anhydrous magnesium sulphate and a sample run against 

Ph^NH and Ph,,N.N0 on fluorescent s i l i c a - g e l TLC plates with chloroform 

as eluent. Exposure to UV followed by development i n iodine vapour 

showed the product to be d i s t i n c t from the two reference substances. 

Furthermore, i t was apparently a single substance. The solvent was 

then removed from the ethereal solution by rotary evaporator and the 

small quantity of s o l i d thus obtained f i n a l l y freed from solvent on a 

vacuum l i n e . The infra-red spectrum of the product (KBr disc) was 

found to be quite different from the reference spectra of PhgNH and 

Ph_N.N0. Band assignment was made as follows. 



TABLE 14 

BAND cm - 1 ASSIGNMENT 

3,400 (in) Secondary N-H stretch 

1,600 ( s ) 
1,500 ( s ) 

Aromatic C-G i n plane 
deformation 

810 ( s ) 

X 
^ ^ s , 2 adjacent 
\ ( ^ ) \ aromatic G-H 
'^y^ out of plane 

L deformation. 

880 (w) 
750 ( s ) 
?00 ( s ) 

X 
f ^ ^ . 5 adjacent 
[CO] aromatic C-H 
\ / out of plane 

deformation. 

1,320 ( s ) Aromatic C-N stretch 

Thus, although band assignment may be unreliable i n view of the 

poor resolution of the spectrum, the substance appears to be a 

secondary aromatic amine, but not diphenylamine. The r e s u l t s are 

accommodated the structure of N,N - diphenylbenzidine, v i z : -

I t i s therefore probable that the blue colour i s due to the 

V/iirster r a d i c a l cation derived from i t . I n fact, t h i s substance has 

been obtained from the diphenylamine blue by reduction with zinc 

dust. J ' ->:> An e.s.r. study by Hallett has confirmed the presence 

of free r a d i c a l s i n the blue from Ph?N.N0. However, poor resolution 



prevented the positive i d e n t i f i c a t i o n of individual species. 

F i n a l l y , i t might be noted that the use of species such as 
2+ + 2 Fe and Cu as n i t r i t e traps may, with c e r t a i n nitrosamines, lead to 

the formation of r a d i c a l cations rather than to the normal products of 

denitrosation. 

3.5 E f f e c t of Added Diphenylamine: 

I t has already been mentioned (section 1,4) that the f u l l intra

molecular rate expression i s given by:-

k = o 
k i M K h

0
 k 3 [ xl y 5*h o 

k 3 [X] + k_ 3 [C] 1^ + k_ 5 

However, i n the case of N-nitrosodiphenylamine the rearrangement 

term i s negligibly small at the low a c i d i t i e s studied, and i s swamped by 

denitrosation when an e f f i c i e n t nucleophile i s present. I t i s interesting 

3 

- 1 0 0 
to note that Lachman J L also obtained quantitative denitrosation of 

PhgN.NO with HC1 i n contrast to the original work of Fi s c h e r & Hepp.-

I t i s thus f e a s i b l e to approximate the rate expression by:-

_ k i M K h o k3 M 
k 3 [X] + k ^ [c] 

so that:- l / k Q = k - l M / ^ [ Y ] Kh Qk 3 [x] + 1 / ^ [Y] K h o 

Hence, at constant n , and [xl , k ~̂ should be a l i n e a r 
O ' - J L J » o 

function of [ c ] , and from the experimental values of slope and 
k / 

intercept i t should be possible to calculate -1/k^ r a t i o s for a 
variety of n i t r i t e traps. This has been done in the case of N-methyl-

19 23 
N-nitrosoaniline. 



-1 
PhgNH 

NOY • 

N-nitrosation 

various products 

I n the present system these r a t i o s measure the r e l a t i v e r e a c t i v i t y 

of PhgNH and X towards reaction with n i t r o s y l thiocyanate. 

The low s o l u b i l i t y of diphenylamine i n dil u t e acids necessitated 

the use of a methanol-water mixture (50:50 v / v ) as solvent. The 

k-l^k r a t i o s could then be determined for hydrazoic acid, sulphamic 

acid and hydroxylamine. Work with hydrazine was prevented by the low 

s o l u b i l i t y of dihydrazinium sulphate i n aqueous methanol and urea was 

not used because excessively large concentrations would have been 

required. 

The experimental r e s u l t s are summarized in Tables 15, 16 and 1? 

and the graph of I ^ - 1 versus [PhgNH] i l l u s t r a t e d for hydrazoic acid 

i n Figure ?. 

TABLE 15: (Hydrazoic Acid) 

[H_SoJ = 0.56M, [Ph-N.No] = 2.62 x 10~4M, [NaN„] = 6.3? x 10"3M, 

[KGNS] = 4.9 x 10"3K. 

lO^k sec ^ o 
r -1 k sec 0 10 3 [ph_NH] M 

20.5 488 1.51 
12.2 820 3.02 
8.3 1205 4.54 
6.5 1538 6.05 
5.2 1920 7.56 
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[PhgNH] IN THE PRESENCE OF FIGURE ?: versus 
HYDRAZOIC ACID & THIOCYANATE 

00 

00 

30 

7> 0 8 I 103 [Ph2NH] M. 



1 <; Slope = ~ [ X ] k 1Kh Q [ Y] = 2 .36?5 x lO"1 r = 0 .999 

Intercept = VkjKh [ Y] = 1 .203 x 1 0 2 

k i n 

/k^ = Slope x / i n t . x [x] = 12.5 

A concentration of HM̂  well below the l i m i t i n g value of 0 .16 was used 

so that reasonable rate a l t e r a t i o n s could be achieved with small changes i n 

diphenylamine concentration. 
TABLE 16 (Sulphamic Acid) 

[HgSOj = 0.56M, [PhgN.NO] = 2 . 6 2 x 10~V [KGNS] = 4 . 9 x 10 _ 3M 
[NH 2S0 H]= 2.46 x 10"2M 

4 -1 10 k sec 1 

o 
• -1 k sec 0 lO2* [Ph2NH] M 

11.7 855 1.41 
7 . 7 1299 2.82 
6.1 1639 4 . 2 2 

5 . 6 17R6 5 .62 

4 . 4 2280 7.03 

Slope = 2 .37723 x 10 , Intercept = 5 .686 x 1 0 2 , r - 0 .988 

k - l A 3 = 102 .8 

TABLE 1? (Hydroxylamine) 

[HgSOj = O.56M, [Ph2N.N0] = 2 .62 x 10"V [KCNs] = 4 . 9 x 10 _ 3M 

[NH~0H HSO."] = 0.151M 

-1 n4. -1 10 k sec 0 T " I k sec 0 10 6 [Ph2NH] M 

14.2 705 5-9 
13.2 760 11.8 
12 .6 794 17.7 
11.8 84R 2 3 . 6 

11.4 880 29.5 



6 2 Slope = 7.42373 x 10 , Intercept = 6.66 x 10 , r = 0.996 

k - l / k ~ = 1683.2 

I t i s thus apparent that the order of trap r e a c t i v i t y i s 
19 23 

HN_ > NH_S0„H > MH-OH as was obtained previously, ' J for reaction 

with N-methyl-N-nitrosoaniline. Since the step NOSCN + X ^ products 

i s common to both nitrosamines one would expect the values to be 

invariant also. Hence:-

(k .) DPA (k,) NMA - l x 3 
(k~) DPA ( k _ x ) NMA 

( k ^ ) DPA 

( k _ x ) NMA 

The - l / k _ 1 r a t i o s were found to be 280, 26 and 18 for HN_, 

sulphamic acid and hydroxylamine, respectively. The poor agreement i s 

probably due to the effect of protonation upon the concentration of 
139 

'active' amine and trap since i t i s held that n i t r o s y l halides react 

only with the unprotonated forms of such species. Williams has allowed 

for t h i s i n the denitrosation of N-methyl-N-nitrosoaniline where the 

competition for NOY occurs between X and N-methylaniline (NMA). The 
k / 19 corrected ' - l / k _ r a t i o s are given by:-

v - l 
( k. K NMA 1 + h / K 

o ' x 

A knowledge of the various pK values i s thus necessary. For 
BH 

water as solvent these are readily available, except for the N-proton-

ation of sulphamic acid. However, for mixed methanol-water solvent they 



are not, and t h i s therefore prevents the calculation of true ( /k^) 

r a t i o s in the case of N-nitrosodiphenylamine. As a r e s u l t the calculation 
/k / /k •/ 

of the true, trap-invariant ( -1) DPA: ( -1) NMA r a t i o i s impossible. A l l 

that can be inferred from the present set of r e s u l t s i s that k ^ i s always 

largest for diphenylamine thereby indicating that the dominant factor i s 

the different b a s i c i t i e s of the two product amines. 

However, unless the same nucleophile has been used i n the 

denitrosation of both nitrosamines i t may be unreasonable to expect 

constancy of the (k ̂ ) DPA / (k ̂ ) NMA r a t i o s over a l l the trap species 

used. This i s because plots of k Q versus [Halide] are curved (see 

Figure 4) and i t i s to be expected that the degree of curvature w i l l 

be a function of the nucleophilicity of the halide. I n other words 

the tendency towards zero-order behaviour i n [Halide] w i l l be most 

pronounced at low concentrations for iodide. S t r i c t comparisons 

between the two sets of r e s u l t s should therefore be made only when the 

same concentration of the same nucleophile has been used i n the 

denitrosation of both nitrosamines. I n the present case thiocyanate 

has been used i n the PhgN.NO reaction and Br", Gl~ and ti^O i n the 

PhNMe.HO reaction. 
3.6 Comparison with N-ethyl-N-nltrosourethane; 

I t has been demonstrated that N-nitrosodiphenylamine, l i k e other 

N-alkyl-N-nitrosoanilines, undergoes f a s t i n i t i a l proton transfer 

followed by rate-determining cleavage of the N - N bond, except at 

high nucleophile concentrations. On the other hand, N-nitrosamides 
33.34, 

undergo slow i n i t i a l protonation regardless of nucleophile concentration. 

I n t h i s section i t i s shown that N-nitrosourethanes, not surprisingly, 

follow the l a t t e r pattern of behaviour. 



Evidence to support t h i s view comes from the observation that 

k Q f o r the decomposition of N-ethyl-N-nitrosourethane i s independent 

of such factors as [N^~J , [c i ] , [Br~] and [ethylurethane] 

The results are shown i n Table 18 f o r reaction i n 1.51M sulphuric acid 

with [NNEU] = l . ? 5 x 10~\l i n i t i a l l y . I t i s apparent that the 

decomposition i s rapid even i n the absence of added azide or nucleo-
-3 -1 

phile when k Q = 6 i9 x 10 sec . Furthermore, the y i e l d of nitrous 

acid under such conditions i s not quantitative. Direct determination 

of nitrous acid was carried out spectrophotometrically at 370 nm f o r 

several 'runs' at ' i n f i n i t e " time. The y i e l d was found to be 68 + 3% 

of the maximum the o r e t i c a l . 

TABLE 18 

l o \ sec - 1 

0 IN PRESENCE OF 

?.o 2.2 x 10~\ HN̂  
7.5 5.5 

7.5 8.7 

7-3 10.9 

7.5 8.2 x 10"2M Gl" 

7-3 I6.3 

8.6 24.5 

7.6 32.7 
n h. 8.3 .< 10"2M Br" 
n n • . 1 16.6 

7.5 8.6 x 10~̂ M EU 
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mean 10 3k = 7.̂ 3 ± 0.06 sec" 1 (EU = N - ethylurethane) 

The reaction therefore appears to resemble those of the N-nitros-
33 34 

amides i n which denitrosation i s accompanied "by deamination. ' These 

are thought to occur via separate pathways and an analogous scheme i s 

shown below:-
Ett\c^° 

Slow 
Et —NH — NO F a s t 

+ 

EtOOC.NHEt + NOY 

H20 
Slow 

H * 0 

EtO 

i 
.0 

EtO.C + Et.N = N.OH 
OH 

N-methyl-N-nitrosotoluene-4-sulphonamide under similar conditions 
3° 

only gives quantitative denitrosation. 

Further d e t a i l s of the acid hydrolysis of N-nitrosourethanes 

have as yet to be elucidated. 



CHAPTER FOUR 

Diazotization with N - nitrosodiphenylamine 



Introduction: 

An analysis of the mechanisms of various transnitrosation reactions 

of N-nitrosodiphenylamine has been provided by Challis and Osborne. They 

distinguish between dire c t and ind i r e c t transfer of the nitroso group from 

the nitrosamine to the various substrate species. For example, with 

hydrazoic acid the reaction i s catalysed by chloride ion which implies 

the k i n e t i c importance of nitrosonium 'carriers' such as H 2N0 2
+ and N0C1. 

I n effe c t t h i s implies the following scheme:-

Ph2NH.N0 
A 

H20 > 

B Cl" 

> Ph2NH 

Ph2NH 

H20 - NO 

N0C1 

HN 3-+ products 

where route B becomes important when chloride i s present. I n fact t h i s 

scheme applies to the other n i t r i t e traps urea, hydrazine, hydroxylamine 
Inland sulphamic acid. 

However, with N-methylaniline, chloride catalysis i s absent 

which suggests a direc t transfer of the -NO group from the nitrosamine. 

Challis & Osborne postulated a mechanism involving a tetrahedral i n t e r 

mediate: -

PhgN.NO + Ĥ O 
Ph + OH 
\ N =; N y 

Ph 
+ H20 

Ph 
\ 

Ph- / 

PhNHMe 
/ 0 _ H /~0H, 
. N 

4. 

H 
N __Me 

Ph2NH + PhN.NO + Ĥ O 

but were s t i l l unable to understand why such a scheme should apparently 

favour N-methylaniline but not HN_ (or N-~) since enhanced r e a c t i v i t y of 



N-methylaniline over i s not evident f o r nitrosation by M0C1. 

I t was also noted that a n i l i n e i t s e l f could be diazotized by 

N-nitrosodiphenylamine i n either hydrochloric or perchloric acid. I n 

the former catalysis by chloride was observed thereby implying that CI 
+ 

and PhNH2 compete f o r d i r e c t reaction with the Ph2NH.NO. I n the l a t t e r 

only catalysis by PhNH2 was observed since the CIO^ ion i s too weakly 

nucleophilic t o compete. ( N i t r o s y l perchlorate i s completely ionised 

even i n the s o l i d state whereas n i t r o s y l chloride i s covalent). I t 

was therefore suggested that under favorable conditions a n i l i n e may 

react d i r e c t l y with N-nitrosodiphenylamine. Similar behaviour vras 

reported f o r the reaction with 2-methylindole. 

Ph2N.N0 
NOH 

^—Me + Ph2K 

k.2 Diazotization of Aniline! 

The reaction between N-nitrosodiphenylamine and N-methylaniline 

i s complicated by i t s r e v e r s i b i l i t y and only i n i t i a l rates ( <C 7%) 
38 

were measured by Challis & Osborne. I n order to avoid t h i s 

d i f f i c u l t y the present work focuses attention upon the reaction with 

a n i l i n e where one would expect the intermediate primary nitrosamine 

to react rapidly and i r r e v e r s i b l y t o give the diazonium ion and i t s 

subsequent solvolysis products. 
Ph2NH.NO + PhNH2 PhgNH + PhNHgNO 

H20 + PhN2 PhOH + N 2 + H 

http://Ph2NH.NO


The reaction was carried out i n sulphuric acid to avoid complication 

by halide catalysis since HSÔ  i s believed to be too weak a nucleophile 

to react d i r e c t l y with the protonated form of the nitrosamine. 

Aniline i s the o r e t i c a l l y capable of reacting either d i r e c t l y or 

i n d i r e c t l y with N-nitrosodiphenylamine and i t i s therefore necessary to 

distinguish k i n e t i c a l l y between the two p o s s i b i l i t i e s . Fortunately t h i s 

can be achieved by carrying out the reaction i n the presence of azide at 

or above the l i m i t i n g concentration established i n section J.l when k Q i s 

independent of trap concentration. I t can be assumed that at t h i s l i m i t 

increasing the a n i l i n e concentration would have no effect upon k Q i f the 

a n i l i n e were merely acting as a trap. On the other hand, at the l i m i t : -

ko - k l K h o l > ] 

so that i f the an i l i n e were to behave as a nucleophile (Y), and react 

d i r e c t l y with the nitrosamine, one would expect a li n e a r dependence of 

k Q upon ani l i n e concentration. 

The results f o r reaction at two a c i d i t i e s are shown i n Tables 19 

and 20. The experimental plots of log (a - x) versus t used to calculate 

k Q were good straight lines at low an i l i n e concentration. However, at 

the highest a n i l i n e concentrations used the plots began to curve l a t e 

i n the reaction. I n these cases the i n i t i a l rate method was used. I t 

i s thus apparent that the reaction can be s i g n i f i c a n t l y reversible at 

high a n i l i n e concentrations. 



TABLE 19 : (Low Acidity) 

0.60M, [phgN.NO] = 1.62 x 10~V [NaN ] = 0.16M 

i A -1 
10 k sec 0 

1(P [PhNH^] H 

12.6 2.8 

14.5 8.1 

21.6 16 .? 

27.4 31.9 

39.1 56.4 

TABLE 20 : (High Acidity) 

1.16M, [PhgN.No] = 1.62 x lO'^M, [NaN-] = 0.16M 

T r>4, -1 
10 k sec 0 

10 3 [PhNH^l M 

20.8 2.6 

25.3 8.7 

30.5 16.4 

39.4 35-4 

51.7 53.0 

At the a c i d i t i e s used i n these experiments the an i l i n e i s exten

sively protonated (pK = 4 .6) and i t seems reasonable to assume that the 

reaction involves the protonated form. I f reaction does proceed via 

the free amine the slopes of the graphs of k Q versus [phNHg] predict 
l C 

that a n i l i n e would then be too reactive r e l a t i v e to i t s Pearson ' ' n' 

[ HoSOj 

[H2SOJ = 



value by a factor of ~ 1 0 . This seems unlikely. Thus the k values 
+ ° 

are plotted against [ PhNH^] and the results shown i n Table 21 where 

slope = k-jKho and the intercepts correspond to denitrosation by the 

solvent. 

TABLE 21 

ACIDITY LOW HIGH 

SLOPE 
INTERCEPT 
'r' 

x 10" 2 

1.2 x 10~ 3 

0.995 

5.9 x 10" 2 

2.0 x 10~ 3 

0.997 

As an approximation i t has again been assumed that the azide i s 

completely protonated and the values of h Q have been interpolated from 

the data of Robertson & Dunford^"^ f o r the corresponding residual 

sulphuric acid concentrations. These were found t o be 0 .?4 and 1.95 

at low and high [HgSO^], respectively. The corresponding k̂ K values 
-2 -2 

were then calculated t o be 6.6 x 10 and 3*0 x 10 , and as can be 

seen the agreement i s not p a r t i c u l a r l y good with a mean value of 

(4 .8 * 1.8) x 10" 2 . 

However, the 2 + log k-jK value of 0.68 corresponds to a Pearson 

'n' value of approximately 4 .6 (see f i g u r e 3) which i s comparable 

to that of chloride ( 4 . 4 ) , but s i g n i f i c a n t l y less than those of 

bromide (5«8) and thiocyanate ( 6 . ? ) . This probably accounts f o r the 

fac t t h a i CI catalysis i s unimportant i n the corresponding reaction 

with N-methylaniline whereas catalysis by Br" and SCM~ i s observed. 3^ 



Williams has examined the aniline reaction over a wider range 

of acidity and obtained linear plots of k Q versus Aniline i n each case, 

with the slopes and intercepts increasing with increasing a c i d i t y . The 

intercept values correspond to solvent-catalysed denitrosation and would 
+ 

therefore be expected t o increase as the concentration of PhgNH.NO 
+ 

increases. The increasing slopes suggest PhNH^ as the reactive species 

f o r i f free PhNT^ were responsible one would expect, as a f i r s t 

approximation, that the slopes be independent of acid i t y since the 
+ 

concentrations of PhgNH.NO and PhNHg would simultaneously increase and 

decrease with increasing a c i d i t y . 

The rather large 'n' value of k.6 i s therefore somewhat surprising 

since one would hardly expect a protonated amino group to be very 

nucleophilic. However, i t i s conceivable that the aromatic n" - electrons 

could constitute such a 'reagent'. I t w i l l be recalled that a l l of the 

substrates involved i n the dir e c t reaction with N-nitrosodiphenylamine, 

i.e. a n i l i n e , N-methylaniline and 2-methylindole, possess benzenoid 

character. Thus although reaction i s envisaged as occurring between 

two positively charged species t h i s i n i t s e l f should not deter reaction 

i f proton loss t o the solvent i s largely complete i n the t r a n s i t i o n 

state. 

The hypothesis was tested by replacing an i l i n e by the ali p h a t i c 

substrates n-butylamine and cyclohexylamine, the l a t t e r bearing a 

formal s i m i l a r i t y to the aromatic amine. Both are stronger bases than 

a n i l i n e and are v i r t u a l l y 10($ protonated i n the acidic solution 

employed. I n both cases [H^OJJ = 0.60M, [phgN.No] = 3.12 x 10"4M 

and [NaN_] = 0.16M. The results are set out i n the tables overleaf 
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CO 
t-H 

i — i 

CO 

IA 

cn 

0 ^ 

CM CO 
CO 

CM 

0L> 

CA CM CM 



and the plots of k Q versus [Amine] drawn i n Figure 8 along with that f o r 

ani l i n e at the same a c i d i t y . 

4 -1 10 k sec 
0 

103[n-BuNH2] M 

5-7 0 
6.1 3-76 
6.4 17.90 
7.0 31.B3 

4 -1 10 k Q sec i o 3 [GHA] M 

5.7 0 
6.2 5.61 
6.3 17.01 
6.7 31.51 
6.7 42.38 

CHA = cyclohexylamine 

I t can clearly be seen that the d i r e c t reaction appears to be a 

property of the aromatic system since the two alip h a t i c amines are 

v i r t u a l l y i n e r t under the same conditions. At t h i s stage the exact 

role of the i r - system i s unclear but i t would seem that the formation 

of a TV - complex of some sort plays a part i n the reaction. 

Concrete evidence f o r the existence of such TT - complexes i s 

rather lacking at the present time. For example, studies of the gas-

phase ion-molecule reactions between N0+ and aromatic species such as 
140 

benzene, toluene and pyridine have been made, and complex formation 

proposed. However, the lower l i m i t bonding energy suggested that they 

were of the <S - type. The controversy surrounding the TT - o~ debate has 

been more f u l l y discussed i n section 1.6. 

That diazotization had indeed taken place i n the reaction 

between an i l i n e and N-nitrosodiphenylamine was confirmed by coupling 

the diazonium ion with 2-naphthol-3,6-disulphonic acid a f t e r complete 

reaction. Spectrophotometric determination of the azo-dye (A max - 485 nr 

indicated yields of PhN 2
+ of ̂_ 70% of the maximum t h e o r e t i c a l . 
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4.3 Substituent Effects on the Diazotization Reactioni 

An analogous scheme to the one above was proposed f o r the diazot

iza t i o n of a n i l i n e by ̂ NOg"*" i n 3M perchloric acid on the basis of r i n g 
43 

substituent ef f e c t s . Similar substituent effects are observed i n the 

reaction between ani l i n e and N-nitrosodiphenylamine. 

The r e s u l t s are set out i n Tables 2 2 - 2 5 . I n each case 

[phgN.NO] = 2,0 x 10"V [NaN^] = 0.1?M and [ HgSOj = 0.53M, so that h = 0 . 6 2 . o 

TABLE 22 

4 - i 10 k sec 
0 

10^ [p-Chloroaniline] M 

11.3 9.6 
14.0 19.1 
1?.3 28.7 
18.4 38.3 
19.1 47.9 

TABLE 23 

4 -1 10 k sec 0 10-* [p-Toluidine] M 

41.0 
cQ n 

10.1 

68.0 
77-9 

87.0 

30.4 

40 .6 

50.7 



TABLE 24 

10 *k sec 1 

0 
10^ [m-Toluidine] M 

1? .8 10.6 

22.5 19 .? 

26.0 30.4 

31.0 43 .? 

34.7 60.0 

TABLE 25 

4 -1 10 k sec o 10^ [m-Anisidine] M 

19.3 6.2 

32.2 12.1 

50.9 19.3 
63.2 23.4 

64.8 31.0 

Good f i r s t - o r d e r plots of log (a-x) versus t were obtained i n a l l 

cases except m-methoxyaniline f o r which the i n i t i a l rate method was used. 

From the values of the slope k̂ K values were calculated and are shown i n 

Table 26. 

TABLE 26 

ANILINE Slope kjK r 

p - Gl 2.1 x 10" 2 3.3 x 10" 2 0.962 

p - Me 11.0 x 10" 2 1? .4 x 10" 2 0.989 

m - Me 3.4 x 10" 2 5.6 x 10" 2 0.991 
m - OMe 19.8 x 10" 2 32.5 x 10" 2 O.965 



The results can be expressed r e l a t i v e to the k̂ K value f o r a n i l i n e 
-2 A-3 of 4-.8 x 10 and then compared with the data of Ridd and co-workers. 

TABLE 2? 

+ 
PhgflHNO Reaction H 2N0 2

+ Reaction 

AMINE ( k l K > x / ( k l K ) H < k l K ) X / ( k x K ) H 

H 1.0 1.0 
p - CI 0.? 0.2 
m - Me 1.2 6.8 
p - Me 3.6 n L 

m - OMe 6.8 18.6 

Whilst the two sets of results do not p a r a l l e l each other exactly 

there are notable s i m i l a r i t i e s . F i r s t l y , the order of r e a c t i v i t y i s the 

same i n both cases and secondly, a meta - 0I'4e substituent brings about 

a s i g n i f i c a n t rate enhancement. The l a t t e r has been taken to emphasise 

the importance of N - H bond breaking i n the t r a n s i t i o n state since m-Me 

and m-OMe should have approximately the same effect upon the TT - electron 

density but d i f f e r e n t effects upon the acid i t y of the amino protons. The 

respective pK values f o r the anilines are 4.?(m-Me), k.2 (m-OMe) and 

*K6 (H).- Thus i t i s argued that the N-X bond i s r e l a t i v e l y weak 

i n the t r a n s i t i o n state. 

Ph2NH-£-N0 

Ph2NH.N0 + PhNH^ Slow 
NH^— H 

Ph2NH + H 30 + + PhNHgNO > PhN* + 



Thus, the assumption that proton loss from the t r a n s i t i o n state 

i s largely complete i n order to f a c i l i t a t e reaction between two 

positively charged molecules seems to be borne out by experiment. 

Further support f o r the v a l i d i t y of such a reaction comes from the study 
21 

of the denitrosation of N-methyl-N-nitrosoaniline i n sulphuric acid 

where the reaction:-
+ + 

PhNHMe.MO + Ĥ O PhBHgMe + H 2N0 2
+ 

20 
i s believed to be important at high a c i d i t i e s . The reverse of t h i s 

reaction i s analogous to the above diazotization scheme. 

4,4 Reaction with Adenine and 5 ~ methylcytosine: 

I t i s well known that many aromatic secondary nitrosamines are 

carcinogenic whereas nitrous acid i t s e l f , although mutagenic, i s not 
142 143 

unless ingested with secondary amines. Nitrous acid i s 

believed to exert i t s mutagenic effect by reacting with resting DNA 

so that mutations r e s u l t i n subsequent DNA replic a t i o n s . These are 

thought to be due to the deamination of adenine, guanine and cytosine 

i n the parent DNA, the resulting products, hypoxanthine, xanthine and 

u r a c i l respectively, having d i f f e r e n t pairing properties from the 

parent bases. Since N-nitrosodiphenylamine i s p a r t i c u l a r l y effective 

i n the diazotization of an i l i n e i t i s of interest t o determine whether 

or not i t exhibits enhanced r e a c t i v i t y over nitrous acid i n the 

deamination of the above DNA bases. 



The a n i l i n e runs were therefore duplicated using adenine (6-amino-

purine) and 5-methylcytosine (4-amino-2-hydroxy-5-methylpyrimidlne). 

ft 
N 

2 
3 

Adenine 

\ 8 

3 * H" 

Me 

HO^^N ̂ 1N.NH2 

5 - methylcytosine 

These bases are only s l i g h t l y soluble i n wa.ter because of the 

extensive hydrogen bonding i n the solids but are quite soluble i n 

sulphuric acid. However, the position of protonation i s unresolved. 

For example, f o r adenine protonation i s thought to occur either at 

N(l) or at the amino group. Evidence has been presented f o r both 
li(4 

cases, e.g. f o r adenosine n.m.r. indicates protonation at N(l) but 
145 

the fluorescence spectrum • of protonated adenine fa.vors either A 

or B below. 
+ 
NHN NH0 

1%. /> 
H A B 

with A being preferred on theoretical grounds. 

However, whatever the s i t e of protonation, neither adenine nor 

5-methylcytosine reacts d i r e c t l y with N-nitrosodiphenylamine, The 
results are shown i n Ts—"!*5'5 ~ 90 u - i + r. . . . — — . I T i ~ i r> n 

1 WJ.L.11 ( ^ H g O U ^ J = i,;un, 
[Ph„N.NO] 2.0 x 10_i'M, and [NaN^] = 0.1?M. 



TABLE 28 

10 k sec o l(P [Adenine] M 

22.1 3-9 
21.6 5.2 
21 11.9 
20.0 17.1 
19.9 20.2 

TABLE 29 

1+ -1 10 k sec 
0 

10^ [ 5-methylcytosine] M 

22.1 3.5 
18.5 5-3 
22.2 9.1 
21.8 12.8 
21.8 15.9 

As can be seen k Q i s independent of the concentration of either 

base (within experimental e r r o r ) , the mean value of k Q being (21.1 + O.k) 

x 10 sec which i s the rate constant f o r denitrosation by the solvent 

at t h i s a c i d i t y . 

Thus, the DNA bases appear to exhibit 'aliphatic' r e a c t i v i t y 

towards N-nitrosodiphenylamine i n preferring i n d i r e c t nitrosation v i a 

**2^2 + e"''c•• ^ n e difference i n carcinogenicity between secondary 

nitrosamines and nitrous acid i s therefore probably not due t o any 

enhanced deamination by the nitrosamines. The type of T T - electron 

donation envisaged f o r aniline may not be favorable f o r purines and 



pyrimidines since the electronegative r i n g nitrogen atoms would be 

expected to cause an electron deficiency i n the centre of the r i n g . 

Protonation at r i n g nitrogen would further enhance t h i s e f f e c t . Support 

f o r t h i s view comes from the observation that the 2,4 and 6 positions i n 

the pyrimidine r i n g are not amenable to standard e l e c t r o p h i l i c aromatic 
146 

substitution. 

4.5 Nltrosation of N,N - dimethylaniline: 

The rearrangement of N-nitrosodiphenylamine i n the presence of 

N,N-dimethylaniline has been reported to y i e l d some para-C-nitroso-N,N-

dimethylaniline and t h i s was taken as evidence of the intermolecularity 

of the Fischer-Hepp rearrangement.^ (see section 1.2). However, i t 

would appear from the results with a n i l i n e i n section 4.2 that the 

nitrosation of N,N - dimethylaniline i s l i k e l y to follow a similar 

mechanism. 

Reaction was again carried out i n sulphuric acid containing the 

l i m i t i n g concentration of sodium azide where i t can be assumed that 

complete protonation of the N,N - dimethylaniline (pK + = 5.15) occurs. 
BH 

However, unlike the case with a n i l i n e , simple f i r s t - o r d e r k i n e t i c s were 

not observed, the curvature of plots of log (a - x) versus t indicating 

a s i g n i f i c a n t degree of r e v e r s i b i l i t y i n the reaction. The method used 

to circumvent t h i s d i f f i c u l t y i s as follows:-

On the basis of experience with the direct nitrosation of 

a n i l i n e i t was assumed 'a p r i o r i " that d i r e c t reaction occurs also f o r 

N,N - dimethylaniline, and the following scheme was proposed. 
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+ 
FhNHMec 

Ph2N.N0 + H Ph2NH.N0 

B 

Ph2NH2 + 
-1 

NO 
PhWKe, 

D -1 

Products 

where D i s some derivative of X though not necessarily exactly as drawn 

above. I f D i s assumed to be highly reactive i t ' s steady-state 

concentration can easily be calculated. 

k l [ B ] [Y] k _ l [C] [D] 
[D] ( k ^ [c] + k 2) 

( k _ l [C]+ k 2) 

+ k 2 [ D ] 

But, 

rate = 
_ d [A ] /dt 

k ! k
2 [B] [ Y] 

( k _ l [ c ] + \ ) 

Furthermore, i f A i s assumed to behave as a Hammett base one can write 

[ B ] = Kh Q [A] SO t h a t : -

- d [ A ] /dt k ; Lk 2Kh o r A] [ Y1 
( k _ l [ c ] + kg) 

At time t = o, [A] 
i t i i t = t, [ A ] = (a-x ) , [ c ] = x 

Hence, at t = o we see that rate = k i K h o [ A ] [ Y ] which allows 

d i r e c t calculation of k̂ K from the i n i t i a l rate. However, since the 



100 

determination of i n i t i a l rates i s open to quite large errors the following 

technique i s preferred:-

At t o one can write 

- i l i l 
dt 

k 1k 2Kh o [Y] (a-x) 
(k_ xx + k 2) 

but x = [ a - (a-x)] so that: 

- d 
dt 

k 1k 2Kh Q [Y] (a-x) 
k 2 + k_ 1 [ a -(a-x)] 

= k 1k 2Kh o [ Yl (a-x) 
( k 2 + k_-^a.) - k_ 1 (a-x) 

This leaves (a-x) as the only time dependent variable on the r i g h t hand 

side of the equation which can now be seen to be hyperbolic i n form. 

Thus ~dVd [ A ] should be a li n e a r function of V(a-x) since:-

( k ? + k a) 
- dt = . _ . 
d~[TJ k k K h [Y] (a-x) k 1k 2Kh Q [ Y ] 

and such double reciprocal plots were indeed found to be linear f o r the 

present reaction. However, the determination of ~ c*V<l[A] by drawing 

tangents to the experimental curve of [ A] versus t i s susceptible t o 

large errors even with the use of suitable mirror devices. Hence the 

following procedure was adopted. 

I f we assume that the reaction can be represented by an observed. 

f i r s t - o r d e r rate constant k then we can wr i t e : -
o 

[ A ] 
k 1k 2Kh Q [ Y ] (a-x) 

dt 
ko ( a _ x ) " (kg + k_ xa) - k ^ (a-x) 



i . e . k 0 

k l k
2

K h o t Y l 

( k 2 + k_^a) - k_^(a-x) 

k ^ a - x ) ( I ^ + k^a) 
so that k — + o 

V j j K h j Y ] k l k 2 K h o [ Y ] 

where k = Vt. In (a/a-x). o 

Hence, f o r each run a graph of k Q ^ versus (a-x) should be l i n e a r 
k , ( k ? + k ,a) 

with slope = — /k 1k 2Kh o [YJ and intercept - / k 1k 2Kh Q [ Y] 

Furthermore, i t can be seen t h a t : -

Intercept = — ( k2/k_ 1 + a) 
Slope 

k - l 1 1 and k-,Kh = — -. x 1 o k 2 Slope x [7]" 

The runs were carried out by weighing amounts of pure N,N-dimethyl

an i l i n e i n t o each f l a s k and following the disappearance of the absorption 

due to N-nitrosodiphenylamine at 3-10 nm ( £ = 5619.8). The factor 

(Abs^ = Abs Q O) was converted to (a-x) i n concentration units by dividing 

by £ , and (Abs Q - A.bsQO) /e equated with a. The solvent was 

sulphuric acid (l.3?M) containing sodium azide (0.16M). I n fact four 

runs were performed varying the concentration of H,N-dimethylaniline, 

The results are shown i n Tables 30 - 33-



TABLE 30 TABLE 33-

k o

_ 1 (sec) 105(a-x)M k ~ 1 (sec) 10 5(a-x) M 

376 7.1 235 5.2 
424 6.3 266 4.3 
1+5? 5.6 275 3.5 
482 5.0 288 2.9 
502 4.6 304 2.5 
511 4.1 316 2.2 
519 3.7 321 1.8 
531 3.4 325 1.6 
550 3.1 331 1.3 
560 2.9 340 1.2 

TABLE 32 TABLE 33 

k Q

- 1 (sec) 105(a-x)M k ^ (sec) 
0 ' 

10 5 (a-x) M 

154 5.0 127 4.5 
162 4.2 138 3.7 
169 3.6 148 3.1 
176 3.1 154 2.6 
183 2.7 160 2.2 
185 2.3 164 1.9 
189 2.0 168 1.6 
191 1-7 171 1.4 
195 1.5 177 1.2 
200 1.4 181 1.1 



They are a l l good str a i g h t lines with correlation c o e f f i c i e n t s i n 

excess of I K 2 - 0 . 9 9 The values of the slope, intercept, A _ i a n d 

thus calculated are shown i n Table 34 . For these runs h Q = 2 . 6 3 as 

obtained from the data of Robertson & Dunford.^"^^ The mean values are 

as follows:-

^ A . j ) = ( 8 . 7 ± 0 . 9 ) x 1 0 " 5 

k-jK = 0.32 ± 0.05 

A t y p i c a l graph i s shown i n Figure 9 with the data from Table 33 • 

TABLE 34 

1 0 3 [ Y ] H 105a.M. 1 0 6 SLOPE 1 0 2 INTERCEPT k,Kh 1 o 

2 . 6 8 . 3 -4.059 6 . 7 7 8 . 3 8 1.13 0 . 4 3 

5 . 1 6 . 8 - 2 . 4 8 9 3 . 6 6 7 . 9 0 1 .00 0 . 3 8 

1 0 . 8 6 . 1 - 1 . 2 2 0 2 . 1 4 11.4/+ 0 . 6 6 0.25 

15-5 5 . 7 - 1 . 5 0 7 1 . 9 4 7.17 0 . 6 0 0.23 

The kjK value of 0.32 thus obtained i s comparable to that of 

m-methoxyaniline (0.32) obtained i n section 4.3. This treatment therefore 

yields results of the correct order of magnitude and would indicate that 

N,N - dimethylaniline does i n f a c t undergo dire c t reaction with N-nitroso-

diphenylamine, being one of the more reactive anilines studied. 
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However, no para-C-nitroso isomers, whether of PhgNH or PhNMeg, 

could be detected spectrophotometrically i n any of the reaction 

solutions. I t seems l i k e l y that the r e v e r s i b i l i t y of the reaction 

( k _ ^ ~ 10 kg) prevents the build up of p-ON-Ĉ Ĥ NMeg and that the 
+ 

PhgNH.NO i s simultaneously denitrosated by the solvent so that ultimately 

the ' N0+' i s lost by reaction with HN̂ . Tertiary amines can also be 
l i p 

cleaved by nitrous acid. ' 

2HN02 

RgN.CHgR 3> RCHO + RgN.NO + NO 

and a similar process may operate i n the nitrosation of PhNMeg. The 

reaction i s thus probably more complex than has been assumed here. I t 

i s also l i k e l y that the early i d e n t i f i c a t i o n of p-ON-Ĉ Ĥ NMeg by 

Houben^ was made possible by the use of alcoholic rather than aqueous 
12 

acidic media. Johal has shown that i n alcoholic HC1 the denitrosation 

of PhNMeNO and PhgN.NO occurs rapidly ( w i t h i n minutes) without any 

rearrangement but on standing overnight the same solutions gave good 

yields of rearrangement product. I t therefore appears that the 

mechanism could well be d i f f e r e n t i n the two types of solvent. The 

involvement of a l k y l n i t r i t e s (R0N0) i n the alcoholic rearrangement 

has not yet been investigated thoroughly, but could well be important. 

F i n a l l y , i t i s of interest t o r e c a l l that the proposed scheme 

f o r the d i r e c t nitrosation of N,K - dimethylaniline by N-nitroso-

diphenylarriine gives the equations-

k,k«Kh [ Y l 
. 1 2 O L J k o kg + k_]_ [ c ] 

For N,M - dimethylaniline i t was found that k_^>" kg which results i n 



curved f i r s t - o r d e r p lots. With a n i l i n e , hovrever, one would expect 

kg > k -J. w n i c n reduces the rate equation t o : -

k = knKh f Yl o 1 o L J 

so that one would expect reasonable f i r s t - o r d e r behaviour and a linear 

dependence of k Q upon [ Y ] as outlined i n section 4 . 2 . 

4.6 Consequences f o r Fischer-Hepp Rearrangement 

I n section 1.6 the Fischer-Hepp rearrangement was discussed i n 

terms of generalized perturbation theory and TT - complexes between 

ArNHR and N 0 + were proposed to account f o r the intramolecular nature 

of the reaction i n aqueous solution. The results of t h i s chapter 

suggest another p o s s i b i l i t y , namely dire c t reaction between the proton-

ated nitrosamine and i t s product of denitrosation via a T - complex. 

Since both donor and acceptor are s t r u c t u r a l l y very similar one would 

expect degenerate o r b i t a l - c o n t r o l l e d reaction and predominantly para-

su b s t i t u t i o n . 

However, the major difference between the two types of -rr - compl 

i s the larger size of the organic nitrosating agent compared with N0+. 

What effect t h i s has on the geometry of the TT - complex i s uncertain. 

The scheme i n section 4 . 2 has the acceptor lying over the centre of 

the donor benzene r i n g . There are several alternatives, however, and 

consideration of the simple case with N0+ shows that there are i n fact 
148 

three types of orientation with respect to the benzene r i n g . 

5+ 8 N 6+ N N 5 
i 

i 

R (resting) A ( a x i a l ) 0 (oblique) 



Model R gives the maximum o r b i t a l overlap but suffers from 

dipole-ir electron repulsion so that the p a r t i a l l y negative oxygen 

i s repelled as i n model 0. I t i s f u r t h e r argued that model A i s i n 

fact least l i k e l y since the " f - electron density i s lowest i n the 
148 

centre of the r i n g . Support f o r t h i s comes from the X-ray 
d i f f r a c t i o n pattern of the complex Ag+.Bz.C10^~ which shows that the 

149 
s i l v e r ion l i e s off-centre with respect to the r i n g . 

However, MINDO calculations f o r the v-complex formed from 

benzene and BeH+ indicate that maximum s t a b i l i t y i s obtained when the 

beryllium has six nearest neighbours, i . e . when i t l i e s over the 

6-fold symmetry axis of the r i n g , and evidence has been obtained f o r the reactiom 150 

Q 

The exact conformation of the benzene -NO TV -complex i s 

therefore unclear at the present time. 

Likewise, i t i s not yet clear how the ir-complex formed from 
+ 

PhgNH.NO and an i l i n e achieves maximum s t a b i l i t y . Two possible arrange

ments are: - H 

Ph_N +— NO 

Ph 



However, the tetrahedral arrangement around the amino nitrogen 

i n the nitrosamine would be expected to hinder model A, Furthermore, 

model B offers maximum degeneracy i n the acceptor-donor in t e r a c t i o n . 

I t has been pointed out, however, that models having benzene rings 

superimposed with their 6-fold axes coincident have zero-overlap 

i n t e g r a l and are therefore untenable. 151 

UNACCEPTABLE 
+ + 

The geometry of the Ph2NH.N0 - PhNH, 

ACCEPTABLE 
*j - IT - complex i s therefore 

probably unsymmetrical i n having the staggered r i n g conformation. What 

influence t h i s would have on the ste r i c interactions i n such complexes 

i s unclear. For example, although model B appears l i k e l y f o r a n i l i n e 

(to account f o r the observed diazotization) with staggered rings, the 

introduction of N-alkyl groups i n t o the anil i n e may re s u l t i n severe 

st e r i c crowding so that the preferred geometry becomes as i n model C. 

This may well account f o r exclusive para-C-nitrosation i n the reaction 

of PhgN.NO and PhNMe? i n alcoholic HC1. The Fischer-Hepp rearrangement 

then becomes the special case with R = R'. I f t h i s i s the case then 

one would expect an induction period f o r the actual rearrangement during 
+ 

which the concentration of PhNHpR builds up through denitrosation. 

This scheme also predicts no Fischer-Hepp rearrangement f o r ;;-nitroso-

pyridinium s a l t s . 
NO 
1 ̂  N 
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since yr- complex formation i s hindered by the positive r i n g nitrogen 

(cf.purines and pyrimidines, section 4.4). 

This type of mechanism f o r rearrangement had e a r l i e r been ruled 

out by W i l l i a m s " ^ ' s i n c e dir e c t reactions between N-methyl-N-nitroso-

a n i l i n e and a n i l i n e was not observed. However, the range of a n i l i n e 

concentrations was not large ( l - 5 x 10~ M) and reaction was carried out 

i n 3-05M hydrochloric acid where competition by Cl~ would seriously 

hinder the dir e c t diazotization. I n the present case the a n i l i n e was 

varied i n concentration from 2 - 60 x 10 M and the reaction conducted 

i n 0.60M sulphuric acid to avoid competition from other nucleophiles. 

I t may well prove useful to re-examine the reaction between PhNMeNO 

and a n i l i n e under the conditions used here. 



S E C T I O N T H R E E 



CHAPTER FIVE 

Diazotization with N i t r o s y l Bromide 
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5.1 Introduction: 

Results are presented here f o r a detailed examination of the 

kinetics of diazotization f o r a range of r i n g substituted anilines i n 

aqueous sulphuric acid ( ~ 0.2M) containing sodium n i t r i t e (varying from 

amine to amine i n the range 0.5 - 5»0 x 10 M), and potassium bromide 

(over the range 0.01 - 0.08M) where the effective nitrosating agent i s 
80 

thought t o be n i t r o s y l bromide. I n each case the t o t a l amine 

concentration was always i n at least twenty-fold excess over the corres

ponding t o t a l nitrous acid concentration. This ensures pseudo-first 

order behaviour. I n practice good f i r s t - o r d e r behaviour i n nitrous 

acid was always observed both from the l i n e a r i t y of plots of log (a-x) 

versus t and from the constancy of the observed rate-constant k Q upon 

doubling the i n i t i a l sodium n i t r i t e concentration. This rate-constant 

i s defined by:-

where [HNOg] corresponds to the t o t a l ' n i t r i t e ' concentration. Reaction 

via $2^3 w a s "therefore ruled out since otherwise a second-order 
90 

dependence upon nitrous acid would be observed. The values of k Q 

remained unchanged on doubling the ac i d i t y at any one bromide concentration 

vfhich f u r t h e r rules out reaction v i a the nitrous acidium ion. I n a l l 

cases k Q was found to be d i r e c t l y proportional to the t o t a l amine 

concentration. 

The rate measurements were carried out using a 'Canterbury' 

stopped flow spectrophotometer at 25°C and the effect of varying both 

['Br ] and [Amine] upon k was observed. Sach quoted value of k 



i s i n fact the mean of f i v e separate determinations with a standard 

deviation of ± 2/i or l e s s . I n view of the i n s t a b i l i t y of the product 

diazonium ions extensive use was made of the Guggenheim method for 
152 

f i r s t - o r d e r reactions. D e t a i l s of the experimental technique and 
the methods used to calculate k and the attendant errors w i l l be 

o 
found i n Chapter ?. 

5.2 The Steady-State Treatment 
90 

The scheme of Hughes & Ridd shown i n section 2.3 can be taken 

as the basis f or a more detailed model. 

+ - _JL 

HN02 + H + Br = ^ NOBr + H 20 

k l + 

ArNH„ + NOBr — A r N H ? N 0 + Br 
^ k 3 

ArN 2
+ + H 20 

+ 
Assuming ArNH2N0 to behave as a reactive intermediate permits the use 

of the stationary state approximation. Here i t i s therefore assumed 
+ 

that [ ArNHgNo] remains constant during the course of the reaction so 

that:-

Rate of formation of ArNHgNO = Rate of destruction of ArNHgNO 

k x [AriIH 2] [NOBr] = kg [Ari-iHgNO] [ B r - ] + k^ UrNKgNo] 

= [ArNiy-io] ( k 2 [Br"] + k^) 

. , + k i [ArI!H 0l [ NOBr] 

T, . „ , d [ArN 0
+] . r + n out, Rd.te = L 2 J/ a t = k~ [ArNH„N0j 
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kjk, [ArNHj [NOBr] 
so that, Rate = "~ 

( k 9 [Br"J + k~) 

However, [N03r] = K [HNO?] [H + ] [Br -] 

Rate = k 1 k 3 [ArNH2] K [HNOj [ H +] [Br~] 

( k 2 [Br -] + k 3 ) 

and since the observed rate-constant has been defined as ^ 

= k LHN0o] one can write:-o L 2 J 

L k K [ArMHj [H + ] [Br"] 
k = 1 * — -
° (kg [Br"J + k 3 ) 

96 

The value of K for the formation of NOBr i s known and has a 

value of 5.1 x 10"2 m c l - 2 dm6 at 25°G. 

Two l i m i t i n g conditions can be evisaged. F i r s t l y k^ » kg [Br~] 

when the rate equation reduces to:-

k Q = k xK [ ArNH2] [ H +] [Br -] 

and secondly k 9 [ B r l ;>P> k^ when:• 

k

D = iSiJS^. [ A rNH. a ] [ H + ] 

The f i r s t predicts that at constant acidity and bromide concent

ration k Q w i l l be a l i n e a r function of [ArfiHg] and the second that at 

high bromide concentration k Q w i l l become independent of [Br~] 

Note that no allowance has been made for a c t i v i t y effects which 

would tend to increase the calculated values somewhat. I t i s f e l t 

that these e f f e c t s w i l l be small i n the d i l u t e reaction conditions and 



that applying the approximate Debye-Huckel corrections would lead t o 

greater error. 

5.3 Limiting Case » [Br"] 

+ 
This i s the 'normal' s i t u a t i o n where the AxNHgNO intermediate 

reacts rapidly and i r r e v e r s i b l y to give the diazonium ion. The condition 

i s obviously best s a t i s f i e d at low bromide concentration. Since:-

k o = kjK [ArNH2] [H + ] [BT~] 

values of k^ can be calculated from the slope of a graph of k Q versus 

[ArNHg] . The f a c t that the observed rate-constants are larger f o r those 

anilines carrying electron-withdrawing substituents argues i n favour of 

reaction between NOBr and the unprotonated amine since at any one ac i d i t y 

there w i l l be proportionally more free base present than i n the case of 

the more basic amines. Indeed the results only make sense when 

interpreted i n t h i s way. 

The experimental results f o r seven amines are shown i n Tables 

36 - k2 where the k Q values are displayed against the t o t a l added amine 

concentration and the corresponding concentration of unprotonated amine. 

The slopes are calculated by a least-squares procedure (see chapter 7) 

and r e f e r t o k versus free base concentration. The concentrations o 
of free base are calculated as follows:-

+ 1 
B + H i = — J3H 

[BH+] = K [B] [ H + ] 

[B]TOT = [ B ] + [BH+] 
= [ B ] + K [ B ] [ H + ] 
= [ B ] ( I + K [ H + ] ) 
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so th a t : - [ j t o t 
( 1 + K [ H +] ) 

1 , P^RH+ 

where K = /K = 10 . 
B H 141 

obtained from Perrin, and f o r convenience are l i s t e d i n Table 35• 

The values of pK have been 
BH 

TABLE 35 

ANILINE PK + (25°C) 
BH 

p-OMe 5-357 

p-Me 5.084 

H 4.596 

m-OMe 4.204 

p-Gl 3.982 

p-COOH 2.42 

P-N0 2 1.019 

I n the following Tables [Amine] refers t o the t o t a l added amine and 

[ArNHg] to the concentration of free base. 

TABLE 36; ANILINE 

2 -1 10 k sec 0 103 [Amine] M 107 [ArNH 2] M 

0 0 0 
16.0 5.46 3.46 
23.4 8.?4 5.5^ 
33-2 12.01 7.61 
42.1 15-29 9.69 



TABLE 3?s m - ANISIDINE 

k sec 1 

0 
103 [Amine] M 107 [ArNH 2] M 

0 0 0 
0.524 5.02 6.82 

0.830 8.03 10.91 
1.05 11.04 15.00 
1.35 14.06 19.11 

TABLE 38: p - ANISIDINE 

lO^k sec - 1 

0 
103 [Amine] M 108 [ArNHg] M 

0 0 0 
1.38 1.15 1.05 
2.05 1.85 1.69 
2.80 2.54 2.33 
3.89 3.23 2.96 

TABLE 39: P - TOLUIDINE 

10 2k sec" 1 

0 10 i + [Amine] M 1 0 8 [ArNH 2] M 

0 0 0 

1.37 6.80 1.33 
1.98 10.88 2.13 
2 . 9 1 14,96 2.93 

3.55 19.04 3.74 



TABLE 40: p-AMINOBENZOIC ACID 

k sec"''" 
0 

10 3 [Amine] M 10 5 [ArNHg] M 

0 0 0 
3.0*1. 3.04 2.60 
4.63 4.87 4.17 

5.7? 6.70 5.7^ 
6.88 8.53 7.31 

TABLE 41: p-CHLOROANILINE 

, -1 k sec 
0 

10 2 [Amine] M 10 6 [ArNHg] M 

0 0 0 
2.24 1.08 2.01 
2.60 1.71 3.18 
2.62 2.36 4.39 
3.80 3.00 5.58 

TABLE 42t p-NITROANILINE 

, -1 k sec 
0 103 [Amine] M 10^ [ArNHg] M 

0 0 0 
4.00 2.05 3.53 
4.88 2.66 4.58 
5.61 3.48 5.99 

Values of k^ can then be obtained from plots of k Q versus ArNHg 

since Slope = k̂ K [ H +] [Br~] . A modified least squares procedure 

has been used to calculate the 'best' slope because the o r i g i n i s 



unambiguously f i x e d and the l i n e must pass through t h i s point. The 

relevant a c i d i t y and bromide data are shown i n Table 43 along with the 

values calculated f o r the slope and k,. 

TABLE 43 

ANILINE lO^NaNOjJ M 10 2[Br"] M [ H + ] M 10"5Slope _q _ i _ i 
10 ^ . 1 mol sec 

p-OMe 2.0 1.56 0.48 12.646 3.31 
p-Me 4.0 1.56 0.42 9.641 2.88 
m-OMe 0.5 1.56 0.46 7.169 1.96 
H 3.0 1.29 0.40 4.348 1.65 
p-Cl 5.0 1.55 0.56 7.044 1.59 
p-GOOH 1.5 1.54 0.44 1.001 0.29 
P-N02 0.5 1.51 0.46 0.101 0.03 

A t y p i c a l graph i s shown i n Figure 10. 

153 
The th e o r e t i c a l treatment of Smoluchowski J-' predicts a value of 

9 -1 -1 
k of ~ 7 x 10 1. mole sec f o r the diffusion-controlled bimolecular 

encounter of uncharged reactants i n water at 25°G and i t can be seen that 

the k^ values tend towards t h i s l i m i t . Furthermore the effect of 

substituents upon k^ can be seen to be more marked f o r those amines with 
pK <c 4. This i s no doubt due to the influence of the d i f f u s i o n 
BH 

l i m i t upon the r e l a t i v e r e a c t i v i t i e s of the more basic amines and t h i s 
leads t o curvature i n the Bronsted T>lot of logk, versus pK . This 

" A BH+ 

matter w i l l be discussed i n connection with the k^ values f o r the 

corresponding N0C1 reactions i n Chapter 6. The data of Schmid^ f o r the 

NOBr reaction i s rather incomplete, the only quoted r e s u l t being that f o r 
9 -1 -1 ani l i n e with = 3.2 x 10 1. mole sec . The present value i s 

somewhat smaller than t h i s but the general agreement i s quite good. 
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The order with respect to nitrous acid was i n each case checked at 

the lowest amine concentration by doubling or halving the o r i g i n a l concent

r a t i o n of sodium n i t r i t e used, w i t h [ H + ] and [Br~] held constant at the 

values shown i n Table 43. The results are shown i n Table 44. 

TABLE 44 

ANILINE 10^ [NaNOj M T -1 k sec 
0 

10k [NaNOg] M . -1 k sec o 

p-OMe 2.0 1.38 x 10" 2 4.0 1.71 x 10" 2 

p-Me 4.0 1.37 x 10" 2 2.5 1.40 x 10" 2 

m-OMe 0.5 0.524 1.2 0.547 
H 3.0 0.16 7.2 0.1? 
p-Gl 5.0 2.24 2.5 1.71 
p-COOH 1.5 3.04 2.5 3.07 
p-N02 0.5 4.0 1.0 3.8 

As can be seen no s i g n i f i c a n t changes i n k o were recorded so that the 

reaction i s f i r s t - o r d e r i n nitrous acid. 

Likewise the effec t of a c i d i t y was examined at the lowest amine 

concentration with a l l else held constant as i n Table 43. The results are 

shown i n Table 45. 

TABLE 45 

ANILINE [ H+]M k Q sec""*" [ H + ] M k sec "*" 0 

p-OMe 0.48 1.38 x 10" 2 0.85 1.62 x 10" 2 

p-Me 0.42 1.37 x 10" 2 O.76 1.63 x 10" 2 

m-OMe 0.46 0.524 0.75 0.538 
H 0.40 0.16 0.67 0.16 
p-Gl 0.56 2.2 0.?4 2.4 
p-COOH 0.44 3.04 0.78 3.24 
P-NO2 0.40 4.0 0.74 4.1 



Again i t can be seen that k Q i s independent of the a c i d i t y ( w i t h i n 

experimental e r r o r ) . 

5.4 Limiting Case kp [Br"l k^ 
+ 

This i s the s i t u a t i o n where the r e v e r s i b i l i t y of ArNHgNO formation 

competes with the process leading to the diazonium ion. The steady state 

model predicts that at s u f f i c i e n t l y high bromide concentration k Q becomes 

independent of [Br~] and the rate-equation then takes the form:-

k Q = 1 3 [ ArNHg] [ H + ] 
k 2 

from which the r a t i o can be calculated using the k^ values from 

the preceding section. However, t h i s l i m i t was not reached with any of 

the amines studied. The results are drawn up i n Tables 46 - 52. 

I t can be seen that the graphs of k versus [ B r l resolve in t o 

two groups: 

(a) For those amines with pK > 4.0 the graphs appear l i n e a r . 
BH 

(b) For those amines with pK < 4.0 the graphs exhibit 
BH 

curvature. 

The curvature i s most marked f o r the powerfully electron withdrawing 

groups - C00H and - NOg. 



TABLE 46: p-ANISIDINE 

[ArNH 2] = 1.05 x 10_8M; I H +] = 0 .48M 

2 -1 10 k sec 
0 

10 2 [ B r - ] M 

0 0 
1.38 1.56 
2.43 3.12 
3.4l 4.68 
5.08 6.24 
6.16 7.80 

TABLE 4?; p-TOLUIDINE 

[ArNH 2] = 1.33 x 10"8M; [ H +] = 0.42M 

10 2k Q sec" 1 102 [Br~] M 

0 0 
1.37 1.56 
2.36 3.12 
2.88 4.68 
4.73 6.24 
5.50 7.80 

TABLE 48; m-ANISlUINE 

[ArNH2] = 6.82 x 10"7M; [ H +] = 0.46M 

k s e c - 1 

0 102 [Br*] M 

0 0 

0.503 1.56 
0.773 2.49 
1.028 3.̂ 3 
1.185 4.36 

1.405 5.30 
1.591 6.23 
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TABLE 49: P-NITROANILINE 
[ArNH2] = 3-53 x KTSI; [ H + ] = 0.40M 

-1 k sec 0 
10 2 [Br"] M 

0 0 
4.0 1.51 
5.9 3.02 
7.9 *+.53 
8.4 6.04 

TABLE 50: p-AMINOBENZOIC ACID 

[ArNHg] = 2.60 x 10"5M; [ H +] = 0.44M 

k sec" 1 

0 102 [Br"] M 

0 0 
3.04 1.54 
5.̂ 7 3.08 
7.15 4.62 
8.64 6.16 

9.87 7.70 

TABLE 51: v -CHLOROANILINE 

2 ] = 2.01 x 10 "6M; [ H + ] = O.56 

k Ref." 1 

0 102 [ Br"] M 

0 0 
2.24 1.55 
3.6 3.10 
5.22 4.65 
6.1 6.21 
7.6 7.75 
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TABLE 52: ANILINE 

[ArNH 2] = 3.46 x 10"7M; [ H +] = 0.40M 

10 k sec 
0 

10 2 [Br"] H 

0 0 
10.9 1.04 
16.0 1.29 
22.2 1.81 
26.8 2.33 
28.2 2.59 
29.3 2.85 
33.5 3.11 
39.1 3.3? 
45.1 3.61 
50.1 4.13 
55.2 4.64 

The graphs are shown i n Figure 11 except f o r p-Me and p-OMe f o r 

which the slopes are smaller than that f o r a n i l i n e . The lin e s cannot "be 

conveniently represented on the same scale. 

With reference t o the reaction scheme outlined i n section 5.2, one 

might speculate on how an electron-withdrawing group should affe c t the 

values of k^, kg and k^ r e l a t i v e to those f o r a n i l i n e . 

(a) I t should decrease k^ by making the amino lone-pair less 

available f o r attack by the e l e c t r o p h i l i c NOBr. 

(b) I t should increase kg f o r the same reason since the 

nucleophilic Br" now attacks. 
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As an approximation one might expect these effects t o cancel so 

that the overall effect w i l l "be largely due to that upon ky However, 

the effect on k^ i s not clear-cut since t h i s i s a composite rate-constant 

representing a multi-stage process, v i z : -

ArNHoN0 ==^ ArNH = NH - OH Ar - *N = N - 0H_ Ar - N = N + Ho0 Z •• Z Z 

A B C D 

The effect on the formation of C from A would be expected t o be 

small since the rate of proton loss from nitrogen w i l l be enhanced 

whilst the rate of O-protonation w i l l be retarded. These effects should 

cancel (approximately) so that the overall substituent effect w i l l operate 

largely on the rate of formation of D from C. This w i l l clearly be 

retarded by an electron withdrawing substituent since delocalisation of 

the amino lone-pair would retard the process:-

.a . . A Ar - N = N - 0Ho 3* Ar - N = N + H„0 
z z 

I f t h i s i s so then k^ (p-NOg) < kj (p-COOH) -c kj (p-Cl) <L k-j(H) 

< k^ (m-OMe) < k^ (p-Me) < k^ (p-OMe). The l i m i t i n g condition 

kg [Br"] kj should therefore be s a t i s f i e d at the lowest bromide 

concentration f o r p - n i t r o a n i l i n e , since kg w i l l be largest and k^ smallest 

f o r t h i s substrate. This would explain the shapes of the curves i n 

Figure 11 where that f o r p-ni t r o a n i l i n e tends to zero-order bromide 

dependence at the lowest bromide concentration. This aspect of the 

diazotization process w i l l be discussed i n more d e t a i l i n section 6.3 

where the ^z/k^ r a t i o s f o r both the NOBr and N0C1 reactions w i l l be 

compared. 



12? 

5.5 Non-Limiting Conditions 

The "bromide concentrations of the preceding section f a i l e d t o 

realise the l i m i t i n g condition kg [Br"] » k^. I t should therefore 

prove possible t o tr e a t the data according to the non-limiting rate 

equation:-

k k K [ArNH ] [ H +] [ Br 1 
k = —±-2 

0 (k 2 [ B r - ] + k 3 ) 

which i s a hyperbolic curve. Written i n the form, 

= V kjK [ArNHj [ H + ] [Br"] + ̂ / k ^ K UrNHg] f H +] 

i t i s evident that a stra i g h t l i n e r e sults when V^ 0 is pl o t t e d against 

1 / [Br~] . From the slopes of such plots values f o r k^ can be obtained 

and compared with those obtained i n section 5«3 from the plots of k Q 

versus [ArNHg] . The intercepts y i e l d the corresponding k2/k^ r a t i o s . 

The relevant data are l i s t e d below i n Tables 53 - 59 and are 

compiled from the results of the preceding section. 

TABLE 53: y- ANISIDINE 

Vk sec ' o V Ur"] M " 1 

72.46 64.10 
41.15 32.05 
?Q.?? 21,37 

19.68 16.03 
16.23 12.82 



128 

TABLE 54: P-TOLUIDINE 

' o V [Br"] M"1 

72.99 64.10 
42.3? 32.05 
3^.72 21.37 
21.14 16.03 
18.18 12.82 

TABLE 55: m-ANISIDINE 

sec 
0 

V t B r l M"1 

1.99 64.10 
1.29 40.16 
0.97 29.15 
0.84 22.94 
0.71 18.87 
0.63 16.05 

TABLE 56: p-NITR OANI LI NE 

Vk sec ' 0 V [Br"] M"1 

0.25 66.22 
0.17 33.11 
0.13 22.07 
0.12 16.56 
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TABLE 5?; P-AMINOBENZOIC ACID 

sec 
0 

V [Br"] M"1 

0.33 64.93 
0.18 32 .4? 

0 .14 21.64 

0.12 16.23 
0.10 12.99 

TABLE 58; p-CHLOROANILINE 

sec V [Br"] M"1 

0.45 64.52 
0 .28 32.26 
0.19 21.50 
0.16 16.10 
0.13 12.90 

TABLE 59; ANILINE 

Vk sec 
' 0 

V [Br~] M"1 

9 . 1 ? 96.15 
6.25 77.52 
4.50 55.25 
3 . 7 3 42 .92 

3 . 5 5 38.61 
3 .41 35.09 
2 . 9 8 32.15 
2 . 5 6 2 9 . 6 ? 

2 .22 2 ? . ?0 
2.00 24.21 

1.81 2 1 . 5 5 
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The r e s u l t s presented i n Table 60 have been calculated by the 

normal lea s t squares procedure. 

TABLE 60 

ANILINE SLOPE -9 -1 -1 10 l.mole sec INTERCEPT ^Z/kj l.mole ^ 

p-OMe 1.0862 3.58 3.9694 3-65 
p-Me 1.0444 3-36 7.304? 6.99 
m-OMe 0.0282 2.22 0.1?4l 6.18 
H 0.0?84 1.81 0.2842 3.63 
p-Cl 0.0061 2.84 0.0612 ?.80 
p-GOOH 0.001+4 0.39 0.0445 10.12 
P-N02 0.0026 0.05 0.0?62 27.42 

I n a l l cases r Z> 0.99. A t y p i c a l graph i s shown i n Figure 12. 

The k̂  values from both methods are collected together i n Table 6l 

for convenience and i t can be seen that the general agreement i s quite 

good. 

TABLE 61 

ANILINE i o - y a ) i o - y b > 

p-OMe 3.3 3.6 
p-Me 2.9 3.^ 
m-OMe 2.0 2.2 
H 1.7 1.8 
p-Cl 1.6 2.8 
p-COOH 0.3 0.4 
p-N02 0.03 0.05 

(a) From kQ versus [ArNHg] 

(b) From k _ 1 versus V [Br~] 



I n view of the round-off errors introduced into the double-

reciprocal plots i t i s thought that the values from method (a) are more 

accurate and confidence l i m i t s for these values are given i n Chapter ?. 

Discussion of the values w i l l "be found i n Chapter 6 where 

the corresponding values for the N0C1 reaction w i l l also be given. 

5.6 The Slow Process 

For those a n i l i n e s containing an electron withdrawing group 

(-NOg, -CI, and -COOH) a second, slower reaction was observed. This 

had quite different c h a r a c t e r i s t i c s from the f i r s t i n that, although i t 

was f i r s t - o r d e r i n t o t a l nitrous acid, i t was f i r s t - o r d e r i n [ H + ] and 

independent of both [Amine] and [Br"] 

The r e s u l t s f o r p-chloroaniline and p-aminobenzoic acid are 

shown i n Tables 62 and 63 although i t must be borne i n mind that the 

k Q values are l e s s accurate than those for the f a s t process since the 

absorbence changes during reaction are much smaller. 

TABLE 62: p-CHLOR OA NILINE 

[ H +] = 0.56M, [NaN0 2] = 1.0 x 10"3M 

1 0 2k s e c " 1 

0 1 0 2 [Br"] M 1 0 2k s e c " 1 

0 1 0 6 [ArNH2] M 

0.71 1 .55 0 . ? 1 2 .01 

0 .82 3 = 10 0 .72 0 no J • 

0.9*+ 4.65 0 .75 Ur.kZ 

0 .90 6 .20 0 .81 5 .64 

0 .98 ? . ? 5 
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_2 A l l amine runs c a r r i e d out at 1.55 x 10 M bromide and a l l bromide runs 
at 2.01 x 10"^ free amine concentration. 

k Q = (0.83 ± 0.04) x 10" 2 s e c " 1 

-2 -1 
Halving the n i t r i t e concentration gave k Q = 0.?9 x 10 sec and with 
H +] = 0.?4M with a l l else as in f i r s t run k = o 1.4 x 10"2 s e c " 1 

TABLE 63: P-AMINOBENZOIC ACID 

[ H + ] = 0.44M, [ NaNOg] = 1.5 -4 x 10 M 

10 2k s e c " 1 

0 
10 2 [Bt-] M i ft2, -1 10 k sec o 10 5 [ArNHj M 

12.0 1.5^ 12.0 2.63 
12.8 3.08 11.3 4.22 
12.7 4.62 13.0 5.81 
12.1 6.16 11.3 7-39 
14.1 7.70 

A l l amine runs at 1.54 x 10 M bromide, and a l l bromide runs at 

2.63 x 10"̂ M free amine concentration. 

k Q = (12.4 ± 0.0?) x 10" 2 s e c " 1 

-2 -1 
Doubling the n i t r i t e concentration gave k Q = 10.9 x 10 sec and with 

[ H +] = 0.78M with a l l else as i n f i r s t run k - 21.0 x 10 - 2 s e c " 1 . 
The corresponding slow process i n the NOC1 reaction was measured 

for p-nitroaniline. Here the reaction was carri e d out i n hydrochloric 

acid with the following r e s u l t s : -
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FIGURE 13; 

k VERSUS [HCl] f t FOR p-NlTROANILINE (Slow Process) 

[HCI] f HCl 
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TABLE 64: p-NITROANILINE 

[ NaNOg] = 7 .8 x 10"^ M 

n n 2 t , " I 
10 k sec 

0 
[HGI] f ± 

9 .6 0 .94 

2 8 . 8 2 . 1 4 

6 0 . 5 3.83 
116.0 6 .46 

The hydrochloric acid concentrations are such that a c t i v i t y e f f e c t s 

cannot be ignored and f ± r e f e r s to the mean ionic a c t i v i t y c o e f f i c i e n t of 

[HCl] . The values of [HCl] f ± have been obtained from the data of 

section 6 . 2 . 

The graph i s l i n e a r , as i s shown i n Figure 13• with r = 0 . 9 9 8 . 

This suggests f i r s t - o r d e r behaviour i n [HCl] so that k Q must be dependent 

upon either [ H +] or [ c i ~ ] but not on both. (N.B: poorer correlation 

e x i s t s between k Q and [ H +] [ c i ~ ] f ^ . 2 ) * T n e r e s u l t s for the NOBr 

reaction would indicate a f i r s t - o r d e r dependence upon [ H +] 

The nature of t h i s slower process i s unknown. However, i t seems 

reasonable to assume that i t i s either (a) en route to ArNg* or (b) some 

i r r e v e r s i b l e reaction of ArNg +. Fortunately a d i s t i n c t i o n can be made 

between these two a l t e r n a t i v e s by the replacement of the n i t r i t e i n one 

of the runs by the same concentration of ArN_ +, Then, i f the reaction 
+ + involves ArNg i n , for example, coupling with ArNg or substitution of 

by Br", the same absorbence changeshould s t i l l be observed. 

The preparation of a solution for which the diazonium ion 

concentration i s known reasonably accurately necessitates the preparation 

and handling of the dry s a l t . For t h i s reason p-chlorophenyldiazonium 

hydrogen sulphate was chosen because of i t s r e l a t i v e s t a b i l i t y towards 
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explosion and i t s high s o l u b i l i t y i n water, (the BF^~ and PF^" s a l t s , 

although more stable, are only s l i g h t l y soluble in water). Furthermore, 

the HSO^~ anion would not be expected to compete with either p-chloroaniline 

or bromide for reaction with the diazonium ion. The preparative method used 

i s due to Piercey & Ward 1^ (see chapter ? ) . 

I n practice an accurately known aqueous solution of ArN£+HSO^ was 

rapidly mixed with one containing H^SO^, KBr and p-chloroaniline i n 

concentrations such as to duplicate one of the o r i g i n a l runs. The relevant 

data ( a f t e r mixing equal volumes of the two solutions) are shown i n Table 65. 

The o r i g i n a l run showed a steady decrease i n absorption at 35^ nm and gave 
-2 -1 

k Q = 0.82 x 10 sec . The duplicate, however, showed no absorbance 

change at t h i s wavelength. A second duplicate was c a r r i e d out, t h i s time 

omitting the p-chloroaniline, to see i f the reaction between ArNg + and 

Br" did occur. I t was thought that the amine, which was present i n ~ 20 

times the concentration of the diazonium ion, may have masked any 

absorbance change due to the l a t t e r . However, again nothing was observed 

at 354 nm. 
TABLE 65 

ORIGINAL DUPLICATE 

[NaNOj = 5.0 x 10~Sl [ArNjp = 5.5 x 10~\ 

[ H 2 S 0 j = 0.28M t H 2 S C V 1 = 0.35M 

[KBr] 
_? 

- 1 i n i n M L " J j r J 

[Amine] t o t= 1.08 x 10~2M [Amin^. fcot= 1.08 x 10"2M 



I t therefore appears that the slower process i s not some reaction of 

the diazonium cation but l i e s en route to i t s formation. T h i s could well be 
+ + 

the tautomerisation ArNHgNO ArN = N - OHg which would account for the 

independence in halide ion concentration and the f i r s t - o r d e r behaviour i n 
k / 

acid. Furthermore, the r a t i o s suggest that the composite r a t e -

constant for t h i s process (k^) i s reduced by electron withdrawing s u b s t i t -

uents. Hence the observation of t h i s step only i n the case of p-Cl, p-COOH 

and p-N0„ substrates. 



CHAPTER SIX; 

IHazotization with N i t r o s y l Chloride 
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6.1 Introduction 

The experimental procedure followed here i s e s s e n t i a l l y the same 

as that for the NOBr reaction. However, the halide ion concentration 

v a r i e s over the range 1 - 5M and a c t i v i t y effects c l e a r l y cannot now be 

ignored. For t h i s reason hydrochloric acid was used as the source of 

chloride and f o r which experimental mean a c t i v i t y c o e f f i c i e n t s are known 

with some a c c u r a c y T h e error introduced by no longer working at 

constant free amine concentration (as [HGl] vari e s ) was f e l t to be l e s s 

than that which would be introduced by using sulphuric acid containing 

potassium chloride for which a c t i v i t y c o e f f i c i e n t s could not be obtained. 

Further problems a r i s e from the f a c t that hydrochloric a c i d has 

a s i g n i f i c a n t enthalpy of d i l u t i o n . The a c i d i c amine solution was 

therefore mixed with one of sodium n i t r i t e i n hydrochloric acid of the 

same strength. This avoids any temperature r i s e on mixing. However, 

such n i t r i t e solutions rapidly deteriorate on standing so that small 

aliquots of aqueous n i t r i t e solution were added to each HGl sample 

immediately prior to carrying out each reaction. 

The reactions were again studied by means of stopped-flow 

spectrophotometry at 25°C and the effect of varying [HCl] upon the 

observed f i r s t - o r d e r rate constant k Q was examined. Good f i r s t - o r d e r 

behaviour was always obtained with respect to t o t a l nitrous a c i d and 

t o t a l amine concentrations. Further d e t a i l s of the experimental method 

w i l l be found i n Chapter 7. 

The plots of k Q versus [HCl] were found to be curved. This i s 

no doubt due to a combination of a c t i v i t y effects and the r e v e r s i b i l i t y 

of the i n i t i a l N-nitrosation. The reaction scheme i s exactly analogous 

to that for the NOBr reaction, v i z : -



+ - K 

HN02 + H + Gl N0C1 + HgO 

k l 
ArNH2 + NOC1 ArNHgNO + CI 

k 2 
k3 

ArN* + H20 

with a value for K of 1.14 x 10"^ (ref.95). This i s smaller than the 

corresponding equilibrium constant for NOBr formation and explains why 

bromide has the greater bulk c a t a l y t i c effect despite the greater electro-

p h i l i c i t y of N0C1 as compared to NOBr. Again reaction i s regarded as 

proceeding v i a the unprotonated amine. Application of the steady-state 

approximation then leads to the equation:-

k 
o 

k ^ K [ArNH 2] [ H * ] [ci~] f ±
2 

( k 2 [CI"] f 2 + k 3 ) 

where f represents the mean ionic a c t i v i t y c o e f f i c i e n t for the 

hydrochloric acid s o l u t i o n . 1 ^ This i s analogous to the equation deduced 

by Woppmann and Sof e r 1 - ^ for the diazotization of a n i l i n e i n methanolic 

hydrochloric acid. 

Thus, 

V k 0 - VkjK [ ArNH2] [ H +] [ c i ' ] f 2 + ̂ /kjk^K [ArNH2] [ H + 

so that, for the seven amines studied, k 1 values can be obtained from the 

slopes of plots of Vk 0 versus V [ci _] f ±
2 . The intercepts then y i e l d 

k / 
the corresponding 2/k_ r a t i o s . 
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k i 
6.2 Evaluation of values for k^ and 2/ky 

The r e s u l t s are set out i n Tables 66 - 72 where again [ Amine] 

r e f e r s to t o t a l added amine concentration, and [ArNHg] to the 

concentration of free base. The values of f * are interpolated from the 

data of Robertson & Stokes.1-'-* 

TABLE 66; ANILINE 

[Amine] = ?.?0 x 10"3M, [NaNOj - 2.5 x lO ' S l 

k s e c " 1 

o [HCl] M f ± Vk 0 sec V [ o i l f \ 

0.33 1.01 0.810 3.03 1.51 
0.90 2.08 1.025 1.11 0.46 
1.87 3-0? 1.33^ 0.53 0.18 
3-31 4.08 1.790 0.30 0.08 
3.89 5.25 2.555 0.26 0.03 

TABLE 6?: p-ANISIDINE 

[Amine] = 1.98 x 10"3M, [NaNOj = 9.2 x 10~5M. 

Same HCl data as a n i l i n e . 

102k s e c " 1 

o Vk o sec V t c i l f\ 

4.2 23.81 1.51 
12.2 8.20 0.46 
35.9 2.?8 0.18 
71.7 1.39 0.08 

114.2 0.83 0.03 



TABLE 68: m-ANISIDINE 
[Amine] = 1 . 01 x 10 _ 3M, [NaNOj = 4.8 x 1 0~%I 
Same HCl data as a n i l i n e 
. -1 k sec o Vk sec 

' 0 
V [cr] i \ 

0.15 6.6? 1.51 
0.45 2.22 0 . 46 

0.86 1.16 0 . 18 

1.39 0.72 0 .08 

2.94 0.34 0.03 

TABLE 69; p-TOLUIDINE 

[Amine] = 2.21 x 10"3M, [NaNO^ = 1.6 x lO^M 

Same HCl data as a n i l i n e 

2 -1 10 k sec o Vk sec 
' 0 

V [cr] f \ 

5.95 16.81 1.51 
21.0 4.?6 0 .46 

48.0 2 . 08 0.18 
9 8 . ? 1.01 0 . 08 

144.0 0.69 0.03 

TABLE ?0: p-CHLOROANILINE 

[Amine] = 2.06 x 10"3M, [NaNO ] = 2.0 x 10"Sl 

. -1 k sec 0 [HCI] H Vk 0 sec V [cr] f z

± 

0 . 3 2 1.13 0 . 8 3 0 3 . 1 2 1 . 2 8 

0 . 8 1 2 . 0 8 1.025 1 . 2 3 0 . 4 6 

1 . 5 4 2 . 9 6 1 .295 0 . 6 5 0 . 2 0 

2 . 7 3 3 . 8 6 1.673 0 . 3 7 0 . 0 9 

3.27 4 . 9 0 2 . 2 9 6 0.31 0 . 0 4 
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FIGURE 14: Vk VERSUS V [ci"J f + FOR p-GHLOROANILINE —L—0 " 

0 

078 1.0 
/ [ C I " f 
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TABLE 71: p-AMIHOBENZOIC ACID 

[Amine] = 2.01 x 10_J>M, [NaNOg] = 9.9 x 10"5M 
Same HC1 data as p-chloroaniline 

. -1 k sec o Vk 0 sec V [ c r ] 4 
5.6 0.18 1.28 

11.3 0.09 0.̂ 6 
15.2 0.07 0.20 
19.7 0.05 0.09 

TABLE ?2: p-NITROANILIME 

[Amine] = 1.04 x 10"3M, [NaNOg] = 6.7 x 10 - 5M 
same HG1 data as p-chloroaniline 

. -1 k sec o sec 
' 0 V [ci-] 

8.4 0.119 1.28 
11.5 0.087 0.1*6 

13.8 0.072 0.20 
14.5 0.069 0.09 
15.2 0.066 0.04 

The graphs are a l l line a r with values of r > 0.99. A t y p i c a l 

example i s shown i n Figure 14. 

Values of k^ and ̂ /k^ have been calculated from the slopes and 

intercepts, respectively, by using the mean values f o r [ H +] and [ArNHg] 

and the results are shown i n Table 73. The units f o r and ̂ /k^ are 

l.mole "'".sec ̂  and l.mole -^, respectively. 



TABLE ?3 

AMINE mean [ H +] M mean [ArNHg] M Slope • -9 
10 Tc Intercept Vk 3 

p-OMe 3.10 2.81 x 10" 9 15-638 6.44 0.343 0.02 
p-Me 3.10 5.88 x 10" 9 10.988 4.38 0.104 0.01 
m-OMe 3.10 2.04 x 10" 8 4.204 3.30 0.322 0.08 
H 3.10 6.30 x 10~ 8 1.887 2.38 0.193 0.10 
p-Cl 2.99 7.18 x 10" 8 2.286 1.79 0.190 0.08 
p-GOOH 2.99 2.55 x 10" 6 0.106 1.08 0.043 0.40 
p-N02 2.99 3.23 x 10" 5 0.043 0.21 0.065 1.50 

Again i t can be seen that the k^ values approach the d i f f u s i o n 

controlled l i m i t . The trend w i l l be discussed i n section 6,5 where 

more accurate k^ values w i l l be presented. 

6.3 Significance of the ̂ 2/k^ r a t i o s : 

For convenience the results f o r the NOBr and N0C1 reactions have 

been drawn up i n Table 74. For both reactions the general trend i s 

toward larger r a t i o s f o r the more weakly basic amines. Assuming k^ to 

be the same i n both cases allows calculation of k 2 (NOBr) : kg (NOCl) 

r a t i o s . The results are not i n good agreement because of the approximate 
k / 

nature of the method used to calculate the o r i g i n a l 2/k^ r a t i o s . However, 

i n a l l cases i t can be seen that kg (Br") > kg (Cl~) as would be 

expected since bromide i s more e f f i c i e n t . t h a n chloride i n the halide 

catalysed denitrosation of secondary nitrosamines. For example, with 

N-methyl-N-nitrosoaniline the r a t i o k(Br") : k(Cl") i s ~ 50 (ref.14) 

and with N-nitrosodiphenylamine i t i s ~ 25 (see section 3.2). 
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TA3LE ?4 

AMINE ( k2/k 3) NOBr ( k2/k 3) N0C1 V B r " V k 2 (CI") 

p-OMe 3-65 0.02 182.5 

p-Me 6.99 0.01 699.0 
m-OMe 6.18 0.08 77.2 
H 3.63 0.10 36.3 
p-Cl ?.80 0.08 97.5 
p-COOH 10.12 0.40 25.3 
P-N02 2?.^2 1.50 18.3 

The effect of r i n g substituents upon the 2/k^ r a t i o s i s towards 

larger values f o r those amines carrying electron withdrawing substituents 
2 

with factors of ~10 and 10 covering the range f o r the bromide catalysed 

and chloride catalysed reactions, respectively, and t h i s r e f l e c t s the 

greater s e l e c t i v i t y shown by the substrates ( i . e . ArNHgNO) towards 

denitrosation by the weaker nucleophile. The denitrosation of secondary 

nitrosamines i s also enhanced by electron withdrawing r i n g substituents 
21 

but with only a factor of 6 covering the range from p-OMe t o p-NOg. 

The reason f o r the smaller substituent effect i n the l a t t e r reaction i s 

not clear-cut but may be rationalised as follows:-

Consider the case of electron-withdrawing substituents. I n the 

simple denitrosation process these operate to enhance the rate of the 
actual nucleophilic s u b s t i t u t i o n but also reduce the concentration of 
+ 

ArNHRNO by v i r t u e of t h e i r e f f e c t upon the pK of the nitrosamine. 
BH 

K + k,, X" 
ArNRNO + H ArNHRNO ^ AxNHR + N0X 

k - l 



These effects therefore c o n f l i c t and r e s u l t i n a small overall 

substituent effect on the product k^K. I n the diazotization process such 

substituents operate to increase kg ( i . e . the denitrosation of the primary 

nitrosamine) and to reduce kj (see section 5•*••)• These opposing effects 

are magnified i n the r a t i o ^2/k^, and a larger overall substituent effect 

r e s u l t s . For electron releasing substituents the effects are i n the 

opposite d i r e c t i o n . However, the separate effects always c o n f l i c t i n the 

product k̂ K and co-operate i n the r a t i o 

I t i s now apparent that the N-nitrosation of anilines can become 

s i g n i f i c a n t l y reversible at high halide concentration, p a r t i c u l a r l y f o r 

those amines carrying the more powerful electron-withdrawing groups. 

I n section 2.3 i t was suggested that the k^ values f o r the N-nitrosation 

of a n i l i n e s , as measured by an i n d i r e c t procedure, did not approach the 

diffusion-controlled l i m i t . However, f o r those anilines f o r which the 

r e v e r s i b i l i t y of the nitrosation step i s important, the r e l a t i v e k^ values 

thus obtained are not necessarily the true values but the composite 
k1^3 / ^̂ 2 [x~ -1 + k3^ v a l u e s * This leads to a wider range of apparent 
rate-constants than would be obtained i f the r e v e r s i b i l i t y were 
unimportant. I t was precisely t h i s large range of r e a c t i v i t y from 

on 

p-OMe to p-NOg that was taken as evidence against d i f f u s i o n - c o n t r o l . 1 

Once again the existence of good Hammett correlations can be seen to be 

f o r t u i t o u s (see c r i t i q u e i n section 3»2). 

F i n a l l y , i t should be noted that i n the bromide catalysed reaction 
k / 

the 2/k^ r a t i o s are a l l greater than unity which implies that kg :> k^ 

f o r a l l seven amines and that r e v e r s i b i l i t y i s always important. For 

the chloride catalysed reaction the opposite i s generally true. Again 
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t h i s r e f l e c t s the greater c a t a l y t i c effect of 'bromide i n the denitrosation 
an 

of the primary nitrosamines. The i n d i r e c t procedure ' involved measure

ments of the diazotization under catalysis by both bromide, and the more 

powerful nucleophile thiocyanate, so that the r e v e r s i b i l i t y of the 

reactions should always be k i n e t i c a l l y s i g n i f i c a n t , even f o r those amines 

carrying electron-donating substituents. 

6A Correction of the k-̂  values; 

The k^ values of section 6,2 have been calculated by using the mean 

values of [ H + ] and [ArNHg] . However, i t would be better t o avoid 

t h i s i f possible and allow f o r the v a r i a t i o n of [ArNH^] with a c i d i t y . 

k ^ 1 = VkjK [ArNHg] [ H + ] [ci~] f * + ^2/k^k^K [ArNHg] [ H +] 

However, the intercepts of the graphs of k versus V [ci~] f^ 

are known from the analysis of section 6.2 so that we can wr i t e : -

k x = V ( k o
_ 1 - Intercept) K [ArNHg] [ H + ] [ci~] f^ 

and calculate values of k^ f o r each a c i d i t y . This also allows the 

estimation of standard errors f o r the k^ values. The free base 

concentrations are calculated as i n section 5-3i and again are repres

ented by the symbol [ArNHg] . The corresponding t o t a l amine concent

rations are represented by [Amine] . The results are shown i n Tables 

?5 - 81. 

Mean values of the rate-constant f o r each amine have been calculated 

according to x = *~ i / n where n = number of estimates. The standard 

error of the mean i s then given by °x/n2 where o~x i s the standard 

deviation of the data from the mean and i s given by:-



148 

TABLE ?5! ANILINE 

[Amine] = 7.70 x 10"3M, Intercept = 0.193 

, -1 k sec 0 [ H + ] M [ArNHg] M • [ c r ] f\ -9 -1 -1 10 l.mole s x 

3.03 1.01 1.933 x 1 0 - 7 0.6627 2.39 
1.11 2.08 9.385 x 10" 8 2.1853 2.24 
0.53 3.07 6.358 x 10" 8 5.4632 2.44 
0.30 4.08 4.784 x 10" 8 13.0727 3.21 
0.26 5-25 3.718 x 10" 8 34.2721 1.96 

9 1 k. = (2.4 ± 0.2) x 10 l.mole sec 

TABLE ?6; p-ANISIDINE 

[Amine] = 1.98 x 10"3M; Intercept = 0.343 

k sec 0 [ H + ] M 109 [ArNHjJ M c r ] f 2 . l O - 9 ^ L i n d e n s - 1 

23.81 1.01 8.617 0.6627 6.48 
8.20 2.08 4.184 2.1853 5.87 
2.78 3-07 2.835 5.4632 7.57 
1.39 4.08 2.133 13.0727 7.36 
0.88 5.25 I.658 34.2721 5.48 

k = (6.5 ± 0.4) x KT l.mole" sec 



TABLE ??: m-ANISIDINE 

[Amine] = 1.01 x 10"3M, Intercept = 0.322 

k ^ sec o [ H + ] M 108 [ArNH2] M [cr] ^ l O " 9 ^ l.mole" 1s - 1 

6.67 1.01 6.251 0.6627 3.30 
2.22 2.08 3.036 2.1853 3-35 

1.16 3.07 2.057 5.4632 3.03 
0,72 4.08 1.5^8 13.0727 2.67 
0.34 5.25 1.203 34.2721 22.53* 

* = omitted. 

k, = (3.1 ± 0.2) x 109 l.mole - 1 sec 

TABLE 78: p-AKENOBENZOIC ACID 

[Amine] = 2.01 x 10~̂ M; Intercept = 0.043 

k sec 0 [ H + ] M 106 [ArNH2] N [cr] f2

± l O " 9 ^ l.mole" 1s" 1 

0,18 1.13 6.740 0.7785 1.08 

0.09 2.08 3.667 2.1853 1.12 
0.07 2.96 2-578 4.9640 0.86 
0.05 3.86 1.978 10.8039 1.52 

k, = (1.1 ± 0.1) x 10y l.mole" 1 sec 
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TABLE 79; p-TOLUIDINE 

[Amine] = 2 . 2 1 x 1 0 ~ ^ M : Intercept = 0 . 1 0 4 

k 1 sec o [ H + ] M 109 [ArNHg] M [cr] f\ - 9 -1 -1 10 k^.l.mole sec 

1 6 . 8 1 1.01 18.033 0.6627 4.35 
4.76 2 . 0 8 8.756 2 . 1 8 5 3 4.73 
2 . 0 8 3.07 5 . 9 3 3 5 . 4 6 3 2 4 . 4 6 

1.01 4 . 0 8 4 . 4 6 4 13.0727 4 . 0 ? 
0 . 6 9 5.25 3 . 4 6 9 34.2721 2 . 4 0 

k, = ( 4 . 0 ± 0 . 4 ) x 1 0 9 l.mole" 1 sec 

TABLE 3 0 : p-CHLOROANILINE 

[Amine] = 2 . 0 6 x 10'^M; Intercept = 0 . 1 9 0 

k 1 sec 0 [ H + ] M 108 [ArNH2] M [cr] t\ l O " 9 ^ l.mole^sec" 1 

3.12 1.13 19.000 0.7785 1.79 
1.23 2 . 0 8 10.322 2.1853 1 . 8 0 

0.65 2.96 7.254 4.9640 1.79 
0.37 3.86 5-562 10.8039 2.10 
0.31 4.90 4.382 25.8309 1.32 

k x = (1.8 ± 0.1) x 109 l.mole" 1 sec" 1 
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TABLE 81; p-NITROANILINE 

[Amine] = 1.04 x 10"^M; Intercept = 0.065 

k - 1 sec 0 L H + ] M 105 [ArNHj M [cr] ^ -9 -1 -1 10 k̂  l.mole sec 

0.119 1.13 8.122 0.7785 0.23 
0.08? 2.08 4.575 2.1853 0.19 
0.0?2 2.96 3.258 4.9640 0.26 
0.069 3.86 2.517 10.8039 0.21 
0.066 4.90 1.993 25.8309 0.35 

. ^ - (0.25 ± 0.03) x 109 l.mole' 1 sec" 1 

x n £ x ^ - ( Z x ^ 2 

n (n-1) 

( n - l ) weighting has been used so that o~measures the dispersion of the 

data about the mean. 

6.5 Comparison of ̂  values f o r the N0C1 and NOBr reactions: 

I n section 5«3 k^ values f o r the NOBr reaction were calculated from 

the slopes of plots of k Q versus [ArNHg] by v i r t u e of the linear 

relationship;-

n r x i r _-\ k Q = k2K LArNH2J L H'J LBr J 

However, i n the form k^ = k Q / K [ArNHg] [ H +] [Br"] t h i s allows 

the calculation of k^ at each free base concentration. The mean value 

of k^ and the corresponding standard error can then be calculated f o r each 



amine i n a manner exactly analogous to that used i n the preceding section 

f o r the values i n the N0C1 reaction. The relevant data can be found 

i n section 5.3 (Tables 36 - 43). 

The results f o r both reactions are presented i n Table 82, the 

units of k_ being l.mole - 1 sec - 1. 

TABLE 82 

ANILINE ( l O - 9 ) ^ NOBr ( l O - 9 ) ^ N0C1 

p-OMe 3.30 ± 0.08 6.5 ± 0.4 
p-Me 2.92 ± 0.0? 4.0 ± 0.4 
m-OMe 2.00 ± 0.05 3.1 ± 0.2 
H 1.68 ± 0.03 2.4 ± 0.2 
p-Cl 1.8 ± 0.3 1.8 ± 0.1 
p-COOH 0.30 ± 0.02 1.1 ± 0.1 
p-N02 0.029 ± 0.002 0.25 ± 0.03 

As can be seen the precision i s greater f o r the NOBr values. 

This r e f l e c t s the round-off error i n the double-reciprocal method used 

to evaluate the N0C1 values. 

The results f o r the N0C1 reaction can be compared with the k^ 

values obtained by Schmid & co-workers f o r reaction i n 0.2M hydrochloric 

a c i d , 9 ^ ' 9 ^ with p-anisidine ( ^ = 3.0 x 10 9 l.mole" 1 sec" 1), a n i l i n e 

( ^ = 2.6 x 10 9 l.mole - 1 sec - 1) and p-chloroaniline ( ^ = 1.9 x 10 9 

l.mole 1 sec 1 ) . Although the comparison i s l i m i t e d t o these three 

amines i t can be seen that i n general the agreement i s quite good. 



The data f o r both the -iOCl and '/tOBr reactions are presented i n 

Figure 15 as a function of pK (values from ref.141) where i t can be 
BH 

seen that k^ values l e v e l o f f as the diffusion-controlled l i m i t 
(?.4 x 10 9 l.mole - 1 sec - 1) i s approached. At low pK i t i s clear 

BH 
that N0C1 i s s i g n i f i c a n t l y more reactive than NOBr as would be expected 

from simple electronegativity considerations. This compares with the 

results of Woppmann & Sofer^"-^ f o r the diazotization of a n i l i n e i n 

methanolic hydrochloric and hydrobromic acids where the k^ values were 
2 

found to be approximately 10 units below the diffusion-controlled l i m i t 

with N0C1~ 3 x more reactive than NOBr. Similar behaviour has been 

observed i n the e l e c t r o p h i l i c addition of n i t r o s y l halides t o alkenes 

i n aqueous solution, and more recently i n the halide-catalysed 

n i t r o s a t i o n of the hydrazonium ion (NHgNH^) 
The numerical data f o r the Brbnsted plot are shown i n Table 83. 

TABLE 83 

AMI ME PK + 

BH 
(log k x ) N0C1 (log k x ) NOBr 

p-OMe 5.357 9.81 ± 0.03 9.52 ± 0.01 
p-Me 5.084 9.60 ± 0.04 9.47 ± 0.01 
m-OMe 4.204 9.49 ± 0.02 9.30 ± 0.01 
H 4.596 9-38 ± 0.04 9.22 ± 0.01 
p-Cl 3.982 9.26 ± 0.02 9.26 ± 0.08 
p-GOOH 2,42 9.04 + 0.04 8.48 ±0 .03 
P-N02 1.019 8.40 ± 0.06 7.46 ± 0.03 
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FIGURE 15 BRONSTED PLOT OF log k VERSUS pK 
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CHAPTER SEVEN 

Experimental Technique 



155 

7.1. Preparation & P u r i f i c a t i o n of Materials 

N-nitrosodiphenylamine was prepared from diphenylamine and sodium 

n i t r i t e by the usual procedure 1-' 9 and recrystall!zed from AnalaR methanol. 

Stock solutions were made up i n AnalaR methanol f o r use i n the k i n e t i c runs. 

p-Nitroso-N,N-dimethylaniline was likewise prepared from N,N-dimethylaniline 

and sodium n i t r i t e f o r use as reference material i n the spectrophotometric 

determination of products from the reaction between N-nitrosodiphenylamine 

and N,N-dimethylaniline (section 4 .5) . 

p-Chlorophenyldiazonium hydrogen sulphate was prepared from p-chloro-
154 

an i l i n e and nitrosonium hydrogen sulphate by the method of Piercey & Ward, 

viz : -

Fuming 100% n i t r i c acid (d = 1.5; 10 cv?) was placed i n a fl a s k and 

continuously cooled by a c i r c u l a t i n g jacket of cold water. Dry sulphur 

dioxide was then bubbled through the n i t r i c acid u n t i l i t appeared quite 

s o l i d . The crude yellow product was f i l t e r e d at the pump on a sintered 

glass funnel, washed with the minimum volume of g l a c i a l acetic acid 

necessary to remove the coloration, and f i n a l l y washed with dry carbon 

tetrachloride (molecular seive). The nitrosonium hydrogen sulphate thus 

obtained as hygroscopic, white crystals was used immediately i n the 

preparation of the diazonium s a l t . 

p-chloroaniline (l.O gm; 0.008 mole) was dissolved i n g l a c i a l 

acetic acid (5 cnr) and added dropwise, with s t i r r i n g , to a solution of 

nitrosonium hydrogen sulphate (1.2 gm; 0.009 mole) i n g l a c i a l acetic 

acid (? em ) contained i n an ice-bath, upon s o l i d i f i c a t i o n (AcOH m.pt = 

16.6°C) the mixture was removed from the ice-bath and allowed to a t t a i n 

room temperature ( ̂ 30 mins.). Pure, dry d i e t h y l ether (50 cm^) was 



then added slowly, with s t i r r i n g , and cooling i n ice, u n t i l the product 

was precipitated i n c r y s t a l l i n e form. This was f i l t e r e d , dissolved i n 

g l a c i a l acetic acid (5 cm^) and reprecipitated by a furt h e r quantity of 

ether (50 cm-'). The f i n a l product, p-chlorophenyldiazonium hydrogen 

sulphate, was f i l t e r e d at the pump, washed with ether (5 x 20 cnr) and 

allowed to dry i n the funnel whilst a i r was drawn through. 

An accurately weighed sample of the dry diazonium s a l t (0.0262 gm) 

was dissolved i n ice-cold d i s t i l l e d water (100 crn^) so that [ArNg +] 

= 1.1 x 10 ̂M. Aft e r mixing with an equal volume of an aqueous solution 

of sulphuric acid containing potassium bromide and p-chloroaniline t h i s 

concentration was therefore reduced to 5»5 x 10~Sl (see Table 65). The 

remaining s o l i d diazonium s a l t was destroyed by dissolution i n water. 

A l l amines used i n t h i s study were obtained commercially. Aniline 

and i t s -NMe2, m-Me and m-OMe derivatives were p u r i f i e d by d i s t i l l a t i o n 

under reduced pressure and stored under nitrogen. The p-Cl, p-COOH and 

p-NOg derivatives and diphenylamine were p u r i f i e d by r e c r y s t a l l i z a t i o n 

from aqueous ethanol, and the p-Me and p-OMe derivatives by vacuum 

sublimation. I n each case the m.pt or b.pt agreed with the l i t e r a t u r e 
, 160 value. 

The commercial inorganic materials (NafU, NaN0„, NaCl, KBr, KCNS, 

KI, SC(NH2)2, NHgSÔ H and NĤ OH HS0^)were generally used without f u r t h e r 

p u r i f i c a t i o n , except f o r drying i n either the oven or over KOH pellet s 

as and when appropriate, and volumetric stock solutions made up i n 

d i s t i l l e d water. 

Commercial samples of N-ethylurethane, N-ethyl-N-nitrosourethane, 

adenine, 5-methylcytosine, MeOH, MeOD, DgO, DgSO^, HC1 and HgSÔ  were 

used without f u r t h e r p u r i f i c a t i o n . 



I n general AnalaR grade materials were employed where available. 

7.2 Denitrosation of N-nitrosodiphenylamine: experimental d e t a i l s 

The kinetics of the process were studied by means of UV-visible 

spectrophotometry. The instrument used was a conventional double-beam 

recording spectrophotometer (Pye-Unicam SP 8000) possessing f a c i l i t i e s 

f o r both temperature control of the cell-block, and delayed repeat scan 

by auto timer. Reactions were carried out at Jl.0°C ( f o r comparison with 

e a r l i e r work from t h i s laboratory) i n 1 cm. s i l i c a c e l l s by the addition 

of a small aliquot (usually 1.00 cm^) of stock nitrosamine solution to 

an aqueous sulphuric acid solution containing a l l the other reagents 

(so that t o t a l volume usually 32.0 cm ) . The c e l l s , one containing the 

reaction mixture and one the solvent, were placed i n the sample and 

reference beams, respectively, and maintained at 31«0°C f o r the duration 

of the reaction by water pumped through the cell-block from a thermostat 

bath. 

The rate constants were caloulated from absorption measurements 

at 310 nm due to the nitrosamine, (see the example below). For the 

slower runs ( k Q < 1 x 10~J sec" ) i t proved more convenient t o scan a 

suitable wavelength range at regular time intervals ( usually 450 to 

250 nm). I n such cases the existence of good isosbestic points 

supported the idea that a simple A—̂ .B process was occurring. Good 

f i r s t - o r d e r behaviour was usually obtained except i n some cases (catalysis 

by p-anisidine) where the i n i t i a l rate was determined. 

With 1 cm c e l l s the relationship between absorbance and concent

r a t i o n i s simply A = £ C (where £ = molar a b s o r p t i v i t y ) . This l i n e a r i t y 
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permits the use of absorbance measurements d i r e c t l y in the calculation of 

the rate-constants instead of the actual reactant concentrations. With 

A = i n i t i a l absorbance. A = f i n a l absorbance, R = reactant and P =» product, o oo 
then f o r a f i r s t - o r d e r reaction:-

so that; 

[•]» 
[ B ] 00 

oo 

i n , -

t F'Joo 

K 

£
B W o 

£ R U ] t + f p ( [ n ] 0 - W t ) 

£ [B] 
p L J O 

Therefore: 

(A, - A ) v t oo' 

But f o r a f i r s t - o r d e r reaction:-

i n [ R ] t = -k t + In [H ] 
O ! O 

constant 

- o 

= -k t + const, o 

P -1 

and i f (£ ̂  - £ ) remains constant during the reaction t h i s simplifies t o : -

l n fA. - A ] L + oo J -k t + const, o 

Thus a plot of l o g g [ A t - A Q 0 ] versus time should be linear with slope = -k . 
o 



The ' i n f i n i t y ' value A was determined i n each case aft e r a 

period of ten h a l f - l i v e s since t h i s corresponds t o Z > 9 9 $ reaction. The 

disappearance of absorbance with time (A^) was generally followed f o r at 

least two h a l f - l i v e s . 

The following example i s given f o r the reaction of N-nitroso-

diphenylamine ( l x 10~Sl) i n sulphuric acid (0.25M) containing sodium 

M ) . Value 

(̂ o " Aoo) 

azide (0.16M) and potassium "bromide ( 0 . 1 0 4 M ) . Values f o r k Q have been 

calculated at each time from k = 
o 

I n 
U A t - Aoo)-error computed from the standard deviation. 

This gives: 

k - ( 4 . 1 4 ± 0 . 0 2 ) x 1 0 " 3 sec" 1 

and the standard 

(see Table 8 4 ) . 

TABLE 8 4 : A = 0 . 3 1 1 

t (sec) A t 10 3k sec" 1 

o 

0 0 . 8 5 ? 

30 0 . 7 9 2 4 . 2 2 

60 0 . 7 3 4 4 . 2 5 

9 0 0 . 6 8 7 4 . 1 4 

120 0 . 6 4 1 4 . 2 0 

150 0 .605 4 . 1 3 

1 8 0 0 . 5 7 3 4 . 0 8 

2 1 0 0 . 5 4 2 4 . 1 0 

2 4 0 0 . 5 1 7 4 . 0 6 

2 ? 0 0 . 4 9 2 4 . 0 9 

300 0 . 4 7 1 4 . 0 9 



For t h i s p a r t i c u l a r run 2 . 0 cnr of methanolic stock N-nitroso-

diphenylamine ( 3 . 1 x 10~^M) was added rapidly t o an acidic solution of 

Nalij and KBr made up from 7 .0 cn? of stock KBr solution ( 0 . 2 5 6 4 M ) , 5.0 cm-

of stock NaN^ solution (1 .059M), 13.0 cn? of d i s t i l l e d water and 5.0 ciP 

of sulphuric acid ( ~ 1.5M) so that the t o t a l volume of the reaction 

mixture was 32.0 cm^. This technique permits the v a r i a t i o n of [Br~] , 

whilst maintaining a l l else at constant concentration, by the addition of 

more or less stock KBr solution and adjusting the corresponding water 
3 

content so that the t o t a l volume equals 32.0 cm . 

However, a n i l i n e and i t s derivatives were generally weighed 

d i r e c t l y into the reaction solutions. The following example refers t o 

the reaction of N-nitrosodiphenylamine ( 2 x lO'^M) with m-toluidine 

( 4 . 3 7 x 10"2M) i n sulphuric acid ( 0 . 5 3 M ) containing sodium azide (0.1?M). 

Again, 'instantaneous* values of k Q have been calculated from 

k Q = V t . 1 " [ ( A

0 - A Q O ) / (A^ - A Q o ) ] , and the standard error com

puted. 

TABLE 85; A =» 0 . 2 9 2 — — — — oo 

t (sec) A t 
3 -1 lO^k sec 0 

0 0 . ? 8 8 

30 0 , ? 4 4 3 . 1 0 

60 0,70*+ 3 , 1 0 

9 0 0 . 6 6 8 3 . 0 8 

1 2 0 0 . 6 3 3 3 . 1 2 

150 0.605 3 . 0 7 

1 8 0 0.579 3 . 0 4 

2 1 0 0.552 3 . 0 8 

2 4 0 0.529 3 . 0 8 

2 ? 0 O.505 3 . 1 3 
300 0 . 4 8 8 3 - 0 9 



This gives: k Q = (3.09 ± 0.01) x 10~-> sec 

The actual run was carried out by dissolving 0.14-98 gm of m-toluidine 

i n an aqueous mixture of sulphuric acid (20.0 cm^; 0.84M), stock sodium 

azide (5.0 cm3; 1.094M) and d i s t i l l e d water (5.0 cm3) and s t a r t i n g the 

reaction by the rapid addition of stock N-nitrosodiphenylamine (2.0 cm ; 

3.18 x 10~3M). 

The detai l s of the solvent-isotope measurements are shown below:-

(a) Low fHalide] 

H D 

H2S0^ i n H20 (20.0cm3; 0.971M) 

Ph-N.N0 i n MeOH (2.0cm3; 4.Ox 
2 10-3M) 

NaN3 i n HgO (5.0cm3; 1.01?M) 

NaCl i n H20 (4.0cm3; 3-104M) 

H20 (1.0cm3) 

D2S0^ i n D20 (20.0cm3; 0.992M) 

PhoN.N0 i n MeOD (2.0cm3; 5-0 x 
2 10-3M) 

NaN3 i n DgO (5.0cm3; 1.016M) 

NaCl i n DgO (4.0cm3; 3-106M) 

D20 (1.0cm3) 

= 11.9 x 10" 3 sec" 1 kp = 24.3 x 10~ 3 sec 

= 2.04 



(b) High [Halide] 

H D 

H2S0^ i n H20 (5.0cm3; 0.80M) D2S0^ i n D20 (2.0cm3; 0.992M) 

PtuN.NO i n MeOH (2.0cm3; 3-09 x 
2 10"3M) 

PtuN.NO i n MeOD (0.5cm3; 5-0 x 
C IO~3M) 

NaN^ i n HgO (5-Ocm3; 1.059M) NaN^ in DgO (2.5cm3; 1.016M) 

Kbr i n HgO (19.Ocm3; 0.259M) KBr i n D20 (9.5cm3; 0.261M) 

H20 (1.0cm 3) D20 (1.5cm 3) 

k R = 4.6 x 10~ 3 sec" 1 kp = 3.7 x 10" 3 sec' 1 

' • V * „ " 0.80 

Note that i n (b) the concentration of bromide i s 0.15M i n both 

HgO and DgO and t h i s corresponds to the early plateau region of Figure 4. 

Using a s l i g h t l y higher value f o r would take us furt h e r i n t o t h i s 

region and should lower k^/k^ somewhat, (see discussion i n section 3.2) 

For the reaction between N-nitrosodiphenylamine and an i l i n e an 

approximate check was made upon the y i e l d of diazonium ion by coupling 

the l a t t e r with a suitable reagent and measuring the absorbance at the 

wavelength of maximum absorption. The measurements were made using a 

Pyg—Unicani SPi500 spectrophotometer. 

(a) Standard Solution: 

3 grams of 2-naphthol-3,6-disulphonic acid were dissolved i n 

1 l i t r e of sodium tetraborate solution (0.025M; 9.53 gm Na^O^.lOHgO). 

Henceforward t h i s w i l l be referred t o as "naphthol" solution. 
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A stock aqueous solution of sodium n i t r i t e (l.O cm ; 5*^3 x 10" M) 

was added rapidly t o an aqueous mixture of sulphuric acid ( 8 0 . 0 cm3; 0 . 2M) and 
3 —2 3 ani l i n e (l.O cnr; 1.79 x 10" M) and a 1.0 cnr sample withdrawn and dumped 

into 20.0 cm3 of the "naphthol" solution. Finally 1.0 cm3 of t h i s azo-dye 

solution was withdrawn a f t e r 30 minutes and diluted with 10.0 cnr of 

d i s t i l l e d water. 

[Azo-dye] m a x = [ArN^] ^ = [phNHj = 9.45 x 10'7M 

since the maximum possible y i e l d of diazonium ion i s determined by the 

o r i g i n a l a n i l i n e concentration (excess NaNOg was used), and the coupling 

takes place between 1 mole of an i l i n e and 1 mole of "naphthol", i . e . : -

N = NPh 

OH 
+ PhN 

H0-S H0_S 0„H 

The wavelength of maximum absorption of the dye was found t o be 

3 4 0 nm (SP 8 0 0 0 ) . The absorbance at t h i s wavelength was accurately 

determined on the SP 500 (using "naphthol" solution i n the reference 

c e l l s i m i l a r l y d i l u t e d ) . 

Transmittance = ?.?5% i . e . T = 7 . 7 5 x 10~ 2 

Absorbance = 1 ° S 1 0 ( V T ) = 1 .1106 

Hence, since A = 

£ = 1 .1106 / 9 . 4 5 x 1 0 " 7 = 1 . 1 7 x 1 0 6 
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(b) Reaction Solution: 

0.2006 gm of an i l i n e was dissolved i n an aqueous mixture of sulphuric 

acid (20.0 cm^s~ 0.?M), stock NaN^ (5.0 cm^; 1.02?M) and d i s t i l l e d water 

(5.0 cnP). The reaction was started by the addition of methanolic N-

nitrosodiphenylamine (2.0 cm^; 5.0 x 10"^M). At i n f i n i t y ( a f t e r 0.5 hr) 
3 3 a 1.0 cm sample was withdrawn and dumped int o 20.0 cm of the "naphthol" 

3 

solution. F i n a l l y a 1.0 cm sample of t h i s solution was di l u t e d with 

20.0 cv? of d i s t i l l e d water. 

Here the a n i l i n e i s i n excess over the nitrosamine so th a t : -

[ A z o - d y e ] ^ = [PhN*] m a x = [PI^N.NO] = ?.09 x 10'7M 

The transmittance at 3^0 nm was then determined as before. 

T = 26.2% = 0.262 

• '• Absorbance = 0. 581? 

Using the value of e from (a) we then get:-

[Azo-dye] = O.58I? / 1.1? x 10 6 - 4.97 x 10_?M 

Hence, the y i e l d of diazonium ion i s given by:-

Yield = 4.9? x 10"?M x 100 = ?0.1% 
?.09 x 10" *M 

I t may therefore be concluded that the diazotization of a n i l i n e by 

N-nitrosodiphenylamine gives approximately ?0% of the theoretical y i e l d 

of diazonium ion. I t seems reasonable to assume that during the reaction 

period some of the product w i l l be lo s t through various side reactions 

such as solvolysis. 
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7.3 Denitrosation of N-ethyl-N-nltrosourethane; 

These runs were carried out i n exactly the same way as those of 

N-nitrosodiphenylamine, the rate of disappearance of the absorption at 

250 nm being observed. 

The following example refers t o reaction i n the absence of azide 

and other nucleophilic species. The reaction was started by the rapid 

addition of 1.0 cnP of stock aqueous N-ethyl-N-nitrosourethane (5-41 x 10"-̂ M) 

to 30 cm^ of aqueous sulphuric acid ( ~ 1.6M). Again 'instantaneous' 

f i r s t - o r d e r rate constants have been calculated and the mean and standard 

error computed. 

TABLE 86; A = 0,020 00 

t(sec) A t 10 3k sec" 1 

0 

0 0.732 

15 0.669 6.18 
30 0.612 6.15 
45 0.553 6.43 
60 0.512 6.16 

75 0.466 6.24 
90 0.420 6.41 

105 0.380 6.49 
120 0.340 6.66 

135 0.305 6.78 

150 0.2?2 6.92 

. '. 10-*k = 6.44 ± 0.09 sec o 

The k Q values quoted i n section 3.6 were calculated from the slopes 

of plots of l o g n _ (A - A ) versus t . 
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The y i e l d of nitrous acid i n the above reaction was determined d i r e c t l y 

from the absorbance of nitrous acid at 370 nm (£ = 55)• Runs were carried out 
_2 

exactly as above but using 3'90 x 10 M stock N-ethyl-N-nitrosourethane. The 

maximum y i e l d of nitrous acid i s then th e o r e t i c a l l y 1.26 x 10 M. 

Three separate determinations were made using the high s e n s i t i v i t y 

of the Beckmann model 25 spectrophotometer (0.1A absorbance scale). 

a) A = 0.051 . . c = k/e = 0.93 x 10"3M (?4%) 

b) A = 0.044 •'• c = k / e = 0.80 x 10"3M (63.5%) 

c) A = 0.047 • "• c = A / e = 0.85 x 10"3M (67.5%) 

Mean y i e l d = 68 ± Jfc 

7.4 Diazotization by H0G1 and NOBr; experimental d e t a i l s ; 

The kinetics of the processes were studied by means of a "Canterbury" 

stopped-flow spectrophotometer. The method involves the rapid mixing of 

two sample solutions A and B which are i n i t i a l l y contained i n two i d e n t i c a l 

syringes driven by a single piston. On leaving the syringes the solutions 

(having i d e n t i c a l flow v e l o c i t i e s ) enter the mixing c e l l where the reaction 

A + B—*C takes place. The reaction mixture then enters a stopping syringe 

which arrests the flow and triggers the recording device at the observation 

point P. A beam of monochromatic l i g h t passes through the solution at t h i s 

point and i t s intensity i s converted into a proportional e l e c t r i c a l signal 

which i s then displayed on the storage oscilloscope. By flushing the system 

several times p r i o r t o making any measurements one obtains a si t u a t i o n i n 

which the system a f t e r the mixing point i s f i l l e d with the maximum possible 

product concentration. This i s shown i n the diagram overleaf (Figure 16). 
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During a re a l run the solutions A & B mix and generate a small 

concentration of product ( [ C ] m i n)» This concentration i s dependent upon 

the time taken f o r the mixture to traverse the distance from the mixing c e l l 

to P ( d ) . Generally i f o then [ G ] m i n ¥ °. This small concentration 

then displaces [c] at the point P where, a f t e r a short time, a 

stationary-state i s set up since the product leaves t h i s point as rapidly 

as i t enters. When the stopping syringe halts the flow abruptly t h i s 

stationary-state cannot be maintained at P and the recording device follows 

the reaction as i t proceeds from [ Cj . back to [ CJ ( i . e . as i t 
min L max x 

relaxes back to equilibrium). 

I f the observation being made at F i s the monitoring of the product 

absorbance then, as the relaxation proceeds, the intensity of the l i g h t 

reaching the photomultiplier decreases. The oscilloscope display of 

voltage versus time then appears as shown diagramatically i n Figure 1?. 
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The o r i g i n a l equilibrium state at P ( [ c] ) can be regarded as 

having been perturbed by a concentration jump. I f the perturbation i s small 

the system w i l l re-establish equilibrium by a f i r s t - o r d e r process 

irrespective of the kinetics of the forward and reverse reactions."^ 1 I t 

i s then possible t o analyse the relaxation time i n terms of the rat e -

constants f o r the forward and reverse reactions. However, i n the present 

case the exponential curve has been interpreted i n terms of the pseudo 

f i r s t - o r d e r reaction between ArNHg and NOX ( k Q ; section 5 . 2 ) . This i s 

made possible by the fact that the t o t a l amine concentration was always 

held i n at least twenty-fold excess over the t o t a l ' n i t r i t e ' concentration. 

Voltage 

min 

Flow stopped 

max 

Steady-State 

Flow started 

Oscilloscope Display 

-> Time 

FIGURE 1? 

A l l measurements were carried out at 25°C by immersing the mixing 

c e l l i n a thermostat bath at t h i s temperature. The reactions were followed 



by monitoring the increase i n absorbance due to the formation of diazonium 

ion at the following wavelengths:-

TABLE 8? 

ArN 2
+ A (nm) 

p-OMe 340 
p-Me 320 

m-OMe 350 

H 325 
p-GOOH 330 

p-Cl 330 

p-N02 390 

+ 
where the influence of the absorption due to the corresponding ArNH^ and 

ArNHg species i s minimized. 

Because of the i n s t a b i l i t y of the i n f i n i t y absorbance rate-constants 

were normally evaluated by means of the Guggenheim method f o r f i r s t - o r d e r 

reactions. Here readings are taken at times t ^ , t g , t ^ etc. and at times 

( t ^ + Z l ) i ( t g + ) , + Z\ ) etc.. where / I i s a constant time increment 

of at least two h a l f - l i v e s . At time t the corresponding absorbance i s 
A . and at ( t +A ) i t i s A* . n x n ' n 

For a f i r s t - o r d e r reaction:-

r _n r^n -kt-
L « J t - LRJ 0 e 

so that: < A n - A o o) - ( A Q - A q o ) e" k tn 

(A - A ) - (A -A ) e - k ( t n + A ) 
v n oo' v o oo' 



1?0 

( A - A 1 ) = ( A - A ) e" k tn ( l - e k ^ ) \ n n' K o ocr v ' 

I n (A„ - A') = - k t n + In [ (A n - A n J ( l - e * ^ ) ] x n n' n i x o oo'v J 

= -kt = constant n 

Thus a plot of In ( A „ - A ' ) versus t should be linear with slope -k. 
n n' n 

With the oscilloscope t h i s i s most easily achieved with two 

consecutive scans where the time taken between scans i s negligible:-
Voltage t 

Vn 

n 

•» Time 
n 

and where a plot of log (^V) versus t i s li n e a r and gives the rate-constant. 

I n general the runs were carried out by mixing equal volumes of the 

two solutions A & B. Owing to s l i g h t differences i n procedure separate 

examples w i l l be given f o r NOBr and N0C1. 

a) Typical Run: NOBr reaction: 

Nitrosyl bromide was generated ' i n s i t u ' by mixing an aqueous 

solution of NaMOg with an equal volume of di l u t e d sulphuric acid containing 

the amine and KBr. Individual runs were repeated f i v e times and the k 



values quoted i n the main t e x t r e f e r to the mean values. 

The following data refers t o the diazotization of m-anisidine i n 

a single run. 

Solution A consisted of sulphuric acid (24.0 cm3; ̂  0.9M), stock 

aqueous KBr (l.O cm3; 1 .558M), stock aqueous m-anisidine (11.0 cm3; 0.1004M) 

and water (14.0 cm 3), so that the t o t a l volume was 50.0 cm3. 

Solution B consisted of 1.0 1. of aqueous NaN02 (l.O x 10~Sl). 

T i t r a t i o n of samples of solution A with standard sodium hydroxide 

using phenol red as indicator gave [ H +] = 0.920M. On mixing equal 

volumes of A & B the concentrations of a l l species are halved. This 

results i n the values quoted i n Tables 37 and 43 . 

Instantaneous rate-constants can be calculated according t o : -

k = 1 I n (Av)o 
t tjvt 

and the results are shown i n Table 88 . 

TABLE 88 

t (sec) • - 1 k sec 
0 

0 5.05 
0.2 4 .10 1.042 
0.4 3.35 1.026 

0.6 2.70 1.044 
0.8 2.15 1.067 
1,0 i i t J- • i J J..UOU 

1.2 1.40 1.069 
1.4 1.15 1.057 
1.6 0.95 1.044 
1.8 0.75 1.059 
2 .0 0.60 1.065 



This gives: k Q = 1.053 ± 0.004 sec" 

b) Typical Run: N0C1 reaction: 

Here N0C1 was generated from NaNOg and HC1. Since the HG1 solutions 

varied from 1 - 5 M mixing such solutions with aqueous n i t r i t e during a run 

would lead t o undesirable temperature changes, (see section 6.1). Hence the 

following general procedure was adopted. 

Five stock solutions of hydrochloric acid were made up and, by 

t i t r a t i o n against standard sodium hydroxide, found to be:-

HC1 'A' = 1.12M 
'3* = 2.31M 
'C = JA1VI 

'D' = 4.53M 
•E' = 5.83M 

The amine and n i t r i t e were then made up i n HC1 of the same strength 

as follows:-

Solution A: 5.0 cm3 stock aqueous amine +45.0 cm3 of HC1 'A' 

Solution B: 5.0 cm3 stock aqueous NaNOg +45.0 en? of HC1 'A' 

and so on, variations i n [ci~] and [ArNHg] being achieved simply by 

changing the stock HC1 solution. I n practice everything would be set up 

'ready t o run' and only then would the 5.0 cur of aqueous n i t r i t e be added 

to the 45.0 enr of acid. A l l runs would then be rapidly carried out i n 

order to minimise the effects of deterioration, i n the 'nitrous acid' 

solution. 

For the more weakly basic amines i t was found convenient t o make 

up t h e i r stock solutions i n d i l u t e hydrochloric acid (HC1 'F' = 2.34M). 



One would then use:-

A: 5.0 cm3 stock amine i n HC1 'F' + 40.0 cm3 HC1 'A* + 5.0 cm3 H20 

B: 5.0 cm3 stock NaNOg i n HgO + 40.0 cm3 HC1 'A' + 5.0 cm3 HC1 'F' . 

and so on. This accounts for the s l i g h t l y d i f f e r e n t values f o r [HCl] 

i n Tables ?0 - ?2 as compared with Tables 66 - 69. 

The following example refers to the diazotization of a n i l i n e i n 

HCl 'E'. The two reactant solutions were made up thus:-

A: Stock aqueous PhNHg (5.0 cm3; 0.154M) +45.0 cm3 HCl 'E' 

B: Stock aqueous NaN02 (5.0 cm3; 5.0 x 10~3M) +45.0 cm3 HCl 

(see Table 66). Again a l l concentrations are halved on mixing. The 

instantaneous rate-constants are shown i n Table 89:-

TA3LE 89 

t (sec) A v , -1 k sec 0 

0 3.35 
0.05 2.75 3.947 
0.10 2.25 3.980 
0.15 1.90 3-781 
0.20 1.60 3.695 
0.25 1.35 3.635 
0.30 1.05 3.867 
0.35 0.85 3.918 
0.40 0.75 3.742 
0.45 0.60 3.822 
0.50 0.45 4.015 



and t h i s gives-. k Q = 3-8'+ ± 0.0^ sec 

(N.B. Again the value of k Q i n Table 66 refers t o the mean of f i v e 

separate determinations). 

The Slow Process 

For those amines carrying electron-withdrawing substituents a 

second relaxation could be observed at the same wavelength as the main 

process. This was slower than the f i r s t process and by a l t e r i n g the time-

base the oscilloscope display could be made to look l i k e t h i s : -

Fast Process 
Slow Process 

i. e . the slow process d e f i n i t e l y follows that which we have taken to be 

the encounter between ArNH2 and NOX. (This i s one reason f o r unstable 

i n f i n i t y values). The increase i n voltage with time would also suggest 

destruction of the species responsible. Furthermore, the smaller voltage 

change i n the slow process renders the evaluation of k Q values susceptible 

to error. 

Measurements were actually carried out f o r p-Cl, p-GOOH (NOBr 

reaction) and p-N02 (N0C1 reaction) anilines, (see section 5^6). A 

ty p i c a l run i s given f o r p-aminobenzoic acid (Table 9 0 ) . 



Solution A: HgSO^ (l?.0 cm-5; ~ 0.9M) + aq.KBr (l.O cnT; 1.538M) + 

stock PAB i n stock sulphuric acid (8.0 cnr5; 6.1 x 10"2M) + HgO (24.0 en?). 

-4 X 

Solution B: aqueous NaNOg (3.0 x 10 M) 

T i t r a t i o n of solution A with standard sodium hydroxide gave 

[ H + ] = 0.88M. 

Again a l l concentrations are halved on mixing, (see Tables 40 & 4-3). 

TABLE 90 

t (sec) A v k Q sec ̂  

0 1.25 

2 .0 1.00 0.112 

4 .0 0.80 0.112 

6 .0 0.65 0.109 

8.0 0.55 0.103 

10.0 0.40 0.114 
12.0 0.30 0.119 
14 .0 0.25 0.115 

which gives: k = 0.112 ± 0.002 
o 

Although the int e r n a l precision i s quite high the accuracy of such 

k Q values i s f e l t t o be less than those of the fast process since the 

oscilloscope trace was subject to more noise,and duplicate runs did not 

agree so w e l l . Nevertheless the existence of t h i s process i s i n t r i g u i n g 

and f o r a f u l l e r discussion see section 5 ' 6 . 



7.5 Treatment of Errors: 

I n general correlations between k Q and other variables have been 
based on the pri n c i p l e of least squares. This minimizes the sum of the 
squares of the deviations from the l i n e y^ = a + bx^. 

i.e. S = E (y1 - a - b x ^ 2 

3 s ^ s 
and f o r a minimum /3a and /db are set equal to zero. 

a S/aa = - 2 S l ( y i - a - bx.) = 0 

*S/dh = - 2 l X i ( y . - a - bx̂ .) = 0 

Rearranging terms gives the so-called normal equations 

( i ) I y i = na + b £ x i 

o 
( i i ) S l x ^ = a Z x j + blx."" 

from which b = n Z x y - Z x Z y = 'best' slope 
n l x ^ - ( E x ) 2 

where n = t o t a l number of points. 

The 'best' intercept 'a' can then be computed from the f i r s t 

normal equation. 

The correlation coefficients quoted have been calculated from: 

'/< r = n l x y - I x H y / . \ 
, I x 2 - ( I x ) 2 ] [ n l y 2 - ( l y ) 2 ] ) 

However, i n section 5*3 the plots of k Q versus [ArNHg] must pass 

through the o r i g i n so that a = o. Here, one minimizes: 



Q - £ ( y i - b x . ) 2 

9 <ty&b = 2 Z x . (y. - bx 1) = 0 

Z x1 ( y i - bx 1) = 0 

Zxy - b l x . 2 = 0 

b = Z xy/Z. x 2 'best* slope. 

and the slopes have been calculated using t h i s simpler form, (section 5 

Wherever feasible standard errors have been computed, e.g. i n 

sections 6 .4 and 6 . 5 , from the theo r e t i c a l expression f o r the linear 

relationship, (as i n the calculation of 'instantaneous' rate-constants) 

The theory of errors i s discussed more f u l l y i n H.D. Young's 

" S t a t i s t i c a l Treatment of Experimental Data"; McGraw-Hill (1962) and 

J.F. R a t c l i f f e ' s "Elements of Mathematical St a t i s t i c s " 5 O.U.P. (196?) 

upon which the above treatment i s based. 
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APPENDIX 

l ) Research Golloquia, Seminars and Lectures 

1.1 19?6 - 197? 

a) University of Durham Chemistry Colloquia 

Wednesday 20th October 

Professor J.B. Hyne (University of Calgary), "New Research on an 

Old Element - Sulphur". 

Wednesday 10th November 

Dr. J.S. Ogden (Southampton University), "The Characterization of 

High Temperature Species by Matrix I s o l a t i o n . " 

Wednesday l ? t h November 

Dr. 3.E.F. Fender (University of Oxford), "Familiar but Remarkable 

Inorganic Solids." 

Wednesday 24th November 

Dr. M.I. Page (Huddersfield Polytechnic), "Large and Small Rate 

Enhancements of Intramolecular Catalysed Reactions." 

Wednesday 8th December 

Professor A.J. Leadbetter (University of Exeter), "Liquid Crystals 

Wednesday 26th January 

Dr. A. Davis (ERDR), "The Weathering of Polymeric Materials." 

Wednesday 2nd February 

Dr. M. Falk, (NRC Canada), "Structural Deductions from the 

Vibrational Spectrum of Water i n Condensed Phases." 

Wednesday 9 t h February 

Professor R.O.C. Norman (University of York), "Radical Cations, 

Intermediates i n Organic Reactions." 

Wednesday 23rd February 

Dr. G. Harris (University of St. Andrews), "Halogen Adducts of 

Phosphines and Arsines." 



Friday 25th February 
Professor H.T. Dieck (Frankfurt University), "Diazadienes - New 

Powerful Low-Valent Metal Ligands." 
Wednesday 2nd March 

Pr. F. Hibbert (Birkbeck College, London), "Fast Reaction Studies 

of Slow Proton Transfers Involving Nitrogen and Oxygen Acids." 

Friday 4th March 

Dr. G. Brink (Rhodes University, R.S.A.), "Dielectric Studies of 

Hydrogen Bonding In Alcohols." 

Wednesday 9th March 

Dr. 1.0. Sutherland (Sheffield University), "The Stevans' Rearrangement: 

Orbital Symmetry and Radical Pairs." 

Friday 18th March 

Frofessor Hans Bock (Frankfurt University), "Photoelectron Spectra 

and Molecular Properties: A Vademecum f o r the Chemist." 

Wednesday, 30th March 

Dr. J.R. MacCallum (University of St. Andrews), "Photooxidation of 

Polymers." 

Wednesday 20th A p r i l 

Dr. D.M.J. L i l l e y (CD, Searle, Research Div.), "Tails of Chromatin 

Structure - Progress towards a Working Model." 

Wednesday 2?th A p r i l 

Dr. M.P. Stevens (University of Hartford), "Photocycloaddition 

Poly meri sat ion." 

Wednesday 4th May 

Dr. G.C. Tabisz (University of Manitoba), " C o l l i s i o n Induced Light 

Scattering by Compressed Molecular Gases." 



Wednesday 11th May 
Dr. R.E. Banks (UMIST), "The Reaction of Hexafluoropropene with 

Heterocyclic N-oxides." 

Wednesday 18th May 

Dr. J. Atwood (University of Alabama), "Novel Solution Behaviour of 

Anionic Organoaluminium Compounds: The Formation of Liquid Clathrates." 

Wednesday 25 th May 

Professor M.M. Kreevoy (University of Minnesota), "The Dynamics of 

Proton Transfer i n Solution." 

Wednesday 1st June 

Dr. J, McCleverty (University of Sh e f f i e l d ) , "Consequences of 

Deprivation and Overcrowding on the Chemistry of Molybdenum and Tungsten." 

Wednesday 6 t h July 

Professor J. Passmore (University of Brunswick), "Adducts between 

Group V Pentahalides and a Postscript on S 0.I* " . 
i 

b) Durham University Chemical Society 

Tuesday 19th October 

Dr. J.A. Salthouse (University of Manchester), "Chemistry and Energy". 

Tuesday 26th October 

Dr. R.E. Richards (University of Oxford), "NMR Measurements on I n t a c t 

Biological Tissue." 

Tuesday 2nd November 

Dr. B. S u t c l i f f e (University of York), "The Chemical Bond as a 

Figment of the Imagination." 

Tuesday 16th jovember 

Mr. R. Ficken (Rohm & Haas), "The Graduate i n Industry." 



Tuesday 30th November 
Dr. R.J. Donovan (University of Edinburgh) "The Chemistry of the 

Atmosphere." 

Tuesday 18th January 

Professor I . F e lls (University of Newcastle), "Energy Storage: The 

Chemists' Constribution to the Problem." 

Tuesday 8th February 

Dr. K.J. Cleare (Johnson Matthey Research Centre), "Platinum Group 

Metal Compounds as Anti-Cancer Agents." 

Tuesday 1st March 

Professor J.A.S. Smith (Q.E. College, London), "Double Resonance." 

Tuesday 8th March 

Professor C. Eaborn (University of Sussex), "Structure and Reactivity." 

1,2 197? ~ 19?8 

a) University of Durham Chemistry Colloquia 

Tuesday 2?th September 

Dr. T.J. Broxton (La Trobe University, A u s t r a l i a ) , "Interaction of 

Aryldiazonium Salts and Arylazoalkyl Ethers i n Basic Alcoholic Solvents." 

Wednesday 19th October 

Dr. B. Heyn (University of Jena, DDR), "t r - Organo-Molybdenum Complexes 

as Alkene Polymerisation Catalysts." 

Thursday 2?th October 

Professor R.A. F i l l e r ( I l l i n o i s I n s t , of Technology, U.S.A.), 

"Reactions of Organic Compounds with Xenon Fluorides." 

Wednesday 2nd November 

Dr. N. Boden (University of Leeds), "NMR Spin-Echo Experiments f o r 

Studying Structure and Dynamical Properties of Materials Containing Interacting 

Spin~| pairs." 



Wednesday 9th November 
Dr. A.R. Butler (University of St. Andrews), "Why I l o s t Faith i n 

Linear Free Energy Relationships." 

Wednesday ?th December 

Dr. P.A. Madden (University of Cambridge), "Raman Studies of Molecular 

Motions i n Liquids." 

Wednesday 14th December 

Dr. R.O. Gould (University of Edinburgh), "Crystallography to the 

Rescue i n Ruthenium Chemistry." 

Wednesday 25 th January 

Dr. G. Richards, (University of Oxford), "Quantum Pharmacology." 

Wednesday 1st February (2 . 3 0 pro) 

Professor K.J. I v i n (Queens University, B e l f a s t ) , "The o l e f i n 

metathesis reaction: mechanism of ring-opening polymerisation of 

cycloalkenes." 

Friday 3 rd February 

Dr. A. Hartog (Free University, Amsterdam, Holland), "Surprising 

recent Studies i n Organo-magnesium Chemistry," 

Wednesday 22nd February 

Professor J.D. B i r c h a l l (Mond Division, I.C.I. Ltd.), " S i l i c o n i n 

the Biosphere." 

Wednesday 1st March 

Dr. A. Williams (University of Kent), "Acyl Group Transfer Reactions." 

Friday 3 r d March 

Dr. G. van Koten (University of Amsterdam, Holland), "Structure and 

Reactivity of Arylcopper Cluster Compounds." 



Wednesday 15th March 
Professor G. Scott (University of Aston), "Fashioning Plastics t o 

match the Environment." 

Wednesday 22nd March 

Professor H. Vahrenkamp (University of Freiburg, Germany), "Metal-

Metal Bonds i n Organometallic Complexes." 

Wednesday 19th A p r i l 

Dr. M. Barber (UMIST) , "Secondary Ion Mass Spectra of Surfaces and 

Absorbed Species." 

Tuesday l 6 t h May 

Dr. P. Ferguson (C.N.R.S. Grenoble), "Surface Plasma Waves and 

Adsorbed Species on Metals." 

Thursday 18th May 

Professor M. Gordon (University of Essex), "Three C r i t i c a l Points 

i n Polymer Science." 

Monday 22nd May 

Professor D. Tuck (University of Windsor, Ontario), "Electro

chemical Synthesis of Inorganic and Organometallic Compounds." 

Wednesday - Thursday 24th/25th May 

Professor P. Von R. Schleyer (University of Erlangen, Nurnberg.) 

1 "Planar Tetra-co-ordinate Methanes, Perpendicular Ethylenes, 

and Planar Allenes." 

2 "Aromaticity i n Three Dimensions." 

3 "non-classical Carbocations." 

Wednesday 21st June 

Dr. S.K. T y r l i k (Academy of Science, Warsaw), "Dimethylglyoxime-

cobalt Complexes - Catalytic Black Boxes." 



Friday 23rd June 

Professor W.B. Pearson (University of F l o r i d a ) , "Diode Laser 

Spectroscopy at 16 ̂ un." 

Friday 30th June 

Professor G. Mateescu (Cape Western Reserve University), "A Concerted 

Spectroscopy Approach to the Characterization of Ions and Ion P a i r s : 

Facts, Plans, and Dreams." 

b) Durham University Chemical Society 

Thursday 13th October 

Dr. J.C. Young, Mr. A.J.S. Williams (University of Aberystwyth), 

"Experiments and Consderations Touching Colour." 

Thursday 20th October 

Dr. R.L. Williams (Metropolitan Police Forensic Science Dept.) 

"Science and Crime," 

Thursday 3rd November 

Dr. G.W. Gray (University of H u l l ) , "Liquid C r y s t a l s - Their 

Origins and Applications." 

Thursday 24th November 

Mr. G. Russel l (Alcan), "Designing for S o c i a l Acceptability." 

Thursday 1st December 

Dr. B.F.G. Johnson (University of Cambridge), "Chemistry of Binary 

Metal Carbonyls." 

Thursday 2nd February 

Professor R.A. Raphael (University of Cambridge), "Bizarre Reactions 

of Acetylenic Compounds." 

Thursday 16th February 

Professor G.W.A. Fowles (University of Reading) "Home Wine-making". 



Thursday 2nd March 

Professor M.W. Roberts (University of Bradford), "The Discovery 

of Molecular Events at S o l i d Surfaces." 

Thursday 9th March 

Professor H. Suschitzky (University of Salford), " F r u i t f u l 

F i s s i o n s of Benzofuroxans," 

Thursday ^th May 

Professor J . Chatt (University of Sussex), "Reactions of Co

ordinated Dinitrogen." 

Tuesday 9th May 

Professor G.A. Olah (Gape Western Reserve University, Cleveland, 

Ohio), " E l e c t r o p h i l i c Reactions of Hydrocarbons." 
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