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ABSTRACT 

The reactions of tertiary butyl nitrite and isopropyl 

nitrite in aqueous acid solution have been studied. 

In the case of isopropyl nitrite the rates of reaction 

with hydrazoic acid, sulphamic acid, thioglycol ic acid 

and N-methylaniline are markedly reduced by the addition 

of propan-2-ol. This has been explained in terms of 

a rapid hydrolysis of the alkyl nitrite to yield an 

equilibrium concentration of nitrous acid which then 

effects nitrosation. Analysis of the results gives 

values for the equilibrium constant for isopropyl nitrite 

hydrolysis and for the rate constants for nitrous acid 

nitrosation of the substrate, which are in good agreement 

with the literature values obtained by direct measurement. 

For tertiary butyl nitrite the extent of hydrolysi_s 

is so large and rapid that the kinetics are identical 

to those obtained using nitrous acid. 

The reactions of isopropyl nitrite in isopropanol 

and tertiary 

thiourea and 

butyl nitrite in 

both cases 

thioglycolic 

the reactions 

acid 

are 

tertiary butanol 

have been studied. 

acid catalysed and 

with 

In 

the 

results are consistent with a direct reaction between 
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the protonated alkyl nitrite and the substrate. The 

reactions with thioglycolic acid were subject to catalysis 

by chloride and bromide salts and thiourea. The results 

for chloride and bromide salts are best explained in 

terms of formation of hydrochloric or hydrobromic acid 

which can then act as a general acid catalyst. For 

thiourea the catalysis is due to the formation of an 

equilibrium concentration of s-nitrosothiourea. 

In acetonitrile the reactions of tertiary butyl 

nitrite, isopropyl nitrite, isoamyl nitrite and nitrous 

acid with alcohols and thioglycolic acid were found to 

be kinetically zero order with respect to the substrate 

concentration. The results have been interpreted in terms 

of rate limiting formation of the nitrosonium ion. With 

less reactive substrates, aniline, N-methylaniline, 

p-toluidine, acetylacetone, l,l,l,trifluoroacetylacetone 

and 1,1,1,5,5,5,hexafluoroacetylacetone, the reactions 

are kinetically first order with respect to the substrate 

concentra_tion and have been interpreted in terms of rate 

limiting reaction of the nitrosonium ion with the free (at 

low acidity) or protonated (at high acidity) form of 

the amine. For the ketones reaction occurs, in a rate 

limiting step with either the enols or enolate ions. 
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1- INTRODUCTION 

1.1 Nitrosating agents 

Nitrosation reactions concern the introduction of 

the nitroso group C-N=O) into a molecule. There are many 

reagents that can bring about this transformation in a 

wide variety of molecules, typically amines, amides, alco-

hols, thiols, ketones, phenols and alkenes. The products 

of the ni trosation reactions are sometimes unstable but 

frequently yield synthetically useful intermediates, for 

example, diazonium ions (azo dye manufacture), oximes 

and carbonium ions. There has also been much interest 

in the formation and reactions of nitrosamines since the 

discovery, in 1956 [1], that they are potent carcinogens. 

1.1.1 . Nitrous acid 

Nitrous acid is the most commonly used ni trosating 

agent. Nitrous acid itself is unstable and is usually 

prepared in solution by addition of a mineral acid to 

an alkali metal nitrite salt. Nitrous acid is a weak 

acid (p~ =3. 148 at 25°C [2] ) . In solution it is known 

to exist in cis and trans forms [3], (equation 1.1), the 

-i 
trans form being more stable by about 2.1 kJ mol . 

-1-



( 1 .1 ) 

Cis Trans 

As well as acting as a nitrosating agent, nitrous 

acid can also act as an oxidizing agent (equation 1. 2) 

and a reducing agent (equation 1.3). 

l.Ov (1. 2) 

0.94 v (1. 3) 

1.1. 2 -Nitrosyl halides 

Nitrosyl halides are frequently used nitrosating 

agents, especially in non aqueous so 1 vents such as 

chloroform [ 4], alcohol [ 5], dime thy 1 formamide [ 6] and 

also in aqueous alkaline solution [7]. Nitrosyl fluoride, 

bromide and chloride are all well known compounds, usually 

prepared by reacting the halogen with nitric oxide, 

(equation 1.4). There is also evidence for the formation 



of nitrosyl iodide in solution [8,9]. The physical pro-

perties of the gases are given in Table (1.1). 

2NO ~ }{ 2 ;;::==::::::::: 2XNO (1. 4) 

Table 1.1 

Structural and physical properties of the nitrosyl halides 

~und Colour ~till!: Roilill8 Boottf l~hs (fl .. ) Bond 
Point Point rJ-li ~-o llngle 

(0(:) (~) (deg} 

~ Colourl~s -133 -60 1.52 1.13 110 

C:ml Orange-yelloo -62 -6 1.95 1.14 116 

Brim lted -56 0 2.14 1.15 114 

Nitrosyl halides have been shown to act as both elec-

trophilic and free radical nitrosating agents. The 

mechanism of the- electrophil-ic process will be discussed 

later. The free radical reaction involves irradiation 

of the nitrosyl halide with UV. light. This reaction is 

frequently used to produce C-nitroso compounds, as 

typified by the reaction of cyclohexane [ 10] (equation 

1. 5), the product from which is an intermediate in the 

production of nylon 6. These reactions are commonly 

accompanied by chlorinated products. 

-3-



1.1. 3 

=N--'O;...;C;;..;..I ~> 
hv 

Nitrosyl thiocyanate 

( 1 . 5) 

Nitrosyl thiocyanate (ONSCN) has not been isolated 

as a pure compound, but has been shown to exist as an 

unstable blood red species in solution at low temperature 

[ 11]. It is thought that the ni troso group is bound to 

the sulphur atom. This is to be expected from the 

Hard-Acid-Soft-Base (HASB) theory [ 12] and is predicted 

in an ab initio molecular orbital study [ 13]. Nitrosyl 

thiocyanate has however been identified as an electro-

philic nitrosating agent in aqueous acid solutions of 

nitrous acid containing thiocyanate ion T 141 

observed thiocyanate ion catalysis and will be discussed 

later. 

1.1. 4 Nitrosyl acetate 

Nitrosyl acetate is thought to be the effective 

ni trosating agent when sodium nitrite in glacial acetic 

-4-



acid is usecl as the nitrosating medium. Nitrosyl acetate 

has been prepared from solid silver acetate and nitrosyl 

chloride at low temperature [15], (equation 1.6). Nitrosyl 

acetate is a pale brown liquid at room temperature, a 

green liquid at -78°C and a green solid at -196°C. 

CH3 COOAg + ClNO --~ CH 3 COONO + AgCl (1. 6) 

It has also been identified kinetically from the catalysis 

by added acetate ion on the nitrosation of amines [16, 

17] in the same way as nitrosyl hal ides and thiocyanate 

have been identified. 

1.1. 5 Nitrosonium salts 

The most common example of nitrosonium salts, NO~x

are the tetrafluoroborate CBF;), tetrachloroborate (BCl;), 

hexafluorophosphate CPF15- ) , hydrogen sulphate (Hso.; ) , 

perchlorate (Cl0.4) and hexafluoroa,n_timon~t? (SbFi). The 

salts are reasonably stable and are readily prepared from 

dinitrogen tetroxide, 

chloride and a source 

dinitrogen trioxide or nitrosyl 

of the anion [ 18] as exemplified 

by equation (1.7) for the formation of nitrosonium 

hydrogen sulphate, which is an important intermediate 

in the lead-chamber process for production of sulphuric 

acid. 

-5-



(1. 7) 

The salts are usually used under anhydrous conditions 

as they are readily hydrolysed to qrive nitrous acid. 

The salts are very reactive nitrosating agents, and are 

frequently used to bring about ni trosation of the less 

reactive species, for example amides [19] and sulphona-

mides. 

1.1. 6 S-Nitroso-thioureas 

S-Nitrosothioureas are readily produced by the action 

of nitrous acid on the thiourea [ 20], the products are 

frequently unstable and react further to give the 

disulphide salts [21], (equation 1.8). 

y 
2(NH

2
)

2
CS--NO 

+ 
(NH 2 ) 2 CS-NO 

CN_H
2

) 
2 

cs-S-CCNH
2

) 
2 

c 1. 8) 

S-Nitrosothioureas can themselves act as nitrosating 

agents as is frequently shown by the marked catalysis 

by thiourea on ni trosation kinetics [ 14] and will be 

discussed further later. 

-6-



1.1. 7 Nitrogen Oxides 

Dini trogen trioxide (N 2 0 3 ) is commonly used as a 

nitrosating agent in organic solvents [22], and has also 

been shoW1!1 to be effective in aqueous alkaline solution 

[ 23, 24]. It is also known to exist in equilibrium with 

nitrous acid in aqueous acid [ 25] solution, as shown in 

equation (1.9), and its reactions in these solutions will 

be discussed further later. 

2HN02 ( 1. 9) 

Dinitrogen trioxide exists as a blue solid or liquid 

at low temperatures [ 18] and it e:xhibi ts in absorbtion 

maximum at 625 nm in solution. Its nitrosation reactions 

can be best explained in terms of an ionic structure of 

the type No+ No;. Reaction with dini trogen trioxide can 

also yield nitro products. These probably arise from 

a radical addition of nitrogen dioxide which exists in 

equilibrium with dinitrogen trioxide (equation 1.10). 

NO + N0
2 

(1.10) 

Dini trogen tetroxide (N 
2 

04- ) can also bring about both 

nitrosation and nitration reactions [ 26, 27, 28]. 

Dini trogen tetroxide is known to be a pale yellow solid 

and is a planar molecule with a centre of symmetry and 

a long N-N bond [18]. In the 1 iquid and gaseous state 

-7-



dinitrogen tetroxide exists in equilibrium with nitrogen 

dioxide, equation C 1. 11), and this can therefore explain 

its activity as a nitrating agent. Its nitrosation 

reactions are best explained in terms of an ionic 

2NOl1 (1.11) 

Dinitrogen tetroxide is a very useful synthetic 

reagent as it can bring about the nitrosation of compounds 

such as secondary ami des [ 29], which are unreactive 

towards some of the other nitrosating agents. 

Another commonly used nitrogen oxide in ni trosation 

reactions is nitric oxide (NO), [30,31]. It seems likely, 

however, that the nitrosating species involved is either 

dinitrogen trioxide or dinitrogen tetroxide, formed by 

oxidation of nitric oxide to nitrogen dioxide. 

1.1.~ Other reagents 

A wide variety of other species have been shown to be 

capable of acting as ni trosating . agents, these include, 

potassium nitrosodisulph4'nate CKa [ (SOCJ )& NO]) or Fremy's 

salt [32], nitroalkanes [33], alkyl nitrates [34], nitroso 

sulphinates [35] (RSOzNO), thionylchloronitrite (SOClONO) 

and thionyl dini trite SO(ONO)a [ 36], ni trosothiosulphate 

ion [37] (S 2. 0 3 No-), ni trososulphonium ion [38] 

+ 
( (CH3 ).t S NO), t¥\ioni trates (RSNOz) [ 39], nitroprusside 

~8-



ion (Fe (CN)s No~=) [ 40] a.nd alkyl ni 1tri tes (RONO). The 

reactions of alkyl nitrites will be discussed in detail in 

section 1. 3. 

1.2 Reactions of Nitrous acid 

1.2.1 Acidic Solutions 

A commonly encountered rate equation in ni trosation 

·reactions is given in equation (1.12). Here the reaction 

Rate (1.12) 

is first order in nitrous acid, substrate and hydrogen 

ion concentration. This equation has been found for a 

wide variety of substrates including thiols [41], alcohols 

[ 42], ketones [ 43], sulphamic acid [ 44], amines [ 45] and 

am ides [ 46]. There are, however two mechanistic inter-

pretations of such a scheme, both of which propose the 

formation of an equilibrium concentration of a nitrosating 

species which then undergoes reaction with the substrate 

in the rate determining step. The first scheme (scheme 

1. 13) involves the formation of the nitrous acidium ion 

(H 2 NO/ ) and the second involves the formation of the 

ni trosonium ion (No+), (scheme 1. 14). It is known that 

the ni trosonium ion exists in solutions of very high 

acidities [47,48,49, 50], (60% HzSOq or HC104 ), where it 

can be detected spectroscopically, and it is analogous 

-9-



(1.13) 

Products 

HzNOz"'" ( 1.14) 

No+ + s Products 

to the formation of the nitronium ion (N0 2 +) in nitration 

reactions [51,59]. The nitronium ion has been identified 

kinetically as the nitrating agent with very reactive 

substrates as the reaction becomes zero order in 

substrate, indicating rate limiting formation of the 

nitrating species. This has also been reported for two 

cases in nitrosation reactions at low acidities. In the 

nitrosation of hydrogen peroxide [52] a plot of the 

observed first order rate c_onstant against [H 2 Q 2 ] was 

curved, but the concentration of hydrogen peroxide used 

was very high and so the curvature could be attributed 

to a medium effect. A similar effect was also found in 

the nitrosation of alcohols [53]. In this case the 

limiting value of the first order rate constant was 

different for different alcohols and a similar curvature 

could be brought about by the addition of an inert 

solvent, clearly indicating a medium effect. In the 

-10-



nitrosation of thiosulphate ion [54] a zero order ·term 

in [S 20~] was found, but this could also be ·due to 

rate-limiting dinitrogen trioxide formation, as is 

sometimes found in the nitrosation of amines (see later). 

The major argument against the involvement of the 

ni trosonium ion as the reactive intermediate in dilute 

acid solution comes from the 180 exchange reaction between 

nitrous acid and water [55]. The exchange occurs according 

to equation ( 1. 15), where k = 230 1 mor~s-1at 0°C. If the 

reaction occurs via the nitrosonium ion, then this repre-

sents the fastest rate attainable in water. However for 

Rate (1. 15) 

a range of anions which obey equation (1.1~) such as azide 

and acetate ion a limiting value of k is obtained of 

This implies that at 

[N 3-] > 0.1 mol 1~1 the rate limiting step should become 

the formation of the ni trosonium ion, which is not 
--·--------

observed experimentally. 

The alternative interpretation of equation (1.12) 

is that the reactive species is the nitrous acidium ion 

[58], but there is no spectrophotometric evidence for 

its formation in dilute acid solution. This . problem has 

also been probed theoretically. Using ab irli tio molecular 

orbital calculations [57] the most favourable cqnformation 



of the nitrous acidiurn ion can be considered a cornple:H: 

of the nitrosonium ion and. water, with. an unusually long 

N-0 bond betBeen the two. Another study using a frontier 

orbital treabment [58] predicts a nitrosoniurn water com-

plex rather than the free nitrosonium cation. 

The value of the third order rate constant, k, 

defined by equation (1.12), tends towards a limiting value 

for very reactive species such as amines and thioureas 

[20] of ca 7000 1 2 mol - 2 s-' at 25°C. This value does 

not change very much on increasing the basicity of ·the 

amine and is considered to be the diffusion controlled 

limit for nitrosation reactions. For negatively charged 

species such as thiocyanate ion [ 60 ]; benzenesulphinate 

ion [61] the limit is ca 12000 F mol- 2 s-• which is as 

expected, higher than that for neutral species. 

In the case of the nitrosation of basic species such 

as ani lines equation C 1. 12) takes a slightly different 

form, as the amines are significantly protonated in these 

·~ weakty-acid·ic solutions ~and-it--is~~ the free hase_form_Qf __ ~ ~ 

the amine that is the reactive species at low acidity 

[45]. The rate equation there~ore becomes equation (1.16), 

k Ka[Amine]-r [HN02 ] [Hv] 
Rate (1. 16) 

where [Amine h is the total stoichiometric concentration . . . 

-12-



of amine, ahd ~a is the dissociation constant of the'pro-

tonated amine. For weakly basic 8lMiJr])(es [ 62], Ka can 

be greater or of the order of [H~] an~ so acid catalysis 

is expecte~. For the highly basic .ant:~ines [Ht ] >'> Ka and 

so no acid catalysis is oll>servecl at loH acidities. At 

moderately high acidities another acid catalysed pathway 

occurs for aromatic amines with pKa>3 [63, 64]. Here 

the rate is defined by equation {1. 17), where 

is the concentration of p_rotoneit~d arniB'}~ ~nd ho is the 

HaiYUlllett acidity function. These observations have been 

Rate k[ ArN~+ ] [ HNO,. ] ho { 1. 17) 

explained in terms of a mechanism Hhere a rapid and 

reversibl@ formation of a IT complex between the protona-

ted amine and ni trosoni um ion occurs, the rate 1 imi ting 

step being rearrangement of the nitroso group to the amino 

nitrogen-group-, -as- shown in -scheme { 1~18-)-. ------

fast \ 

C' :> 

/ 

~- <C. ~5:>)>----\N\H"~-
. 
H+ 

(1.1~) 
\ 

\ s 
-13-



In very acidic solutions (60% perclhloric or sulphuric 

acid), the rate of nitrosation of anilines decreases with 

increasing acidity as shown in equation (1.19). This 

has been explained by the rapid and reversible formation 

of the protonated primary ni trosaminep the rate 1 imiting 

step being proton transfer to the solvent [65] as shown 

in scheme (1.20). 

Rate 
t 

k [ArN H~] [HNOz ] ho2 (1.19) 

y 
Ar-NH3 + 

fast 
No+-

~ 

Ar-lJH.z.NO + H-t-

slow 
+ 

+ SHY Ar-NH2.NO + s ArNHNO ( 1. 20) 

fast 
ArNHNO ArNz.+ 

At low acidities and high total nitrous acid concen-

trations, where the concentration of free nitrite ion 

is --signi-ficantly- -h-igh,- another mechani-sm -occurs- -in- the-

nitrosation of amines, and for a wide range of substrates 

generally. In this case a second order dependence on 

the concentration of nitrous acid is observed. This has 

been explained in terms of formation of an equilibrium 

concentration of dini trogen trioxide from nitrous acid, 

which can effect nitrosation [45]. This is shown in scheme 

(1.21) and the derived rate equation is equation (1.22). 

-14-



N 0 ~ S 
2 3 

Rate 

k + s -·No ~ wo-
2 

k K [ HNO 
2 

] 2 . [ S] 

{ 1. 21) 

( 1. 22) 

The value of K for the formation of dinitrogen tri-

oxide is known [66] to be 3.0 x 10~ 3 1 mol~' and so the 

value of the bimolecular rate constant k, for attack by 

N2 0
3 

can be calculated. It has been found [67] that for 

very reactive species, such as amines with pK "> ~ 5 the 

values of k are in the range 10 6 - 10 '~ 1 mor' s -•, which 

is close to the calculated diffusion controlled limit of 

7 X 10~ 1 mor• S -t at 25°C. 

For very reactive substrates the reaction with 

dini trogen trioxide can be made to occur faster than the 

_ --·-----hydrolysis_of ___ dini trogen trioxide, thus chan<iing the n3.t.e 

limiting step to one of formation of dini trogen trioxide, 

as shown in scheme {1.23). 

2 HN0
2 

{ 1. 23) 

Rate 

-15~ 



This has been found for several species including aniline 

[ 68], N-lii1ethy 18111!il ine [ 69] ascorbic acic3l [ 70 l and azicle 

ion [ 71]. The values of k' obtained .Elre apprmdmately 

-1 I constant at ca. 91 1 mol s- at 25°C. 

1. 2. 2 Nucleophile catalysed reactions 

Nitrosation reactions of nitrous acid are frequently 

catalysed by the addition of non-basic nucleophiles, 

commonly chloride ion [45], bromide ion [45], iodide ion 

[ 45], thiocyanate ion [72], thiosulphate ion [ 37], 

thiourea [72], alkyl thioureas [73] and dimethyl sulphide 

[ 38]. In all cases the reactions have been explained 

by the equilibrium formation of a nitrosyl species XNO or 

X~O (depending on the charge on X), which can then act 

as a nitrosating species. This is shown in scheme (1.24). 

XNO + H 2 0 

( 1. 24) 

XNO + S 
k 

Products 

The rate equation obtained from this scheme is equation 

( 1. 25) 

Rate k [XNO][S] 

( 1. 25) 

Since the values of Kxwo are known, the value of the 

bimolecular rate constant, k, can be obtained for attack 

of the nitrosyl species on the substrate. The values 

-16-



of K'l!NO are given in Table (1.2), a~d some selected 

values of k are 9iven in Table (1.3) 

Table 1. 2 

Valu.es of Kx111o for the equilibrium 

}{ -o- HN02. -o- H + .,....- XNO -o- HgO 

cl-

Br-

SCN-

Thiourea 

Thiosu1phate 
iorn 

~17-

K~ 1 2 mol - 2 

at 25°C 

1.1 X 10 -J 

5.1 X 10-2 

30 

5000 

l.bb ~ 'oil 



Table 1.3: 

Values of k (1 mol-n: s-n ), the rate constant for nitrosation by XNO at 25°C 

Substrate ClNO i BrNO ONSCN {NH:2):2CSNO ~O:::DNO-

Methanol 
i 

2 . 1 X 1 OIQ]i (a ) 2 X 104 (a) 

Thioglycolic acid 
I 

1 . 4 X 1 O'""j {b) 1.1 X 10° {b) 
I 

I 4-Nitroaniline 2. 1 X 1061
1 {C) 4.3 x 10'"" (c) 

!-" I 
00 

1 . 8 x 1 o'S'; < c > n 4-Chloroaniline 2.5 x 109 {c) 8.2 X 107 {d) 

Aniline 2. 6 X 10-s>. (C) 1.7 x 109 (c) 1.9 X 10121 {d) 1.3 x10<a (d) 
I 
I 
I 

N~Methylaniline 
I 5 x 10'S' (e) 3.1 x 1061 {e) 1.2 x 104 (e) 

4-Methylaniline 3.4 X 10-s> (c) 
I 

2.5 x 109 (c) 4 X 1061 (d) 

4- :ethylaniline s. 1 x 1 o 9
1 

< c > 2.8 x 10'D (c) 7.5 )( 10° (d) 

a) from reference 74 
b) from reference 41 
c) from reference 75 
d) from reference 72 
e) from reference 37 



As is to be e~pectecl from electronegativity consicle-

rations, the order of reactivity of the lli\70 species is: 
+ 

ClNO > BrNO > ONSCN > (Nl'l\ 2 ) 2 CSNO) S 2 0 3 NO;' but due to the 

size of the equi 1 ibrium constants the observed order of 

catalysis is Cl-....... Br< SCN< (NH 1 ) 2 CS. The vaiues of k in 

table 1. 3 also tend to the diffusion controlled limit 

of 7 x 10~ 1 rnor's-' with the very reactive amines with 

Cl ~ and Br7 the values with SCN- are usually an order of 

magnitude below this value and that for thiourea is 

usually several orders of magnitude below this. It has, 

however, been shown very recently that with a very re-

active species such as rrialononi tril e [76] even these 

species react at the diffusion controlled limit for the 

reaction, as shown in scheme (1.26). 

CH 2(CNk 
Ka 

NOX + -CHPN)1. ---~ 

NOX 
NOBr 

NOSCN 

1.3 0-Nitrosation 

ON - cl¢N}z + x-

k 1 mor's-' 
1.1 X 1010 

4. 2 X 10~ 
5.0 X lOCI 

( 1. 26) 

The reaction of nitrous acid with an alcohol results 

in· the formation of an alky 1 ni tri·te (equation 1. 27). 

ROH + H + + HNOz K ' RONO + H + + HzO ( 1. 27) 

The reaction is known to be reversible. The forward 
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reaction [77], ie. the nitrosa.tion of the alcohol, has 

been shown to involve 0-ni trosation of the alcohol by 

reaction of an optically active alcohol with nitrous acid 

which yielded the corresponding alkyl nitrite without 

inversion of configuration or racemisation. Similarly 

the reverse reaction, the hydrolysis of the alkyl nitrite, 

has been shown to involve ni trogen-o1f:ygen bond fission 

by the re·tention of configuration from an optically a.cti ve 

alkyl nitrite and also by the absence of 10 0 incorporation 

in the alcohol when the hydrolysis is carried out in 

100 enriched water. 

The equilibrium constants for the formation of 

several simple alkyl nitrites in aqueous acid solution 

have been determined by three separate methods. One 

method involved direct spectrophotometric measurements 

[ 78] of the concentrations of nitrous acid and alkyl 

· nitrite at 265 nm. A second method was based on the 

effect of varying amounts of alcohol on the ni trosation 

kinetics of morpho! ine [ 78]. A third method involved 

. _1~.ll~ ___ di!'ec_t __ rQeasw?m~nt_s_ o_f _the forward _an_<L rev~r-~~--r~~g-= __ 

tions by reacting a large excess of the alcohol with 

nitrous acid [74]. The results are given in Table (1.4). 

It can be seen that the equilibrium constants 

decrease in the order primary> secondary > tertiary. This 

indicates that steric effects must be more important than 

electronic effects in the nitrosation of alcohols, as 
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Table 1. 4 

Equilibrium constants for the formation of 

alkyl nitrites defined by Keq = [RONO]/[ROH][HNOz] 

Alcohol K 1 mol~a 

Me'Choo'l ,1 Method 2 Method 3 
(256 C} (25..,C) (0°C} 

MeOH 3.5 -:- 0.1 5.1 -:- 0.2 2.5 -:- 0.5 
EtOH 1.20 ~ .0.06 1.39 ~ 0.04 0.81 ·-:- 0.02 
""PrOH 1.3 .±. 0.1 1.42 ±. 0.04 0.66 ±. 0.03 
ll.PrOH 0.52 ±. 0.05 0.56 ~ 0.03 0.25 ±. 0.03 
2-BuOH 0.46 ~ 0.03 0.39 ~ 0.02 
ll.BuOH 1.53 -:- 0.05 1.90 ±. 0.02 
~BuOH 0.05 

it is expected that increasing alkyl substitution would 

make the oxygen of the alcohol more nucleophilic and hence 

more susceptible to electrophilic nitrosation. Also elec

tron donating substituents should stabilize the nitrite 

ester. These electronic effects have been seen in a 

series of transnitrosation experiments in deuteriochloro-

form as solvent, where para substituted beMyl alcohols 

were reacted with an equimolar concentration of ~Butyl 

nitrite and the equilibrium constants determined by N.M.R 

[ 79]. The results given ih Table 1. 5 show that electron 

donating substi tU:ents enhance the nitrosyl exchange 

process whereas electron withdrawing groups disfavour the 

process. 
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Table 1. 5 

Eqruilibri'lllm consta.nt.s for the eqruimolar reactioli1 of 

benzyl alcohols with~utyl nitrite in deuteriochloroform 

Alcohol K 

pMe0-CoH0-CH2-0H 5.36 

pMe-CoH.o-CH~-OH 5.19 

CGHs-CH~-OH 3.64 

pCl-CGH.o-CH::;:-OH 2.19 

pO~N-CoH.o-CH::;:-OH 1.11 

Rate constants have been obtained for the forward 

and reverse reactions for the formation of alkyl nitrites 

from nitrous acid in aqueous solution [74] (equ®tq on 1.28) 

H + + ROH + 
k~ 

HW0 2 RONO + H + + HzO 
k_f 

Rate of forward reaction k9 [ROH] [HNOz] [H +] 

Rate of reverse reaction k_8[ RONO] [ H +] 

Keq ( 1. 28) 

The results are given in Table (1.6) and show that 

the decrease in the equilibrium constant on going from 

a primary to secondary to tertiary alkylnitrite is due 

to a decrease in the forward rate constant, the k 1 step, 

since the rate constants for the hydrolysis of the alkyl 

nitrite (ko,step) are very similar down the series. The 

-22-



orcler of the values of k, is as e~pected if steric factors 

dominate over electro~ic factors in the forwarcl reaction. 

The rate eqruatiorn for the forward reaction is identical 

with that founcl for a Bide range of substrates (equation 

1. 12). As discussed in section 1. 2 .1, the value of the 

third order rate constant , · k, tends towards a limiting 

value of ca. 7000 1 2 Mol - 2 s·• at 25 °C. For methanol the 

corresponding value at 25°C is 700 F mol - 2 s -•, so the 

reaction of alcohols is an order of magnitude below this 

limit. The rate equation for the reverse reaction, the 

denitrosation of alkyl nitrites, has been interpreted 

as involving nucleophi 1 ic attack of the sol vent on the 

protonated alkyl nitrite. 

Table 1.6 

Values for the forward and reverse rate constants for 

the nitrosation of alcohols at 0°C with nitrous acid 

Alcohol k, (12 mol 02 s"1 ) 

MeOH 73 + 10 31 + 6 -
EtOH 38 _!_ _ _Q_._3 - _4_7 ___ -!_ 0. 2 -·· -----

---- -- -- -----

1\•PrOH 29 + 1 44 + 1 -
lprQH 11 + 1 44 + 2 -

"BuOH ca 100 
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Both the forwarcl and reverse reactions have been 

shown to be halide ion catalysed [76]. This is interpreted 

as attack by the corresponding nitrosyl halide for the 

forward direction and rn11cleophilic attack by t!he halide 

ion for the reverse direction. The catalysis by chloride 

arnd bromide ion has beern found to be less marked than 

is found for many amines. This can be seen by coMparison 

of the secornd order rate cornstants for the reaction of 

NOBr arnd NOCl with alcohols ancl amines (Table 1.7). 

Table 1.7 

Rate constants for reaction with nitrosyl halides at 25°C 

kl'lo~ 
_, 

s~' ) 
_, 

-· Substrate ', ( 1 mol k~ (1 mol s ) 

MeOH 2 X lOr:. 2.1 X 106' 

Aniline 1. 7 X to" 2.2 X 1d~ 

The values for aniline are close to the diffusion 
--- . ------- ~-----=- ----------·-----controlled li-mit and the values for methanol are consi-

derably below this. This can be rationalized in terms 

of the Hard and Soft Acid and Base (H. S. A. B. ) theory as 

NOHal is expected to be a softer electrophile than the 

po s itively charged H2 No; (or NO+ ) ion and- so will react 

more favourably with the softer amine species than with 

the harder alcohol. 
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The formation of alkyl nitrites in aqueous sol~tion 

is summarized in scheme (1.29). 

Scheme 1.29 

Formation of alkyl nitrites in aqueous acid solution 

H{> + HN~ 

lR 0 H l H 
+ I . + 

H+ Ht N 0,_ RONO RONO + 

+ ) 
H a·· 

l .. 

[Hal) 

[R 0 H] ~~ 
NO Hal R6No + Hal-

+ 

H H1 0 

RONO + H+ 

There have been two kinetic studies on the formation 

of alkyl nitrites from nitrosyl chloride in non aqueous 

solvents. In glacial acetic acid [ 102], the equi 1 ibrium 

was found to move further to the alkyl nitrite by increa-

sing the basicity of the alcohol. The mechanism involves 

the attack of the alcohol on NOCl to form a six membered 
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adduct wlhich includes .a solvent molecule. This inter-

mediate then loses HCl to give the alkyl nitrite (Scheme 

1. 30). The other studly was carried out in lmli~tU!Jfes of 

carbon tetrachloride and acetic acid [103]. In this case 

tlhe effect of varying tlhe concentration of acetic acid 

on the rate of nitrosation of n-bu.tanol was investigated. 

In pure CCL4 the resu.l ts were interpreted in terms of 

a single step formation of an activated complex by simple 

addition of reagents (Scheme 1.31). When acetic acid 

was added the reaction was believed to proceed via a six 

membered transition state, involving an acetic acid 

molecule, similar to Scheme 1.30. 

Scheme 1.30 

ROH + NOCI + SH ===:::::;. 

SH=acetic acid 

"' -
RONO +HCI ~ RON-0-HCl 

Scheme 1. 31 

Bu-0-H Bu '-.. 
Q---- -~ 

I 
I I 

~N-----Cl 
0~ 
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R-0.~~/'0 

Cl 

1l 
R-0-N-OH + I . 

SH 

Cl 

t 
BuONO 

+ 

HCI 



1.4 Reactions of Al.kyl_Nitrit_e_s 

Alkyl nitrites are commonly used nitrosatin9 agents, 

usually in non-aqueous solution, and! react with a wide 

range of substrates su.ch as amines [80], alcohols 

[ 79, 81], thiols [ 81]. Typical sol vents and concli tions 

include HCl-saturatedl diethyl ether, acidic alcoholic 

solution, basic alcoholic solution, 1 iquid SO 2 and many 

aprotic sol vents such as acetonitrile, chloroform, DMF, 

and THF without any added catalyst [107]. 

Many reactions involve the formation of diazonium 

ions from aromatic arnines, which can then undergo similar 

reactions to those formed in aqueous solutions, often 

in better yields with fewer side reactions. Thus when 

the reaction is carried out in benzene solution [82] the 

product is the biaryl ~ (equation 1. 32), probably 

formed by radical decomposition of the diazonium ion. 

When the reaction occurs in bromoform{\lJ]> the radical 

produced can abstract a -bromine atom -from the solvent 

to form the aryl bromide (equation 1.33). In a hydrogen 

radical donor solvent such as THF or DMF the main product 

is the deamination product [84, 85], (equation 1.34). 

If the reaction is carried out in acetonitrile in the 

presence of copper (I I) hal ide salts the product is the 

aryl halide [86], (equation 1.35), and if an olefinic 

compound is added the reaction results in the arylation 

of the olefin [87] (equation 1.36). 
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RONO -¢-

benzene 
( 1. 32) 

RONO + 
CHBr 3 

ArN/~ Ar· 

( 1. 33) 

THF 
RONO + ArNH 2 ArH ( 1. 34) 

or DMF 

Acetonitrile 
2RONO + 2ArNH 2 

( 1. 35) 

CuC1 2 

RONO + ArNH 2 + H 2 C CHCN ---~ ArCH 2 ,HCN + N 2 

Cl (1.36) 

The reaction with amines in aprotic so-lvent is appli-

cable to aromatic and heterocyclic amines [88, 89], but 

aliphatic amines appear to be unreactive under similar 

conditions. 

Several other methods have been employed to faci 1 i-

tate the exchange of an amino group for a halide or thio 

group, these include reacting the amine with an alkyl 
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nitrite in CHCl3 [88] in the presence of bromine, iodine 

or dimethyl sulphide, with antimony trichloride [ 89] in 

dichloroethene and anthruony tribromide [ 89] in dibromo-

methane. Alkyl nitrites have also been shown to effect 

nitrosation of alcohols [79, 81] and thiols [81] in non-

aqueous solvents in the absence of any added caitalyst. 

Another common synthetic procedure involves the reaction 

of the alkyl nitrite in diethyl ether containing HCl gas. 

This has been used to bring about the ni trosation of 

ketones [90] (equation 1.37). 

0 
II 

CH~C CHJ I Amyl nitrite > 

HCI/Et10 

0 N 
,....OH 

II II 
CH3C-C 

"c l 

0 NO 
II I H cH c-c----

3 '\ 
Cl 

(1.37) 

As well as undergoing acid catalysed reactions, alkyl 

nitrites are also capable of affecting N, C and 0 nitrosa-

tion in basic media, typical procedures being sodium 

ethoxide in ethanol or even in aqueous alkaline solution. 

Examples are shown in equations (1.38 - 1.41). 

~ 
+ C(,HrC-CH1 

I 
ONO 

NaO C1.H, > 

EttO/EtOH 

/NONa 
( 1.18 ) 

[ref. 91) 

H 



RONO -t R
2

NH ( 1. 39) 

[ref. 92] 

RONO -t R'OH R'ONO + ROH 

[ref. 93] (1.40) 

Me 
Me=NOH Ac 

/
0 

EtONO ~ 
I I 

I I 
I I 

I 
} c ( 

Me ON a 
\ ' \ 

Et ON a 
HfO~R CH&C~R 

Mea. CHMe~. 

Thujone ( 1.4 1 ) 

[ref. 94) 

Very few kinetic studies have been carried out on 

the nitrosation reactions of alkyl nitrites. Due to the 

rapid rate of deni trosation (hydrolysis) of the alkyl 

nitrites [74] it seems likely that this will complicate 

the reaction and it has never been shown whether the reac-

tion occurs via the nitrous acid formed or via the alkyl 

nitrite itself. A study of the kinetics of the N-nitrosa-

tion of sulphani !amide by cyclohexyl nitrite and by 

aqueous nitrous acid [95] indicated that a common 
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Irni trosating species was present in lboth reactions. In 

aunother study the influence of alcohols Olil the rate of 

Irni trosation of mo:rpholine in aqueous acid solution was 

e.:fl:plained in terms of an equ.ilibrium formation of the 

alkyl nitrite which Has itself ineffective in the 

nitrosation reaction [78]. 

of n-propyl nitrite 

several aromatic amines 

The kinetics of the reaction 

in acidic n-propanol with 

hav-~ been studied [ 96]. The 

:reaction was found to be extreiMlely slow in the absence 

of any nucleophilic catalyst. With added halide ion 

the reaction proceeded readily and the results were 

consistent with a mechanism involving a rapid equilibrium 

formation of the corresponding nitrosyl halide which 

attacks the free base form of the amine in the rate 

determining step. The acid and base catalysed 

transni trosation of an alcohol has been studied in a 

variety of solvent systems. The reaction of 1- methyl 

heptyl nitrite in !-propanol was catalysed by added acid 

and small amounts of water was found to inhibit strongly 

the reaction [ 97] . It was found that the reaction did 

not involve the asymmetri-c carbon centre and a mechanism 

was proposed involving the protonated form of the alkyl 

nitrite in a bimolecular reaction (scheme 1.42). 

In the base catalysed reaction [ 93] the rate was 

found to be proportional to both alkyl nitrite and 

alkoxide ion concentration and that the asymmetric carbon 

centre was again not involved in the reaction. A similar 
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sche~e (1.4~) was propose~ involving nucleophilic a~tack 

of the alkoxide ion on the alkyl nitrite. 

Scheme 1.42 

Alcoholysis of alkyl nitrite in acidic alcohol solution 

H 

fast i 
RONO ~ H+ RONd' 

0 
":} 

H slow ll I 
R'OH + RONa+ R ' f- --~ --N- - - - -~R 

fast 
H H 

fast J r slow 

fast 
H+ ~ R'ONO R 'ONo+ + ROH 

l 
H 

Scheme 1.43 

Alcoholysis nf alkyl n~trites in basic alcoholic sol~tion 

R'O- + RONO 

- l* 
;:;:::==s=l=ow=~' ~·o-- --U----oRJ 

fast 

fast] r slow 

R'ONO + 
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A similar reaction sclheme has been found for the 

r~ctions of alkyl nitrites in basic aqueous solution 

with amines and cysteine. In the case of the reactions 

with secondary aliphatic amines to for~ nitrosamines [98] 

the reaction was interpretoo as involving nucleophilic 

attack by the free base foroo of the amine on the nitr09en 

centre of the alkyl nitrite (Scheme 1. 4f4). As enpected 

the second order rate constalnt for attack of the aRline 

on the alkyl nitrite increases linearly with basicity 

of the amine for a series of structurally similar isomers 

[99], but a more comple~ dependence is found when 

structural features become more important. This has been 

explained [92, 99] in terms of the reaction being orbital 

controlled, the energy of the HOMO of the amine being 

important. This is also born out by the fact that alkyl 

nitrites with a-electron withdrawing groups such as Cl, 

F and OH react faster than those with electron 

releasing groups [98, 100]. This can be explained in 

terms of a lowering of the LUMO energy of the alkyl 

nitrite by electron withdraBing substituents. A similar 

trend in- the reactivity of alky-l- -nitrites with the 

S-ni trosation of cysteine in aqueous alkali solution has 

been found [ 101]. The reaction in this case occurs via 

the s- ion of cysteine. 

The reactions in aqueous basic solution are less 

likely to be complicated by the hydrolysis of the alkyl 

nitrite than those in aqueous acid solution as the rate 
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of alkaline hydrolysis of the alkyl nitrite has been fo~cl 

to oo much slower than the rate of the acid catalysecl 

hydrolysis [104]. 

Sche~ 1.44 

Reaction of alkyl nitrites ~ith amines in basic solution 

Ka 

k RzVo RzNH RONO ~ R'o-

"' H 

1 
RzN--NO ~ R'OH 

As well as being able to undergo heterolytic reac-

tions, alkyl nitrites can also undergo homolytic reactions. 

This results from the weakness of the RO ~NO bond. The 

activation energies of the radical forming reactions are 

given in Table 1.8. 

The majority of the reactions are those of the 

alkoxide radical and have been discussed in a review 

article [ 105]. The most important of these reactions 
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1'aiole 1. 8 

Acti vatiorn energy for ~0------NO ~ RO· ~ NO· 

Alkyl nitrite 

1\ C4- H'\ ONO 

Activation~nergy 
. K J. mol 

152.9 

158.3 

155.4 

155.4 

is the Barton reaction, whereby a 1, 5 rearangement of 

the nitroso group in an alkyl nitrite occurs from o~ygen 

to carbon to yield! a 4-ni troso alcohol [ 106]. The 

reaction has been shown to occur via homolysis of the 

alkyl nitrite, photochemically, to give the alko~y radical 

which then effects an intramolecular hydrogen atom 

abstractiorn to give the carbon radical. This then reacts 

with ni.tric o~ide to give the (-nitroso compound which 

__ c_an __ then dimerize--or -isomeF-i·se---to -the--o~ime-;·-- This is-

outlined in Scheme (1.45). 

Scheme 1.45: Mechanism of the Barton reaction 

\ / h'\) 
/,CHC CH 2 ) 2 C" ONO -------? 

)H(NO) (CH2 )z cE OH ( N 0 
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CHAPTER 2 

NITROSATION OF ISOPROPANOL AND TERTIARY BUTANOL 

IN AQUEOUS SOLUTION 

The reaction of nitrous acid with various aliphatic 

alcohols to form alkyl nitrites has been studied 

previously [ 1] at 0°C. There the reaction was found 

to be reversible and both the forward and reverse :reac

tions were catalysed by acid and halide ions.· The 

mechanism of the reaction was e~plained in terms of 

attack of the nitrous acidium ion (or nitrosonium ion) 

on the oxygen centre of the alcohol in the forward reac

tion and nucleophilic attack of solvent (water) on the 

protonated alkyl nitrite in the reverse direction. 

In the presence of hal ide ion the forward reaction also 

involves a component due to the attack of the nitrosyl 

halide on the alcohol and similarly the reverse reaction 

includes a component due to nucleophilic attack of the 

halide ion on the protonated alkyl nitrite. The mechanism 

is summarised in Scheme (2.1). 

In the previous study no information 

ion catalysis or on the rate constants 

obtained for the formation of isopropyl 

-42-

on the halide 

at 25°C was 

nitrite and 



tertiary l'o'Ultyl nitrite. These re01ctions were therefore 

studliecl usirn~ techniques developed! previously [1]. 

Scheme 2.1 

Mechanism of formation of alkyl nitrites 

in aqueous acid solution 

HN02 
-o- H -o-

+ 
H2 N0 2 

(or NO+) 

H 
+ I + 

HzNOz + ROH RONO + H2 0 

H 
RJNo+ RONO -o- 1-r~ 

HN02 + H+ + X- XNO + HzO 

H 
I + X____,N=:::O + ROH RONO -o- x-

Jf 
RONO + H+ 

2.1 Nitrosation of tertiary butanol 

2.1.1 Acid catalysis 

The formation of tertiary butyl nitrite ( ~:BuONO) 

from tertiary butyl alcohol ( I:.BuOH) is known to be acid 

catalysed [1] (equation 2.2) but the equilibrium is well 
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ov?r to tfrue nitrous acid side and so it has not proved 

possible to obtain values for the third order rate 

constant for the nitrosation of the tertiary butanol 

or its equilibrium constant for the formation of tertiary 

butyl nitrite with any p~ecision by the kinetic technique 

employed. If the reaction is carried out under conditions 

where [ "BuOIH] ;;>"';:;:> [HN~ ]; the reaction can be conveniently 

followed by monitoring the formation of an equi 1 ibrium 

concentration of the alkyl nitrite in the 280 run region 

by a stopped! flow technique. The derived rate equation 

·is shown in equation (2.3). On integration equation 

(2. 3) leads to equation (2. 4), hence a plot of 

-ln ( [RONO] eq - [RONOJt ) against time leads to the 

observed first order rate constant, ko (equation 2.5). 

Rate d [ tBuONOL 

dt 

where [tBuONO] eq 

k, ' tBuoruo H+ H o 1'1 + + 2 (2.2) 

equilibrium concentration 

of alkyl nitrite 

concentrat.ion of alkyl 

nitrite at time t. 

(2.3) 



ln 
[~BuONO]eq- [lBuONO]o 

[~BuONO]eq - [tBuONO]b 
(2.4) 

(2.5) 

The values of k 1 and k-1 can be obtained from e~peri

ments where the value of ko is measured at different 

concentrations of tertiary butanol and a plot of ko 

against [ tauOH] constructed. The slope yields the value 

of k 1 and the intercept yields the values of k_1 • Such 

e~periments were carried out at 0°C and 25°C and the 

results are shown in Tables (2.1)-(2.4) and the results 

at 0°C are shown graphically in figure (2.1) 

Table 2.1: 

Variation of ko with [tBuOH] at 0°C 

[ HNO& ] = 0 . 04 mo 1 1 al 

[ t.BuOH] mol 1 D' 

[HClO~] = 0.06 mol 1~ 

0.493 

0.740 

0.987 

1.480 

Slope = 0.99 ~ 0.21 1 mol~' s~ 1 

Intercept = 4.99 + 0.21 s~ 1 

~45= 

5.62 -o- 0.20 

5.58 -o- 0.16 

5.94 -o- 0.04 

6.53 + 0.19 



Table 2.2: 

Variation of ko with [ ~BuOIHI] at 0 °C 

[ HN02.] 0.04 mol 1 
ol 

[HClOtZ-] 0.21 mol 

[ ~lBUOH ] mol 1 ~I ko s-' 

0.498 20.3 -o- 1.2 -
0.747 21.6 + 0.8 -
0.996 23.0 + 1.7 -
1.494 23.2 + 0.9 -

Slope = 2.78 2:. 0.99 1 rnol-1 s- 1 

Intercept= 19.4 + 1.0 

Table 2.3: 

-! s 

Variation of ko with [ I:.BuOH] at 25°C 

l-1 

[HNOg] 0.02 mol 1~ 1 

[tBuOH] mol 
1 _, 

ko s -1 

0.254 17.9 + 0.7 -
0.508 18.0 + 0.5 -
0.762 17.6 + 0.3 -
i. 016 17.0 + 0.5 -

Slope = -1. 22 2:. 0. 44 1 mol_, s -' 

Intercept= 18.4 + 0.3 s-' 
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Table 2.4: 

Variation of ko with [tBuO~] at 25°C 

[HCl04-l = 0.107 mol 1Q1 

[ tlBuOH] mol l ~• ko s _, 

0.569 

0.758 

0.948 

93.5 + 4.2 

92.1 + 3.9 

90.3 + 1.9 

Slope = -8.44 .:!:. 0. 596 1 mol -• s Q

1 

Intercept = 98.4.:!:. 0.5 s-1 

The values of the slopes are subject to very large 

errors. The main reason is the fact that the observed 

change in ko on increasing [ t.BuOH] is very small and 

is well within the experimental error of the measurement 

of the values of ko . The large error in the measurement 

of ko, typically.:!:. 5%, is due to the very small absorbance 

change occuring in the reaction ancl also the reactions 

are very fast (especially at 25°C) and so are difficult 

to measure. (The plots at 25°C in fact have negative 

slopes but . the values of ko are constant within the 

experimental error ). It is therefore not possible 

to obtain meaningful values of the rate constant for 

nitrosation of [ tBuOH], k, , from this approach. The 
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rFngur'~ 2a] 

Variation of ko 
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2 10 

0 

0.0 0. 5 1. 0 

[~ BuOHJ mol/l 

D [HC lOt:.] = 0. 06 mo Lll [C l-] = 0. S l't\o\ /l 

A [HC lOto-] = • 06 molll [Br-] = 0.5 mo\/l 

\j CHC LOt;.l = 0. 21 mol/ l 

/::::. [HC lO l:-] = • 06 mo Lll 

1.5 



value of k.~a , the rate constant for hydrolysis of [ tBuONO], 

however can be obtained fairly reliably from the ilillter-

cepts (or better still from the average values of ko ). 

The values of k-1 obtained are sho't:nrll in Table (2. 5). 

Table 2.5: 

Values of the second order rate constant, k~ 

Temperature [HClO.!}] Average kg *• 
(DC) mol 1-1 s-' 

() 0.06 5.91 + 0.38 -
0 0.21 22.0 + 1.2 -

25 0.02 17.6 + 0.4 

25 0.107 92.0 + 1. 3 

1 r' -1 mo s 

98.5 

105 

880 

860 

+ 6 -
+ 6 -

+ 20 

+ 12 

The values obtained at 0°C agree well with those 

previously found of ca 100 1 mol='s-1, and they confirm 

the fact that the equilibrium constant for the formation 

of [tBuONO] is indeed very small [1,2]. 

2.1. 2 Halide ion catalysis 

Hal ide ion catalysis of the ni trosation of alcohols 

and deni trosation of alkyl nitrites has been studied 

previously [ 1]. No data exist on the catalysis of the 
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ni trosation of ~BuO!Hr • The reaction with t.BuOH was 

found to be first order in adldedl bromide (Table 2. 6), 

but the effect is not very marked and there is a substan-

tial cofiiilponent due to the uncatalysedl reaction. 

[HNOz] 

Table 2.6: 

Variation of ko with [Br=] 

0. 04 mol 1 ~• 

[ ~BuOH] 

0 

0.025 

0.050 

0.075 

0.100 

0.150 

[HCl04] 

0. 5 mol 1 ~a 

5.66 + 0.16 -
5.75 + 0. 13 -
6.20 + 0.47 

-' 
5.91 + 0_. 41 -
6.12- + 0.71 -
7.03 + 0.22 -

Slope= 8.-15 .:!:_ 2.10 1 mol· 1 s-1 

Intercept= 5.57 + 0.17 s-' 

0. 06 mol 1-' 

The catalysis can be interpreted in terms of electro-

philic attack of the nitrosyl halide on the alcohol for 

the fon:~ard reaction and nucleophilic attack of the 

halide ion on the protonated-alky1 nitrite for the reverse 
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reaction (Scheme 2.6). The derived rate equation also 

contains a term from the non nucleophile catalysed reac

tion, and the measured observed first order rate consant, 

k, is given in equation (2.7) 

HN~ + H¢> + X~~==::::::::::; Ht,O + XNO 

(2.6) 

XNO + ~BuOH 
k-l! 

kd = ( k, [ ~BuOH] + k~,) [H<>] + (k)t Kltt>.ro [<>BuOH] + k_.w [H 7 ] [X~] 

(2.7) 

The values of k~ and k-n can be obtained from experi

ments where ko is measured at different concentrations 

of [~BuOH] in the presence of added halide ion. Results 

from such experiments at 0°C are shown in Tables (2. 7) 

and (2.8) and are displayed in figure (2.1) 

Using the literature values for K~ of 2.2 x 10- 2 

1 2 mol- 2 for NOBr [3] at 0°C and 5.5 x 10 .. eo. 1 2 mol ~ 2 

for NOCl [3] at ooc allows the second order rate constant, 

kn , for attack of the nitrosyl halide on ~BuOH to be 

determined. The results are shown in Table (2.9) 
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Table 2.7: 

Variation of ko with [tBuOH] in presence of bromide ion 

[ Hl\l02. ] 0. 04 mol l-1 [HClO<d 

0. 50 moJL 1 _, 

0. 06 mol 1 ~t 

Slope 

[NaBr] 

[ e:.HuOH] mol 1-' ko s-1 

0.493 7.97 + 0.29 -
0.740 8.12 + 0.22 -
0.987 8.97 + 0.29 

1.480 10.61 + 0.24 -

Slope = 2.82 !_ 0.41 1 mor1s-1 

Intercept = 6.31 + 0.41 s-c 

Table 2.8: 

Variation of ko with [tBuOH] in the presence of 

chloride ion at 0°C 

[ HNOz.] 0. 04 mol 1-1 
[HCl04-] 0. 06 mol 1 _, 

[NaCl] 0. 50 mol 1-' 

[~BuOH] mol 1-' ko s _, 

0.493 7.57 + 0.24 -
0.740 8.63 + 0.17 -
0.987 9.04 + 0.14 -
1.480 10.0 + 0.3 -

2.33 + 0.36 1 mor1s-' Intercept = 6.66 + 0.36 - -

-52-
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Table 2.9: 

Rate constants for chloride and broillll.Ji.cle ion catalysis on 

the nitrosatiorn of tertiary b1l.lltanol at 0°C 

Halide kl( ( 1 mor1 s c
1) k-~ 1 2 mol - 2 s -' 

cr 8.72 X 10 4 
+ 2.42 X 10~ 49.5 + 13.3 

2.74 X 10 3 + 6.77 X 102 40.5 + 14.9 

. t . 
Rate of forward reaction = k;:r[NOX][ BuOH] 

Rate of reverse re(3lction = k_Jt [!:.BuONO] [H+J [}C] 

The values of the rate constants for halide ion 

catalysis are subject to large errors as they require 

knowledge of the uncatalysed rate constants for their 

calculation. This will be especially true for k.)C. as 

this is obtained from a very small slope. The results 

for both the acid catalysis and halide catalysed reactions 

will be discussed further later. 

2.,2 Nitrosation of isopropanol 

2.2.1 Acid Catalysis 

A similar approach to that used for tertiary butanol 

was used to obtain the rate constants for the nitrosation 

of isopropanol (i.PrOH) and the hydrolysis of isopropyl 
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nitrite ( C!,.PrrONO) at 25°C. The res1l.1llts are sho~ i1n 

Tables (2.10) - (2.12) a1n.d graphically iln Figure (2.2). 

The values of k 1 , the third order rate constant for 

ni trosatio!Tl of lPrOIHI and k-1 , the second order :rate 

constc:mt for the hydrolysis of the alkyl 1ni trite, together 

with the equilibriuwt constaJnt, K for the formation of 
. 
t.lPrONO aire shown in Table (2. 13). 

[ HNOz. ] 

Table 2.10: 

Variation of ko with [LPrOH] at 25°C 

0.02 mol 1-1 [ HCl04- ] 0. 02 mol 1-1 

[ t.PrOH] mol 1 -• ko s-1 

0.246 12.2 + 0.1 -
0.394 12.4 + 0.2 -

0.591 12.9 + 0.4 -
0.739 13.3 + 0.6 -

0.985 13.2 + 0.1 -

Slope = 1.54.:!:. 0.37 1 mol-1 s- 1 

Intercept = 11.89 + 0.24 s-1 
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Table 2.11: 

[HN02 ] = 0. 02 mol 1-1 
1 0 OA ""01 l =I [ HC 0.;:. ] = • ~ lUI 

0.249 23.7 + 0.1 -
0.597 25.0 + 0.1 -
0.747 25.7 + 0.2 -
0.896 26.4 + 0.2 -
0.996 26.6 + 0.4 -

Slope = 4.02 + - 0.17 1 mol ~I s -' 

Intercept = 22.68 + 0.12 s-' -

Table 2.12: 

[ HNOe. 1 0.02 mol l-1 
[HCl04 1 0.107 mol 1-' 

[ LPrOH 1 mol 1-' .ko s _, 

0.189 62.2 + 1.6 -
0.379 67.0 + 1.1 -
0.569 69.4 + 0.9 -
0.758 71.3 + 0.8 -
0.948 73.0 + 0.9 -

Slope 13.65 + 1.85 1 mor·s-' Intercept 60.8 + 1.17 s-' - -
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'fable 2.13 

Values of k, all!MSl. k_. for reaction of HNOz ~i'th LPrOH at 25 oc 

and values of tlhe equilibrium consta11ot, K, foJt formation 

[HClO<}] ])(~ I2 mol ~ 2 s-o k_0 1 mol-4 s-0 K 1 mol- 6 

0.02 79.3 ~ 18.2 594 ~ 12 0.13 ~ 0.03 -
0.04 100.6 ~ 4.3 567 ~ 3 0.18 ~ 0.01 - - -

0.107 128 ~ 17 568 ~ 11. 0.23 ~ 0.03 - - -

The changre in ko with [ 1!. PrOHJ was again very small, 

especially at the low acid concentrations so that the 

values obtained at 0.11'4. HCl04 are probably the most 

reliable values. 

2.2. 2 Halide ion catalysis 

Experiments were carried out varying the concentra

tion of LPrOH in the presence of added halide ion. 

The results are shown in _Tables (2.14) (2. 16) and 

in Figure (2. 2). The values of the rate constants for 

attack of NOX: on the alcohol and the halide ion catalysed 

deni trosation of the alkyl nitrite ~iere obtained, using 

the values of «w~ [3, 4] of 5.1 x 10-2 1 2 mol- 2 for NOBr 

at 25°C and 1.136 x 10- 3 1 2 mol- 2 for NOCl at 25°C. 
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The results are shown in Table (2.17). 

Table 2.14: 

Variation of ko with [LPrOH] in the presence of 

added bromide ion at 25°C 

[HNOz] 0. 02 mol 1-' [HClOI}] 0.02 mol 1-' 

[ Br-] = 0. 50 mol 1 -l 

[ LPrOH] mol 1-' 

0.236 20.7 + 0.3 -
0.353 20.7 + 0.3 -
0.471 21.3 + 0.2 -

0.589 21.6 + 0.2 -
0.707 21.8 + 0.5 -
0.825 22.2 + 0.3 -

_, _, 
Slope = 2.69 + 0. 26 1 mol s 

Intercept 20.0 0. 15 
-I 

= + s· -
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Table 2.16: 

Variation. of ko with I LPrOHJ in. the presence of added 

chloride ion at 25 •c 

[HNOz.] 0.02 mol 1"1 

[NaCl] 

[ '-PrOH] mol 1 _, 

0.236 

0.353 

0.471 

0.589 

0.707 

0.825 

[HC104 ] = 0.02 mol 1·' 

0.5 mol 1·' 

ko s-' 

18.4 =. 0.2 

18.9 =. 0.1 

19.0 =. 0.2 

20. 1 =. 0. 8 

19.4 =. 0.4 

19.9 =. 0.1 

Slope - 2. 45 =. 0. 79 1 mol"' s -' 

Intercept = 18.0 =. 0'. 5 s -' 

Table 2.15: 

Variation of ko with I 1 Pr0H] in the presence of add<Sd 

bromide ion at 25"C 

[HNOz.] = 0. 02 mol 1 -' [HC10 4 ] = 0.04 mol 1"
1 

[Br"] = 0.50 moll"1 

[ LPrOH] mol F 1 ko s-1 

0.236 41. 1 =. 1. 5 

0.353 40.7=.1.9 

0.471 39.4 =. 1.4 

0.589 43.7 =. 0.6 

0.707 42.6 =. 1.0 

0.825 43.3 =. 1.9 

Slope = 4.73 =. 2.89 1 mol"'s- 1 

Intercept = 39.3 =. 1.6 s"1 



Table 2.17: 

Values of kx andl k-x for ni trosation of isopro~ol at 25°C 

-· -I _, 
Halide kx 1 mol s k- 12 mol - 2 s X 

cr 4.05 ~ 0.13 }1: to* 634 ~ 116 - -
Br- 1. 72 ? 0.02 }1: 10 3 836 ~ 63 - -

1.13 ? 0.07 }1: 10 3 805 -o- 153 - -

2.3 Discussion 

The value of the equilibrium constant obtained 
_, 

for the formation of (ca 0.23 1 mol ) 

is in reasonable agreement with the value obtained pre-
_, 

viously by the same method at 0°C (K= 0. 25 1 mol ) [ 1. J. 
_, 

The values obtained at 25°C [2] previously are 0.52 1 mol· 
_, 

and 0. 56 1 mol The discrepancy here probably arises . 
from the high concentration of l PrOH needed for this 

kinetic method (typically up to 7% by volume for \ PrOH 

and 14% by volume for (l BuOH). This means that in these 

experiments the solvent composi~ion is being changed 

markedly. A solvent [ 5] effect has been noted 

previously in the rni tro~~tion of methanol, where 

a curved plot of ko against [methanol J was obtained. 

Similar curves could also be obtained on the 

addition of a non reactive solvent (tetrahydro-

furan). If a similar effect 'is occurring here 

then the measured values of the slope of a plot of 



ko against. [alcohol] pTobably repTesent. a milnlJluuuuill\ru val'llle 

and so the derived ecyuilibTium constants therefore also 

probably TepTesent Mill1Jllilill1Ulliiit valu.es. 

The values of the rate constants for the ~enitrosa

tion of the alkyl nitrite (k ol ) can be obtained wit.h a 

larger degree of certainty as they are derived from 

a large intercept that. can be measured fairly accurately. 

It has been noted- previously [1] that the values of 

k Q' at 0°C for a series of aliphatic alcohols does not 

alter much on changing the structure of the alcohol. 

This trend is also foW'lld at 25°C (Table 2~ 18) for four 

alkyl nitrites. The actlL!lal V@.h.&~s for tlhe bimole

cular rate constants for the reaction of Bater with 

the protonated alkyl nitrite cannot be obtained as the 

pKa of the alkyl nitrite is not known. A possible 

explanation for the consistency of the values of k_, 

could be that the protonated alkyl nitrite reacts with 

water at the diffusion controlled limit. This would 

require the pKa of each al-kyl nitrite to be approximately 

equal. Further evidence for this explanation comes 

from the halide ion catalysed reaction. Here the reaction 

is assumed to occur via nucleophilic attack of the halide 

ion on the nitrogen centre of the alkyl nitrite. It is 

known that bromide ion is significantly more nucleophilic 

than chloride ion in aqueous solution [ 6 J and so the 

rate of attack of bromide ion would be expected to be 
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Table 2.18: 

Values of k~1 for hyo!Jrolysis of the alkyl ni tri ~e at 25°C 

Alkyl nitrite 

MeONO 576 ~ 
~ 

57 ref. [ 1] 

EtONO 282 + - 10 ref. [1] 

I. PrO NO 576 + 13 -
~BuONO 870 + 20 -

markedly greater than that of chloride ion. This is 

found in the case of the deni trosation of both N~Methyl 

N-nitroso ani 1 ine [ 7] and N-ni troso diphenylamine [ 8], 

where attack of the hal ide ion again occurs at the 

nitrogen of the ni troso group. The results for both 

tBuONO and lprONO shos that there is little selectivity 

of the protonated alkyl nitrite between the two ions. 

This has been found previously for the reaction of methy 1 

nitrite [ 1] and is thought to represent a diffus-ion 

controlled process. 

The values of k 1 , for the nitrosation of the alcohol, 

show a marked dependence on the structure of the alcohol. 

The value of ka for tBuOH is too small to be measured 

by this method· and the value of ko for c.PrOH at 25°C 

is ca 100 1 2 mol ~z s- 1, which is several orders of magni-

tude below that e~pected for a diffusion controlled 
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process of ca. 70010 1 2 mol 0 2 s ~ 6 
[ 9] . It al)pP8ars t.ha t 

steric factors are important in determinin~ the size 

of k 1 • 

The comMonly fo'W'llcl ordler of halide ion catalysis of 

Br- > cl- [ 1@] is observed in the ni trosation of ll.PrOH andl 

~BuOH. In both cases the value for kNoc1 is appro~imately 

one order of magnitude greater than kwo%. The value 

of k~oc.<l however ·is typically five orders of magnitude 

below the diffusion controlled! limit of 7 x 10~ 1 mor's-'. 
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CHAPTER 3 

REACTIONS OF ALKYL NITRITES IN AQUEOUS ACID SOLUTION 

Alkyl nitrites have long been known to effect nitro

sation reactions in aqueous acid solution. It has never 

been shown conclusively whether the alkyl nitrite or 

more 1 ikely its protonated form is the reactive species 

or whether reaction occurs via hydrolysis of the alkyl 

nitrite to nitrous acid. Due to the rapid rate of hydro

lysis [1, 2, 3] it appears likely that at least part 

of the reaction will occur via the nitrous acid route 

in aqueous acid solution. 

3. 1 Reaction ,of isopropyl nitrite ( 'l>rONO) with various 

nitrous acid traps 

3. 1.1 Hydrazoic acid 

Hydrazoic acid is knoW~) to react rapidly with an 

acidic solution of nitrous acid to give nitrous oxide and 

nitrogen (equation 3. 1). The probable intermediate is 

nitrosyl azide [ 4], which has been isolated at low 

temperatur~ · [5], which forms in the rate determining 
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step. 

(3.1) 

It has been shown that a number of reaction pathways 

exist in the iriitial nitrosation reaction. At low acidity 

[ 6], the reaction takes . place via the azide ion with 

either the nitrous acidium ion (or nitrosonium ion) or 

with donitrogen trioxide. At higher acidities, .where 

protonation of the azide ion occurs,. reaction occurs via 

hydrazoic acid [ 6, 7] (Ka 
-S' _, 

1. 8 x 10 mol 1 at 25 o C) . 

As expected the azide ion is more reactive to electro-

philic nitrosation than hydrazoic ~cid, the former 

reacting at the diffusion controlled limit. Catalysis 

by acetate ion [8], chloride ion [ 6, 9], bromide ion 

[6, 9] and thiocyanate ion [9] has also been observed. 

At low acidity, where the azide ion is the reactive form 

the rate limiting step ;is usually the formation of the 

nitrosyl species NOX [ 6]. At higher acidities the 

rate 1 imi ting step becomes the attack of NOX [9] on 

hydrazoic acid. 

In the present work reactions were carried out under 

ccmditions where the azide ion is fully protonated, that 

is the only reactive species is hydrazoic acid. The 
. 

reactions were carried out with [HNt>] >> [ "PrONO] 
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and good first order behaviour was observed in all cases 

by measuring the ,decreasing concentration of ll.PrONO 

at 370 nm. The observed first order rate constant was 

found to be first order in [HN~] but was found to decrease 

on addition of isopropanol ( "PrOH). Resu1 t.s for two 

perchloric acid concentrations are shown in Tables (3.1) 

and (3.2) and the results for 
~I 

[HClO~] = 0.10 mol 1 

are shown graphically in Figure (3.~). 

There are two possibilities for the mechanism of 

the reaction of LPrONO, namely the alkyl nitrite or 

its proton<! ted form reacts directly with hydrazoic acid 

(equation 3. 2) or that hydrolysis of the alkyl nitrite 

occurs to release nitrous acid which can then effect 

nitrosation (equation 3.3). 

H+ I.PrONO K ~ + 
+ 'PrONO 

(3.2) 

PrbNo+ 
k . 

+ HN3 ) N1 0 + Nt + c.PrOH 

. 
'PrONO ~====~~PrOH + HNO~ 
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DOl 

U~:.l 

1-• 

0.020 

0.040 

0.060 

0.080 

0.100 

[HN,] 

ool 1-• 

0.020 

0.040 

0.060 

0.080 

0.100 

0.346 !.. 0.017 

0.731 !.. 0.019 

1.16 !.. 0.03 

1.53 !.. 0.03 

1.99 !.. 0.04 

al 

b) 

[ ~PrOH] 

[ ~PrOH] 

·~ a-• 

b 

0.3~ !.. 0.011 

0.650 !.. 0.023 

0.992 !.. 0.031 

1.37 !.. 0.03 

1. 76 z. 0.09 

0.202 mol 1-• 

0.402 mol 1-• 

c) [ 4 Pr0H] Q 0.607 mol 1-• 

Table 3.2 

Variation of ko with [HN~l at 25°C 

1.2 x 10-~ mol 1-• [HClO.,] 0.538 

k&s-• 

a b c 

3.07 !. 0.09 2.78 z. 0.11 2.38 z. 

6.13 !.. 0.11 5.22 z. 0.17 4.95 z. 

9.31 !.. 0.12 8.57 z. 0.74 7.85 z. 

14.3 z. 1.4 11.6 !.. 0.08 10.2 z. 
16.6 z. 1.0 15.1 z. 0.01 13.2 z. 

a l [a PrOH l = 0 b) [ 4 Pr0H] 

d) [ •PrOH] c) [ "PrOH) 0.402 mol 1-• 

~68-

c 

0.287 !.. 0.005 

0.539 !.. 0.010 

0.857 !.. 0.040 

1.21 z. 0.04 

1. 56 z. 0.07 

370 nm 

d 

0.09 2.08 z. 
0.06 4.22 z. 

0.06 6.98 z. 
0.03 9.16 z. 
0.20 11.5 .!. 

0.191 mol 1-• 

0.607 mol 1-• 

37@ no 

0.06 

0.04 

0.11 

0.11 

0.14 
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Since tlhie rate of reaction is found to decrease on 

addition of lPrOH the direct reaction mechanism can 
.. 

be ruled\ out as [ c.PrOH] is not involved in any of the 

possible rate determining steps. The indirect reaction 

(equation 3. 3), however, would be expected to sho'!:J a 

dependence Oll'll [ "'PrOH] as the initial eq:uilibriWll depends 

on [ c.PrOH]. The derived rate equation for equation 

(3.3) is given below in equation (3.4). 

Rate 

but Keq 
[ROHl[HNOz] 

[RONO] 

and [total nitrite] [RONO] ~ [HNOz] 

. . . 

[HNOz][ROH] 

Keq 

[Total nitrite] Keq 

[ROH] ~ Keq 

Writing the rate in terms of [Total nitrite] gives 

equation (3. 4). 

Rate 
k Keq [HN 3 ][H+] 

[ROH]. ~ Keq 

":'70-

[Total nitrite] 

{3.4) 



Since the reaction was carrriecl out with [1-l!N;:}] >)[Total 

nitrite], the observed first orrdler rate constant, kl7p 

is given by equation (3.~) 

k Keq [HN3 ][H~] 

[ROH] + Keq 
(3.5) 

Equation (3. 5) predicts that the value of ko should 

decrease on addition of lPrOH, moreover the values of 

k, the third order rate constant for reaction of nitrous 

acid with HN3 , and Keq, the equil i'brium constant for 

hydrolysis of the alkyl nitrite can be obtained since 

equation (3.5) can be rearranged to give equation (3.6) 

1 [ROH] 1 

k[HN3 HH+] 

(3.6) 

A plot of k<;, ·' against [ROH] should have a slope 
-I 

( k [ HN 3 ] [ H + ] Keq) and an intercept 

Therefore the value of k can be obtained from the inter-

cept and the value of Keq can be obtained from the value 

of intercept/slope. Such plots were obtained from the 
_, 

experimental results and the data for [HCl04-l = 0.10 mol 1 

are shown graphic,ally in Figure (3.2). The results 

of such an analysis for both acid concentrations are 
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shown in Tables (3.3) and (3.4). 

The average values of Keq are 1. 34 !.. 0. 25 mol 1~ 0 

(for [HCl04 ] = 0.10 mol 1-4
) ancl 1.44 !.. 0.19 mol 1-' (for 

[HC104]=0.538 mol 1~). These valu~s give 0.75!.. 0.14 1 mol-1 

and 0.69 !.. 0.09 1 mol-' for the equilibrium co1nstant for 

the formation isopropyl nitrite which agree reasonably 

well t;;Jith values obtained by other methods of 0.56 [10], 

52 0 -1 0. [1 ] and 0.25 [3] l mol at 25°C. 

The value of k, the third order rate constant for 

attack of nitrous acid on Hl'h has. also been determined 

previously [ 9] as 160 F mol- 2 s _, at 25°C. This value 

was the elttrapolated value of k as [H-¢'] ~ 0 since the 

rate was found not to be a 1 inear function of [ H + ] . 

The corresponding values of k at 0.10 and 0. 538 mol r' 
of HCl0-4 can be interpolated from the variation of ko 

with [H?] and are 214 1 2 mol - 2 s -• and 360 P mol - 2 s-•. 

The values obtained here are 220 !.. 11 F mol - 2 s _, and 

300 + 11 1 2 mol- 2 s-1 which agree well with those obtain_ed 

from the reaction with nitrous adid. 

3.1. 2 Sulphamic Aeid 

Sulphamic acid is a fairly strong acid (pKa = 1. 1) 

[ 9] and is commonly used as a trap for nitrous acid, 

reacting accordingto equation (3.7) [11]. 

-72-



[HN..,] 

ool 1-• 

o.o2o 

0.040 

0.060 

0.080 

0.100 

[HN,] 

DOl I-· 

0.020 

0.040 

0.060 

0.080 

0.100 

Slope 

1 ool-•s 

1.485 !. 1.023 

1.205 .:!:. 0. 200 

0.754 !. 0.128 

0.419 !. 0.026 

0.342 !. 7 X 10'-"' 

Intercept 

a 

2.461 .:t.• 0.446 

1.101 !. 0.087 

0.708 .:t. fi'x 10-"' 

0.568 !. 0.011 

0.431 !. 3 X 10-"' 

'i'mble 3 • .6 

Keq 

nol 1-• 

1.66 !. 1.18 

1.49 !. 0.27 

0.939 .:!:. 0.16 

1.35 !. 0.09 

1. 26 !. 0.03 

~&lues of ~eq Qnd ~ at 2SOC fToo plots of ~o-• &gainat [•~] 

[KClO.,] 0.5~ ool 1- 1 

Slope Intercept Keq 

1 mol-•s s mol 1-• 

0.261 !. 0.019 0.318 !. 7 X 10-"' 1.22 !. 0.09 

0.114 !. 0 .-Oi.i 0. i64 !. 6 X 10-"' 1.44 !. 0.22 

0.0596 ±. 4.5 X 10-"' 0.106 !. 2 X 10-"' 1. 77 !. 0.14 

0.0520 !. 1.5 X 10-"' 0.0772 !. 6 X l0-4 1.48 !. 0.05 

0.0450 !. 2.9 X 10-"' 0.0586 !. 1.1 X 10-"' 1.30 !. 0.09 
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227 !. 18 

235 !. 2 

220 !. 4 

232 !. 2 

. k 

292 !. 7 

284 !. 10 

294 !. 6 

299 !. 3 

317 !. 6 



(3.7) 

The reaction is believedl to occur v~a N-nitrosatioll11. 

At low acidity the reaction occurs via the sulphatiDlllate 

ion [9, 11], NH2 SO) , sulphamic acid beiin9 much less 

reactive. At high acidity (> 0. 25 mol 1-n ), where the 

concentration of sulphamate i·on is very lo~, there is 

evidence for reactton of sulphamic acid itself [ 11]. 

Interestingly [ 9, 11], the ni trosation of sulphamic acid 

is hot subject to catalysis by halide ion or thiqcyanate 

ion. This is also found in the nitrosation of arniides 

[12,13,14,15] and seems to apply generally to the nitrosa-

tion of amines with powerful electron withdra8ing 

groups next to them. The results have been explained in 

terms of a rapid reversible N-ni tro:sation followed by 

a rate 1 imi ting proton transfer. 

NH2SOj" + XNO ... x-

The r~action of ~PrONO with sulphamic acid 8as 

C<ITried out in· a similar way to that of hydrazoic acid. 
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Res1l.lll ts showing the clepenclehce of ko on [ SuiJ]phamic acJi.dl] 

at various [ ""PrOH] are given in Table ( 3. 5) and F~9JU.Jr'e 

(3.3). 

The value: of k:f.l again Bas found to decrease '8i th 

increasing [ c.PrOH]. The reaction is therefore sim.il.a.rr 

to that of HN3 but in this case as the sulpharitate ion 

is the likely reactive species, the protonation of the 

su:lphamate ion must be taken into account. The reaction 

is shown in Scheme (3.8). 

LprQNO 

k 
HNOz + H + + NHz SO 3 --..,--~ Nz + HSO~ 

(3.8) 

The observed first order rate constant derived 

fpr such a scheme is . given in equation (3. 9). This 

can be rearranged to give equation (3.10) which predicts 
_, ~ 

t;hat plotting ~ agaJnst [ PrOHl should be a straight 

line with slope = (Ka + [H+ J)/k Keq Ka [sulphamic acid] [H+] 

and intercept = (Ka + [H+ l) I k Ka [ sulphamic acid] [ H+]. 
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The vBiJLue of K~qr can be reaai ly obtailnHecl from the ]fatio 

of slope I intercept and .·the value· of k, the third order 

rate constant for. attack of nitrous acid on the sulpftH3tm~te 

ion can be calculated ass'umingr thiiJ.t the pKa of sulphamic 

acid is 1.1 at 25°C [9]. The iesults ~f ~uch an ~~alysis 

are shown in Table (3.6). 

-I 
ko 

k Keq Ka [sulphamic acid][H+] 

(Ka + [H+l) (Keq + [-ROH]) 

(3.9) 

Where [sulphamic acid] 

(Ka + [H+]) [ROH] 

k Keq Karsulp~amic]· .[H+J 
ac1·d · 

total stoichiometric concen-

tration of sulphamic acid 

+ 
k Ka fsulp~amic_l [H+J 

L ac1d J 
( 3.10) 

The average value of Keq is 1. 46 + 0.16 mol 1-' 

which agrees well with the values found for the reaction 

with HN3 The value of k, the third order rate- constqnt 

for reaction of nitrous acid with sulphamate ion is 

known to be 1.13 x 10 3 1 2 mol- 2 s-'at 25°C. The average 

value obtained in this work is 2.55 x 10 3 + 90 1 2 mol-zs-~ 

The small discrepancy could arise from the fact that 

the analysis assumes that the reaction occqrs via the 

sulphamate ion but the possibility remains that there 

is a component of the reaction here via the acid form. 
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Yt1ble 3.5 

Valuee of Ito t'IG<.linst (sulg>hooic ocid] ot 2S<>C 

["PrONOl = 1.2 x 10-~ ool 1-• 

(Gulph<mic acid] ko s-a 

ool 1-·~ 0 b c d 

0.020 3.52 ~ 0.04 3.03 ~ 0.14 2.87 .t 0.05 2.63 ~ 0.16 

0.030 5.29 ~ 0.06 4.64 ~ 0.05 4.14 ~ 0.23 3.83 ~ 0.12 

0.040 6.94 ~ 0.20 6.34 ~ 0.05 5.52 ~ 0.11 4.89 ~ 0.17 

0.050 8.54 ~ 0.13 7 ,.55 ~ 0.12 6.52 !. 0.16 6.18 ~ 0.14 

0.060 11.0 ~ 0.3 9.54 ~ 0.15 8.63 !. 0.15 8.01 !. 0.15 

0.070 11.0 ~ 0.4 9.85 !. 0.03 8.70 !. 0.18 

al [ 4 PrOH) 0.040 mol 1-· b) ( "PrOH] 0.200 mol 1-· 

c) [ "PrOH) 0.402 mol I-" d) [ • PrOH] 0.602 mol I-u 

Table 3.6: 

Values of Keq and k at 25CC from plots of ko- • against [ "PrOH] 

(HClO.,] = 0.522 mol I-• 

[sulphamic acid] Slope Intercept K It 

ool 1-· 1 mol-• s s mol I- a 1"' ciol-"' s-• 

0.020 0.161 ~ 0.025 0.286 ~ 9 X 10-"' 1.77 ~ 0.28 2534 !. eo 

0.030 0.128 !. 9 X 1o-~ 0.187 !. 4 X 10-"' 1.46 !. 0.11 2584 !. 55 

0.040 0.109 !. 5 X 10-"' 0.138 !. 2 X 10-"' 1. 27 !. 0.06 2626 !. 39 

0.050 0.082 !. 0.010 0.116 !. 4 X 10-~ 1.41 !. 0.18 2499 !. 86 

0.060 0.059 ~ 6 X 10-"' 0.091 !. 3 X 10-"' 1. 54 !. 0.16 2655 !. 88 

0.070 0.060 !. 4 X 10-"' 0.079 !. 2 X 10-"' 1.32 !. 0.09 2383 !. 60 



8 

4 

0 

fF ~ gur~-- 3o 3 
Plot of ko against 
[sulpham I c. ac I dJ 

0. 00 0.04 

[sulpham~(h ac!d] mol/l 

0 [~ PrOHJ = • 60 molll 

A [ LprQHj = • 40 molll 

\1 [ tprQH] = • 20 mol/l 

~ [ tprQH] = D 04 molll 
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3. 1. 3 'Jrhioglycoli~ acid 

Thioglycolic acid (TGA) is known to undergo s-

ni trosation [ 16] in aci01ic solution of nitrous acid, 

as slho'!:m in equation (3. 11). 

0 

HSCH 21 
\OH 

The product thioni t:rri te 

(3.11) 

is unstable as are almost all thioni tri tes, decomposing 

to the disulphide [ 17] (equation 3.12), but has. been 

identified in solution by the appearance of a broad· 

absorr·tion band at 330 nm in the U.V./visible spectrum. 

2NO (3.12) 

The formation of thioni tri tes from thiols has been 

sho\::ffi to be effectively irreversible [Hi], which contrasts 

markedly with the reactions of alcohols to form alkyl 

nitrites [ 3] . This can be rationalized by considering 

the ef:fect of changing from· an oxygen centre to a sulphur 

centre on the rates of the forwar·d reaction (equation 

3.13) arid reverse reaction (3.14). The forward rate 
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RSH -o-

RSNO 

---'> .RSNO + H ~ 

H. 
+/ . 

RS~ -'----~ ., 
NO 

RSH 

(3.13) 

(3.14) 

of reactio.n is e:!!pected to depend on the nucleophi 1 ici ty 

of the sulphur or oxygen centre, with the sulphur site 

being the more nucleophilic. The reverse reaction depends 

on the bastci ty of the oxygen or sulphur site, o){ygen 

being the more basic site. Therefore an o:Kygen centre 

(alkyl nitrite) favo:urs the reverse reaction whereas 

a sulphur centre (thionitrite) favours the forward 

reaction. 

The ni trosation of thioglycolic acid with nitrous 

acid has been shown to follow the commonly found rate 

law [ 16] (eguation 3.15) in the abs~nce of any added 

nucleophilic c<it<Hyst and -~lie value· of k, the third 

order rate constant is known to be 2630 l 2 mol - 2 s -• 

Under the cond.i tions used in the study TGA 

exists mainly as the free acid. 

Rate k [ TGA] [ HN02 ] [ H?] (3.15) 
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It is likeiy that the ioli1lli.ze01 form is al~p :reactli.v~., 

but ait pH < 2 any contribution from this form can be 

ignored (pKa of TGA [ 19 J 3. 42 ) . 

also kno~ to be catalysed by added nucleophiles [ 16 L 

the reactivity sequence of the c6rt"'espmnclin9 ni,t:tqsyl 

species being the commonly encoUJntered one of ni t:rosyl 

chl'oride :> nitrosyl bromide> nitrosyl thiocyanate. In 

the presence of either bro~mide ion or thiocyanate ion 

and 't::Iith high [TGA] it has been possible to achieve 

rate limiting formation of nitrosyl bromide or nitrosyl 

thiocyanate and the rate constants obtained a~ree well 

with values obtained by other methods. 
r'; 

The reaction of i.PrONO with TGA were carried out 

at 330 nm, following the formation of the thionitri te. 

E"periments were qarried out with [TGAJ>> [ "'PrONO] and 

good first order behaviour was found in all cases. 

Results were obtained showing the dependence of the 

observed first order rate constant, ko , on [TGA] at 

various [ LPrOH]. The results are shown in Table (3. 7) 

and Figure (3.4) 

The reaction is first order in [TGA] and the kinetic 

pattern is similar to that found for the reactions of 

hydrazoic acid and sulphamic acid on the addition of 

isopropanol. The reaction is therefore taking place 

via hydrolysis of the alkyl nitrite, the nitrous acid 

formed effecting nitrosation of TGA (Scheme 3.16) 



[ t.JP>rONO] 

[TGA] 
mol r· 

0.0297 

0.0396 

0.0494 

0.0593 

0.0692 

0.0791 

Tablle 3. 7: 

Variation of ko Bith [TGA] at 25°C 

-4 l"'' 
L 2 :~t 10 mol \ [HClO~] 

330 Yli'ii\ 

a 

13.2 + 0.3 -
17.6 + 0.7 -
21.4 + 0.3 -

26.2 + 0.3 -
28.7 + 0.2 -
32.1 + 0.6 -

a) ['"PrOH] 

b) [I.PrOH] 

c) [ I..PrOH] 
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_, 
ko s 

b 

12.0 + 0.2 

15.6 + 0.3 -

18.6 + 0.1 -

22.5 + 1.0 -
27.2 + 0.7 -
31.3 + 0.1 -

-· 0.207 mol 1 
-I 

0.415 mol 1 
_, 

0.592 mol 1 

_, 
0.203 mol 1 

c 

10.7 + 0.2 -
14.4 + 0.3 -
17.0 + 0.2 -
20.6 + 0.3 -
24.0 + 0.2 -
26.0 + 0.6 -



30 

20 

10 

0 

f' ~- gur~ 3a ~

pLot of ·ko_ 
agaInst_ ETGAJ 

0.00 0.04 

[TGAJ mol/ l 

A [lPrOHJ = • 59· molll 

'\1 [ 1 Pr0Hl = D 42 mol/l 

Li [ lPrOHJ = D 21 molll 

0.08 



'-JPrONO 

(3.1()) 

The observed first o~der rate CODStant for such 

a scheme is given in equation (3.17) which can be 

rearranged as before to give eqtiation (3.1~) 

k Keq. [TGA][H+] 

[ tPrOH] + Keq 
(3.17) 

-I [ ~PrOH] 1 
ko 

k Keq [ TGA.] [ H+ 1 k[TGA] [H+] 

( 3.18 ) 

_, 
A plot of ko against [ l PrOH] should have a 

-D 
slope ( k [ TGA ]fi{)Keq) and intercept 

-I 
(k [TGA](~~D 

from which the values of k, the third order rate constant 

for attack of nitrous acid on thioglycolic acid can 

be obtained. The results of such an analysis are shot:m 

in Table (3.8) 
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Table 3.8: 

Vs'lues of Keq snd k. st 25.:.c from plots of 'ko"'"n against [lll?rOH] 

[HClOQ] = 0.203 mol 1-n 

[TGA] Slope Intercept Keq k 

mol 1-n 1 mol-n s s niql 1-ll 1=<2 D!lol-~ s-ll. 

I 
0.0297 o.445 ~ 5.~ x 1o-~ o~o66J~ 2.6 x 1o-~ 2512 ±. 99 00 t.49 ±. 0.21 

01 
I 

0 .. 0396 o.o3j6 + 1.4 x to-~ 0.0498 + 6 X 10-4 t. 48 ±. 0. 06 1.500 + 30 

0.0494· 0 . 0 318 ±. 1 . 5 X 1•0 -~ 0.0403 ±. 7 X 10-4 t. 26 ±: 0. 07 2476 ~ 43 

0.0593 o.0273 + 2;2 x to-~ o.o327 + t.o x 1o-~ 1 . 20 ±. 0 . 1,1 2543 + 78 

0.0692 o.o17s + 5.3 x 1o-~ o.o3o6 ±. 2.3 x to-~ 1.75 ±. 0.55 2329 .~ ·175 

0.0791 o.0186 + 9.4 x to-~ o.o263 ± 4.t x to~~ 1.41 + 0.39 2371 + .37.0 



Tlrne average value of Keq obtainecl = 1. 43 ~ 0. 18 mol 1 ~~ 

which agrees well with the earli~r values~ The value 

Of k, 2455 ~ 78 p mol = 2 SoD agrees well With the Value 

measured directly [16] (2630 1 2 mol- 2 s·1 at 25°C). 

3.1. 4 N-Methylaniline 

Ni trosation of N-methylanil ine {NMA) i!:> an example 

of nitrosamine formation {equation 3.19). 

At low and moderate acidities [-20] the free ba·se form 

of the amine is the reac::tive species, reacting at or 

near to the diffusion controlled limit [21] with the 

nitrous acidium ion {or nitrosonium- ion), dinitrogen 

trioxide, nitrosyl ch_lorige and nitrosyl bromide. At 
-'· 

higher acidities [22] reaction can a:is6 occur via the 

~rotonated form of the amiQe, possibly by a 1T complex 

intermediate {equation 3.20) 
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1 

(120-) 

The reaction of l. PrONO with NMA was studied . at 

280 nm, following the appearance of· the nitrosamine. 

The reaction was carried out with [NMJ\] >> [ c.PrONQ] . and 

good first order behaviour was fotihd in each case. 

Experiments were carried out to investigate the effec.t 

of acidity on the observed first order rate consti3,nt 

ko, (Table 3. 9) and also the effect of [NMA] at various 

[ c.PrOH] on .ko , (Table 3.10). 

Table 3.9: 

Effect of acidity on the nitrosatiori of NMA at 25°C 

L -It I [ PrONO] = 1 x 10 mol 1-

0. 20 mol 1 -• 

[ HCl04-] mol 1-1 

0.067 

0.083 

0 .. 100 

..;.87-

280 nm 

104- ko s _, 

6.40 

6.24 

6.29 



The value of ko is inclepenclent of the acidity, 

is first orcler in [NMA] and is decreased on the addition 

of lPrOH. These observations are consistent with reaction 

occurring by cil.enitrosation (or hydrolysis) of the alkyl 

nitrite to give nitrous acid wlhich cali'l then react with 

the free base form of the amine, as is shown in Scheillle 

(3.21). 

tPrONO 
Keq 

+ 
ArNHzMe 

\..PrOH + HN0 2 

(3.21) 

Since the pKa of protonated NMA is known to be 

-4-:-85-T 23T~ · -at the acidities used- Tn--these e:~tperiments 

the total stoichiometric concentration of the amine 

is effectively equal to the concentration of the proto-
~ 

nated form, i.e., [NMAh~ [ArNH 2 Me]. The derived value 

of ko for this scheme is therefore equation (3. 22). 

A plot of ~~ against [ lPrOH] can therefore be used to 

obtain values for Keq and k, the third order rate constant 

for attack of nitrous acid on the free base form of 
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Table 3.10: 

Variation of ko with [NMA] at 2s=c 

[ 
11 Prom 

' ·I = 1 . X 10-<ll"\o\ \ [HClO-o] = 0.0667 mol 1-n 280 nm 

[NMA] 10<0 ko s-a 
I 
00 
0:.0 mol 1-n. a b c n 

1.22 x 1o-~ 1.99 + 0.07 1.92 :!:. 0.26 1.88 + 0.06 

2.45 x 1o-~ 3.88 + 0.38 3 . 43 :!:. 0 . 23 2.84 :!:. 0.05 

3.67 x 1o-~ 5. 20 ±.i 0. 17 4.70 + 0.06 3.81 + 0.01 

4.89 X 10-;:o 6.19 5.77 5.42 

5.72 x 1o-~ 8.53 + 0.18 7.79:!:. 0.14 7.05 :!:. 0.32 

7. 15 X 10-;:o 9.80 :!:. 0.09 8.89 ±. 0.20 8. 56 :!:. 0. 04 

a) [ 11 Pr0H] = 0.200 mol 1-n b) [ 11 PrOH] = 0.337 mol 1-n 

c) [ 4 PrOH] = 0.596 mol 1-n 



the aumine. The resu 1 t:s of such an atnal ys is are :sho'W¥11 

in Table (3.11) 

k Keqr [NMA] Ka 
k (3.22) 

[ PrOH] -t Keq 

The values of Keq obtained in this case are much 

more scattered than those previously found. This arises 

from the large errors in the reproducibility of the 

values of k and the small size of the decrease in k 
' 

on addition of LPr:OH. The average value of k, the third 

order rate constant for attack of nitrous acid on 'the 

free amine is 11513 + 1379 P mol 0 2 s 01
• This is somewhat 

larger than the literature value of 4600 !2 mol - 2 s·• 

[ 21], but is of the right order of magnitude. 

3.1. 5 Conclusion 

All the results obtained for nitrosation of hydrazoic 

acid, sulphamic acid, thioglycolic acid and N-methyl-

aniline with isopropyl nitrite are consistent with a 

mechanism involving a fast hydrolysis of the alkyl 

nitrite to give an equilibrium concentration of nitrous 

acid which then effects nitrosation of the substrate. 

There is no evidence for a direct reaction between the 

alkyl nitrite and any of these substrates. 
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Table 3.11: 
I 

Values of Ke~ and k at 25°C from plots of ko-a against [nPrOH] 

[NMAJ1r slope intercept Keq k I 
I 

mol 1-a 1 mol-a s s mol 1-a 1:2 mol-:<!! s-a 

n 1.22 X 10-::!:1 702 :t.j230 4919 ±. 95 7.01 ±. 2.30 117;23 ±. 226 (0 
...... 
I ! 

2.45 X 10-::!:1 2377 ±. 33 2107 ±. 14 0.89 ±. 0.02 13680 "\} 91 

3.67 X 10-:::!i! 1791 + 108 1548 ±. 45 0. 87 ±. 0.16 12408 + 361 

4.89 X 10-:!;l 560 ±.I 108 1519 ±. 45 2.71 ±. 0.53 9531 ±. 282 

5.72 X 10-::o I 
608 + :75 

-I 
1062 + 31 1. 75 {o 0.22 11611 -¢- 339 

7.15 X 10-:::lil 346 + 151 974 + 62 2.81 + 0.54 10122 "\} 644 



3.2 Reaction of tertiary butyl nitrite with various 

nitrous acid traps 

3.2.1 Reaction with sulphamic aciG 

The reaction of tertiary butyl nitrite ( ~BuONO) 

with sulpharnic acid was carried out in a similar way 

to the same reaction with t.PrONO. Thus under conditions 

where [~BuONO]<<. [sulphamic acid], good first order 

behaviour was obtained, following the disappearance 

of the alkyl nitrite at 370 nm. The effect of added 

tertiary butyl alcohol ( tBuOH) on the value of ko, the 

observed first order rate constant, was determined and 

the results are shown in Table (3.12). 

The results show that under these conditions the 

reaction is first order in [sulphamic acid] and the 

values of ko are independent of the concentration of 

added tBuOH within the experimental error. A possible 

explanation of this effect is due to the fact that the 

equilibrium __ constant ~-for- -the hydrolysis - of- -bhe~~ alkyl 

nitrite is much larger for ~BuONO than "PrONO [ 3, 10]. 

Assuming that the reaction occurs by a similar route 

to that of '- PrONO a similar rate equation should 

apply in the case of tauONO (equation 3. 23). The value 

of the equi 1 ibrium constant for formation of ~BuONO 

from nitro-us 

< 0.05 1 moi' 

acid has 

at 0°C. 

been 

This 
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Table 3.12: 

Effect of [~BuOH] and [sulphamic acicl] on ko at 25°C 

[~BuONO] 
-I 

1. 2 )t 10 -J mol 1 [HCl~] 

370 nM 

Sulphamic acid ko s 1 

-t 
mol 1 

0.020 

0.030 

0.040 

0.050 

0.060 

0.070 

a 

3.51 ~ 0.06 -
5.45 ~ 0.29 -

6.94 ~ 0. 18 -
8.61 + 0.13 -

10.5 + 0.35 -
12.0 + 0.2 -

a) [~BuOH] = 0.201 mol 
-I 

slope 169 + 3 1 mol 
- --·-- - ----- -

b) [tBuOH] = 0.603 mol 
_, 

slope = 159 + - 6 1 mol 
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3.51 

5.53 

6.81 

8.81 

9. 9-7 

11.6 

-I 

1 

-I 
s 

~I 

1 
-I 

s 

_, 
0.522 mol 1 

b 

~ 0.14 -
~ 0.13 

~ 0.24 -
~ 0.36 -
~ 0.11 -
+ 0.51 -



k Keq Ka [sulphamic acicl] [H~] 

(Ka -o- [H-o-]) (Keq -o- [ (}BuOIH]} 
(3.23) 

eqJui 1 ibrium constant for hydrolysis oif t.he alkyl nitrite 

will be > 20 mol 1-' This means that under the 

conditions used Keq » [ ~BuOH] and so equation (3. 23) 

reduces to equation (3.24), which predicts that the 

k Ka [sulphamic acid] [H+] 
~3.24) 

reaction should be first order in [ sulphamic acfd] 

and independent of [~BuOH]. In the case of lprQNO, 

the equi 1 ibrium constant for formation of l PrONO 

is ca 0. 56 1 mol at [ 10], which corresponds to a Keq 

of ca 1. 8 mol 1 -• , therefore under the conditions 

used ( [ tprQH] = 0. 2 - 0. 6 mol 1-') the value of Keq 
-------- ---- ~ ------ -------

is comparable in size with [ l. PrOH] and so there 

is a measurable decrease in rate on addition of 

~PrOH. Equation (3.24) predicts that the value 

of k, the third order rate constant for ni trosation 

of the su_lphamate anion can be obtained from a plot 

of ko against [sulphamic acid], assuming that 

pKa 1. 1 . From the data in Table 3. 12 the value 

of k is 2379 + 73 1 2 mol- 2 sol which is in good 
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agreement with those obtained from analysis of the data 

for the reaction of LPrONO. 

E~perime~ts were carried out to investigate the 

effect of [sulphamic acid] at different acidities on 

the reaction rate. The results at four different 

acidities are shown in Tables (3.13) - (3.16). 

Table 3. 13: 

Effect of [sulphamic acid] on ~ at 25°C 

[ t:BuONO] = 1. 2 ~ 10 · 3 mol 1"1 
[ t BuOJH] 0.1 mol 1 D' 

370 nm [HClO~] = 7.74 x 10" 3 mol 1~ 

[sulphamic acid]mol 1·' 

0.025 

0.050 

0.100 

0.150 

0.301 

0.677 

0.803 

-95-

ke s- 1 

0.34 + 0.01 

0.72 + 0.02 

1.12 + 0.05 

1~~6()--+ 0.02 

3.20 + 0.20 

6.05 + 0.22 

5.98 + 0.33 



n 
0:0 
Cj') 

n 

Table 3.15: 
I 
I 

Effect of [sulphamic acid] on ko at 25"C 

[tBuONO] 1.2 x l0- 3 mol I-' [t.BuOH] = O.l.moll-1 

[ HCl04] = 0. 19 mol 1.-• 370 nm 

[sulphamic acid] mol 1-' ko s-• 

0.025 2.82!. 0.09 

0.0!>0 6.69!. 0.24 

0.0'/5 9.57!. 0.45 

0.150 18.3!. 0.5 

0.300 32.6 !. 1. 2 

0.450 46.6!. 4.0 

0.600 78.4 !. 4.6 

0.803 93.0 !. 9.0 

·' 

Table 3.14: 

Effect of [ sulphamic aclcl] on ko at 25 •c 

[~BuONO]= 1.2 x 10- 3 mol 1·' 

[HClo4 ] = o, 050 mol r 1 

[sulphamic acid]mol r' 

0.025 

0.050 

0. 150 

0.301 

0.462 

0.679 

0.803 

[ t Bu OH] = 0. 1 mol 1 -I 

370 nm 

ko s- 1 

1. 68 !. 0. 07 

3.36!. 0.15 

9.47!. 0.61 

16.2!. 0.5 

23. 1 !. 1. 4 

31.7!.2-1 

33.3 !. 1. 6 

. 



Table 3.16: 

Effect of [ su].phamic acid] on kb at 25 "'C 

[ I:BuONO] 1 . 2 Jf: 1 0 g 
3 ililO 1 1 -I [ 1:. BuOH ] = 0 . 1 mol l ~ 1 

[HClOL}] = 0.50 mol 1-' 370nm 

[sulphamic acid] mol 1~1 ko S ~I 

0.025 4.32 + 0.05 -
0.050 8.65 + 0.28 -
0.075 12.2 + 0.3 -
0.100 16.4 + 0.4 -
0.150 23.9 -o-~ 0.8 -
0.300 54.8 + 3.7 -
0.525 90.4 + 3.2 -

The results for the four acidities are shown in 

Figure ( 3 . 5 ) . It can be seen that in each case, ko 

is first order in [sulphamic acid] at low [sulphamic 

-acid], but~~the plots_ curve at __ hLgh __ ~[s4JPhCiJnic _'!9J~J, 

tending to a limit value of ~ ko . The effect is mtich 

more marked at the lower acidities, where the concentra-

tion of the sulpharnate anion is the greatest. Since 

the reaction order changes from a first order to a zero 

order dependence on [sulphamic acid], this means that 

the rate determining step must have changed from being 

attack of the nt trous acidiwn (or ni trosonium ion) on 
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the sulphamate anioJn to an earrlier step, ie. hydrrolysis 

of the alkyl nitrite. The reaction scheMa is shown 

in equation (3.25). 

H so- -o- H-o-
2 3 

(3.25) 

From the reaction scheme it can be seen that if 

k [H+ ] [NHz SO]] » k ~I [ tBuOHl then the slow step will 

become the hydrolysis of the alkyl nitrite, the k 1 step. 

The derived rate equation for scheme (3. 25) is equation 

(3.26) 

kk, rsu-lphamtc- acid-]-[Hct--]Ka 
ko 

k.1 [eBuOH](Ka -o- [H+]) + k Ka[sulphamic acid] 

(3.26) 

Equation (3.26) predicts that at high [sulphamic 

acid], if 

k Ka [sulphamic acid] 

(Ka + [H+]) 

then the equation reduces to equation (3. 27), ie. the 
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value of ko should be zero order in [sulph8i.Qic acid], 

and the limiting value of ko should yield thie value of 

, the second order rate constant for hydrolysis of 

the alkyl nitrite. EstiMating the limiting values of 

ko (3.27) 

ko from the data at [ HCl04 l 7 . 7 4 X 10 - 3 ( ke -::::'. 6 S -I) 

ahd 0.05 mol 1-1 (ko-::::: 35 s _, ) yield values of 

ca 780 1 2 mol -z s-' and- 700 P mol - 2 s- 1 for the values 

of k 1 , which are in reasonable agreement with the values 

measured directly of 880 and 890 f2 mol- 2 s -1• 

A more detailed kinetic analysis of the data show 
-I 

that plots of ko against [sulphamic acidr1give reasonable 

straight lines with slopes and intercepts that are 

ci [H+r' (Table 3. 17 and Figure 3. 6). 

Equation (3.26) 
-I 

predicts that a plot of ko against 
-- ------ -1-- --------- -- --------
[ sulphamic acid] should be a straight 1 fne-with -s-:-fope = 

The average value of k, obtaine~ from tbe intercept 

= 1492 + 290 1 2 mor 1 s - 1, which is in fair agreement with 

those previously found. Also, by plotting the slope 

against [H+] -', the value of Ka for sulphamic acid can 

be obtained from the ratio of slope /intercept of this 

graph. The value obtained = 0. 0997 mol 1-1 , which 
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Table 3.17: 
-\ 

Values of slope and int~rcept from plots of ko against 

[sulphamic acid] ol 

[H~] mol 1 ~I . I 
slope mol l~s intercept s 

7.74 X 10- 3 0.0704 + 2.2 X 10- 3 0.0951 + 0.0383 -

0.050 0.0145 + 7.6 X 10-S 0.0107 + 1. 29x10 ~ 3 - -

0.19 7.43 X 10- 3 3.23 X 10~ 3 

0.50 5.76xl0- 3 + 7. 7x10-s 1. 79x10 - 3 + 1. 4xl0-4 
- -

corresponds to a pKa of 1. 0 which is in good agreement 

with the literature values of 1.1 [9] at 25°C and 0.98 

[11] at 0°C. 

All the data obtained are consistent with a reaction 

mechanism where the alkyl nitrite undergoes hydrolysis 

. _to_.ni:trous acid whi.ch_ i.s. thEm responsible for ni trosation. 
- ----- ----------------- - -~----- - - ----- ------ ---· --

It is possible for the hydrolysis step or the subsequent 

reaction of nitrous acid to be the rate limiting step 

under the appropriate conditions. 

Further c<;mfirmation of this mechanism comes from 

the effect of added nucleophi les. It is known that 

the ni trosation . of sulphamic acid by nitrous . acid is 

not subject to catalysis by added nucleophi les [ 9, 11]. 
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Results showing the effect of a~~ed chlori~e ion on 

are shm,m ill1 'fable ( 3. 18). CleaRly ~o catalysis 

is observed, indicating that the reactio~n behaves 

kinetically similarly to that using nitrous acid itself. 

Table 3.18: 

Effect of added chloride ion on ko at 25°C 

[sulphamic acid] = 0. 017 mol 1" 1 

[~BuOH] = 0.096 mol 1-' 

[NaCl] mol 1 = 0 ko s ~I 

0 2.83 + 0.02 -

0.041 2.89 + 0.02 -

0.082 2.86 + 0.03 -
0.123 2.83 + 0.04 -
0.204 2.87 + 0.03 -

At high concentrations of sulphamic acid and at 

low acidity, under conditions where hydrolysis of the 

alkyl nitrite is rate limiting, catalysis by added nucleo-

philes would be expected as the hydrolysis of the alkyl 

nitrite is known to be catalysed by added nucleophi les 

[1,2,3]. Results under these conditions are shown in 

Tables (3.19) and (3.20) for both chloride and bromide 

ions. 



[ 1: B'LJ10NO] = 1 . 2 Jt 1 0 ° 3 iL10 ]l l <>I [ HClOr;.] 

[Na.Cl] t~ol ]_~I J(() s"' 

0.050 6.63 ~ 0.19 . " 

0.100 5.15 ~ 0.26 -

0.150 5.52 + 0.15 

0.200 5.65 ~ 0.14 -

Table 3.20: 

Effect of bromide ion at high [sulphamic acid] at 25°C 

[!:BuONO] 1 . 2 x 1 0 ° 3 mol 1 = 
1 [HClO~] = 7.74 x 10~ 3 mol 1-1 

[ sulphamic acid] = 0. 80 mol l _, 

[NaBr] mol 1~ 1 

0.050 6.20 + 0.24 -

0.100 5.55 + 0.32 -

0.150 5.40 + 0.22 -

0.200 5.27 + 0.25 
~ 
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olf the an:i.o1rn. 

added chloride and bromide salts in this case may ~ossibly 

not be observed dlute to the large errors invol vecl in 

the values of ko ( d1u1e t.o gas formation) and also due to 

a salt effect that causes a reduction in the rate. 

Reaction with hydr~~~ic. acid 

The reaction of 'i:: BuONO with hydrazoic acid (HN3 ) 

was studied at 370 nm, follot--Jing the disappearance of 

the alkyl nitrite. The reactions were carried out under 

conditions where [~BuONOJ<:<:[HN~] and good first order 

behaviour was observed in each case. The value of the 

observed first order rate constant, ko was found to 

decrease slightly on the add.i tion of t.BuOH (Table 3. 21), 

but the effect is within the experimental error. These 

results are again consistent with the fact that the 

equilibrium constant for formation of I:. BuONO is 

considerably smaller than it is for LPrONO. 

The reaction was also found to be first order in 

[ HN3 ] , as shown by the dependence of kG on [ HN~ ] at 



t.Bo different acidities (Tables 3.22 and! 3.23). The 

results for [HClOIJ;] = 0. 10 ruto1 1-• are shown in Figure (3. 7) 

Table 3. 21: 

Effect of tBuOH on the rate of ni trosation of Hi\h at 25 °C 

[tBuONO] 0. 477 mol 1- 0 

[HN 3 ] 0. 025 mol 1 ~• 370 nm 

[ tBuOH] mol 1 ~I ko s ~I 

0 3.07 + 0.05 -
0.0238 3.04 + 0.05 -
0.0477 3.01 + 0.04 -
0.0953 2.91 + 0.05 -

0.238 2.88 + 0.04 -

The -f~irs't--order-dependence-on [HNyl -means-that the 

rate limiting step must be reaction of nitrous acid with 

HN3, although at high [HN 3 ] there is a slight curvature 

on the plots of ~ against' [HN 3 ], indicating that the 

hydrolysis of the alkyl nitrite has become partly rate-
. 

limiting. By comparison with the reaction of "'PrONO 

with HN 3 the rate equation. (equation 3.28) can be uritten 

for this reaction. Ag~in, since the equilibrium constant 
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[tBuONO] 

. [ <t:suoi\Jo j 

Table 3.22 

Depende!llce of ~o olll [HI.\l.:l] at 25°C 

1. 2 x 1 0 - 3 mol 1 -0 [HCl04] 0.10 mol l _, 

310 nm 

[HN3] mol 1 -' 

0.020 0.411 + 0.021 -
0.040 0.822 + 0.025 -
0.060 1. 22 + 0.06 

0.080 1. 68 + 0.05 -

0.100 2.05 + 0.08 -

Slope= 20.68.!. 0.34 1 mol-'s-' 

Intercept= 4 x 10-3 + 2 x 10·2 s-' 

Table 3.23: 

Dependence of Xo on [HN3] at 25°C 

[HN3 ] mol 1 -• 

0.0125 

0.025 

0.050 

0.075 

0.125 

370 nm 

=106-

···---- . ··-·-··I 
[HC104 ] = 0.50 mol 1-

ko s -• 

1. 77 + 0.04 -
3.26 + 0.08 -
6.19 + 0.23 -

8.62 + 0.15 -
13.2 + 0.6 -



ko 
k Keq [HN] HlH -o-1 

( Keqr ~ . [ ~ JBuOH ]) 
(3.28) 

for the formation of the alkyi nitrite is very small 

( <. 0. 05), the equilibrium constant for hydrolysis of 

the alkyl nitrite, will be large so that the 

inequality Keqr >> [~BuOH] Hill hold. Therefore equation 

(3.28) can be simplified to equation (3.29). This predicts 

(3.29) 

that a plot of ko against [HN 3 ] will have slope = k[H.~] 

and so k, the third order rate constant for attack of 

nitrous acid on hydrazoic acid can be obtained. The 

values obtained for k from these results are 205 1 2 mol- 2 s -• 

at [ HCl04- ] 250 1 2 mol - 2 s -• at 

. -[-HClO'} l . - 0.50 mol 1~' .. ______ These_ are in g-ood_ Cl_q~eef!i_en t 

with the values found from analysis of the data from 

the reaction of i.PrONO with HNJ (k 220 F mol - 2 s-'at 

0. 10 mol 1 _, and 300 1 2 mo 1 - 2 s -• at [HCl04] 

[HCl04] 0. 538 mol 1-• ) . Equation (3. 29) also predicts 

that ko sh.ould be linear in [H~]. Results shoHing the 

dependence of ko on [ H -o- ] are shown in Table ( 3. 24). 

The results are shown graphically in Figure (3.8). 
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Table 3.24: 

Effect of [HCl04] on the rate of nitrosation of HN3 at 25°C 

[tBuONO] [HN3] 0. 025 MOl 1 ~I 

370 nm 

[HC104 ] MOl r' ko S ~I 

0.025 0.133 -t 0.004 -
0.075 0.359 + 0.009 -
0.125 0.648 + 0.013 -
0.225 1. 25 -t 0.05 -
0.475 3.21 + 0.04 -

The dependence of ko on [ H +] is not 1 ~near, a plot of 

ko against [ H +] shows an upward curve. This is exactly 

the same acid dependence as is found in the ni trosation 

of HN3 with nitrous acid [9]. Further, when these results 

are compared with those obtained from the reaction of 

nitrous acid with HN~ (Figure 3.8) there is no difference 

between them. This is predicted by equation (3.29), 

which is identical to the rate equation for nitrous 

acid ni trosation of HN3 . In other words, this means 

that tBuONO is virtually completely hydrolysed to nitrous 

acid and tBuOH before any significant reaction of nitrous 

acid with the substrate occurs. Indeed, if K~ the 
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eqrui1 ibrium constaurJ~\t. for formation of alkyl nitrite is 

taken to be 0. 05 l liililnl·' and [ ~Buon·n is typically 0. 2 mol r' 
the calculated extent of.hydrolysis is 95%. 

The reaction of ~BuONO with HN3 (contrasting with the 

reaction of NH1 SO~H) was found to be markedly catalysed by 

added bromide ions. The results are shown in Table (3.25) 

Table 3,25: 

Catalysis by bromide ions at 25°C 

[e:BuONO] [HNs] = 0. 025 mol 1-' 

[HC104 ] = 0.50 mol 1-' 370 nm 

[NaBr] mol 1-0 

0 3.26 + 0.08 

0.025 16.9 + 0.6 -
0.050 31.2 + 1.3 -
o~ 07-5 44-.5 + 10 

0.125 78.9 + 4.35 -

Catalysis by halide ions has also been observed 

in the ni trosation of HN~ by nitrous acid [ 9]. If the 

reaction is assumed to be occurring via attack of nitrosyl 

bromide on · ·~ \\~and that the alkyl nitrite is almost 

completely hydrolysed before any reaction with HNs occurs 
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then the value of the second order rate constal!rit for 

attack of NOBr on can be obtad.nedl as 

9 5 lo s 
. " This value compares 

reasonably well ui t.l'rn the two published va.hnes [ 9] of 

1.3 " 105 and 2.0 ~ 105 1 rnol- 0 s~! 

At very low acicli ty, where there is a substantial 

concentration of the azide ion (Ni ), present in solution 

(pKa of HN ~ = 5), the reaction is zero order in [Ni]. 

The results at pH 6.02 are shown in Table (3.26). 

Table 3. 26: · 

Ni trosation of HN~ in dihydrogen orthophosphate buffer 

at pH = 6.02 and 2S°C 

[-tBuONO] = 2 x l0- 3 mol 1-1 [-eBuOH] = 0_.084 mol r' 
[ KH2PO~] = 0. 104 mol 1-0 370 nm 

[ N- l .... ko s -I __ SJ . . -- .. 

0 2.45 X 10-3 + 4.9 X 10°4 
-

o·. 0191 2.46 X 10 -J + 1.8 X 10•4 
-

0.0381 3.45 X 10- 3 

0.0572 3.39 X 10 ° 3 

0.0762 2.82 X 10 -l 

0.0953 2.63 X 10 -3 



The value of ko at [N3 ] = 0 represents the rate of 

hydrolysis of the 01lkyl nitrite in the buffer to give 

the nitrite ion. The values of ko quoted! are subject 

to quite large errors (typically -o- 5-10%) clue to the 

fact that there was eJ:tcessi ve bubble formation occurx·iniQJ 

during the reaction ~fnich caused difficulties in obtaining 

accurate absorbance values, but even so the value of 

ko can be seen to be independent of [N~]. This means 

that the rate of reaction under these conditions is 

governed by the hydrolysis of the alkyl nitrite. There 

was also an effect on the rate due to the buffer as 

shown in Table ( 3. 27). The effect is relatively small 

Table 3.27 

Effect of buffer concentration on the rate of nitrosation 

of N,i at 25°C 

[t.BuONO] [Ns ] 0. 0191 mol r' 

0.0518 1.93 X 10 - 3 

0.0647 1.99 X 10 ° 3 

0.0776 2.65 X 10 - 3 

0.0906 2.16 X 10 -3 

0.104 2.46 X l0-3 
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and pJrobably arises dlue to a :salt effect. The :n. imi ting 

value of ko at [KHzP04-] = 0.104 mol r 1 of ca 2.5 ~ 10~ 3 :s=1 

can be e~trapolated to zero buffer concentration to 

give a value of ca 1 Jf: 10 oJ S =• • This correspondls 

to a value of k, , the second order rate coli"hstant fox-

the acid catalysed deni trosation of the alky.lL nitrite 

of ca 1000 1 mor1so 1 ~hich agrees quite well ~ith values 

previously obtained. There is no eVidence foJr a direct 

reaction between the alkyl nitrite or its protonated 

form and the azide ion. 

3.3 Discussion 

All the data obtained for the reactions of lpJN)NQ 

and ~BuONO with a variety of substrates in aqueous acid 

solution are consistent with reactions proceeding via 

the hydrolysis of the alkyl nitrite to give nitrous 

acid which can then effect nitrosation of the substrate. 

In both cases the hydrolysis is rapid. In the case 

of "PrONO the rate of reaction is decreased on addition 

of LPrOH, which can be interpreted in terms of an increase 

in the concentration of 

as a ni trosating agent. 

c. PrONO, which is ineffective 

In the case of ~BuONO, at low 

substrate concentrations hydrolysis of the alkyl nitrite 

occurs almost completely before any reaction with the 
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substrate occUlrs but at high substrate conceintra.tions 

the rate depends only Oin the rate of dleni trosation of 

the alkyl nitrite. There is no evidence for a direct 

reaction of the alkyl nitrite with any of the slllbstrates 

usedl, but the pJt·otonat~dl ailkyl nitrite must react Olirect.ly 

with the sol vent (water) and also chloride and Tormiitidle 

ion, which are knowlfl to catalyse the hydrolysis [ 2, 3] 

reaction. This is analogous to the situation found 

for the reaction of aromatic ni trosamines as ni trosating 

agents. These· have been shown to occur by hydrolysis 

of the nitrosamine to nitrous acid [24], which can then 

react with a nitrous acid trap, eg. sulpharnic acid. 

The equilibrium for the dleni trosation in this case lies 

well over to the side of the nitrosamine and the rate 

of reaction is markedly reduced on addition of the amine. 

At low concentrations of sulphamic acid the rate of 

reaction is first order in [sulpha~ic acid] but at higher 

concentrations it becomes zero order in [sulphamic acid] 

indicating that rate limiting denitrosation is occurring. 

The major d-ifference between the reaction of alkyl 

nitrites and that of nitrosarnines in aqueous acid solution 

is that the reaction of nitrosamines is markedly catalysed 

by added nucleophiles [ 24,25] whereas the reaction of 

alkyl nitrites is only slightly catalysed by added nucleo-

philes [3) (chloride and bromide). Indeed nitrosamines 

h~ve also been shown to react directly with nucleophilic 

species such as thiols. The difference between the 

two systems can be eJ:tplained if the deni trosation of 
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alkyl mlitrrites by waterr is at cliffusion controlled pTocess. 

Tlhe concentrration of· wateT in these sohJJ.tions is . alBays 

faur in e11:cess of the concentration of the aclclecl substrate 

amcl so in aqueous solutioli'l lhlydrolysis of the alkyl nitrite 

would be m~ch fasterr than the reaction of the alkyl 

111itrite with the substrate. 
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CHAPTER 4 

REACTIONS OF ALKYL NITRITES IN ACIDIC ALCOHOL SOLUTION 

Alkyl nitrites are frequently used nitrosating agents 

in both acidic and·basic alcohol solutions. The_ advan-

tages of these procedures over the normal aqueous nitrous 

acid procedure for nitrosation becomes apparent when 

the nitrosation of substrates of limited solubility in 

aqueous solution is required. 

In a previous study [1], the alcoholysis of (+) 

and (-) 1-methylheptyl nitrite was studied in !-propanol, 

1-pentanol and tertiary butanol using various strong 

acids as catalysts. It was found that perchloric, hydro-

chloric and methanesulphonic acids were all equally 
- -- -----~--.- --------------- ------- --------------- -----~~ ·-

efficient as catalysts at very low concentrations (10 -

-~ -· 10 mol 1 ) , suggesting that all three acids are vir-

tually completely dissociated and that the hydrogen ion is 

the only significant catalyst. The rate constant for 

reaction with tertiary butanol was found to be about 

-twice that of the two primary alcohols. This was explained 

in terms of their being <t higher concentration of the 

protonated alkyl nitrite in the tertiary alcohol than 
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in the primary alcohols, as the Jnl!l.cleophi 1 i.e power of the 

alcohols is in the order !-propanol""' 1-pentanol·')tertiary 

but<:mol. Catalysis by added chloride and bro~mide salts 

was also observed. In both cases the dependence of 

the rate constant on [Hal:i.deJ wats not linear but tend~d 

to a rna~imurn value. This was explained in terms of 

a salt effect and a depressdon of the H .c. concentration 

due to association of H-} with halide ion. 

In another study [2] the reaction of !-propyl nitrite 

in acidic !-propanol was studied with aniline, 

N-methylaniline and p-nitroaniline. In the absence 

of any added nucleophile the reaction was very slow, 

indicating that the protonated alkyl nitrite was not 

an effective nitrosating agent or aniline derivatives 

under the conditions used. In the presence of chloride 

ion, bromide ion and thio~rea. the reaction proceeded 

readily. Here the rate constant was again found to 

tend towards a limiting value at high concentrations 

of chloride ion, bromide ion and thiourea and was 

explained in terms of an equilibrium formation of the 

nitrosyl halide or nitrosyl thiourea which reacts 

reversibly with the amine to form the nitrosamine 

intermediate which then undergoes various reactions 

involving proton transfer and water loss (for primary 

nitrosamines) to give the cHazonium ion, or in the case 
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of N...;.~t.hylaniline, proton loss to give the nitrosamine 

(Scheme 4.1). This has also been found in the 

diazotization of aniline in liiiethaii'Jlol [3,4!-] solutions 

of HCl and HB:r and for diazotizations involving nitrosyl 

halides in water solvent when electron withdlrawing gr:roups 

are present in the aromatic ring [5]. 

RONO -o- H+ -o- X- :;=:==:::::= ROH + XNO 

XNO 

( 4.1) 

The aim of the present work is to ascertain whether 

or not an alkyl nitrite does react directly in acid 

were chosen for the study, tertiary butyl nitrite 

( t BuONO), an example of a tertiary nitrite and i sopropy 1 

nitrite, an example of a secondary nitrite. The reaction 

of each alkyl nitrite was studied :;in its parent alcohol 

as solvent with both thiourea and thioglycolic acid. 
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4. 1 Reaction of tertiary butyl ni tri t.e in ... tertiary 

butanol 

4.1.1 

Thiourea [ 6], ancll indeed alkyl thiowreas in general, 

are known to undergo a rapid and reversible s~nitrosation 

reaction in aqueous acidic solutions of nitrous acid 

as shown in equation C4. 2). 

K 

(4.2) 

The values of ~ , the third order rate constant for 

attack of nitrous acid, and k,, , the first order rate 

constant for hydrolysis of S-ni trosothiourea and K, 

the equilibrium constant for formation of S-nitroso-

thiourea are known and are shown in table (4.1) 

Table 4.1: 
Values of k1 , k~J and K at 25°C 

1. 39 S cl 

K 5000 1 2 mol~2 
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The s-rnitrosothio1!.!Tea lis unstable, 

decomposing according to e~uation (4.3) [7]. 

(4.3) 

S-nitrosothiourea can also act as a nitrosating 

agent with many substrates includiyjg amines, thiols 

and ketones. This fs usually shoan 'by· a marke·d catalytic 

effect of the addition of thiourea JB. 9, H>l in the 

reaction ustrtg nitrous acid. The ·s-nitrosothiourea 

ion is markedly less re'active tha.n the .nitrosyl halides, 

but the catalytic effect of thiourea is m11ch more pro-

nounced than the effect of chloride and bromide ion, 

due to the large equilibrium constant for its formation. 

Thiourea has also been shown to catalyse the denitro-

sation of nitrosamines in acid solution [11, 12]. Here 

the reaction is believed to occur via nucleophilic attack ... . .; . . ,.• 

of thiourea on the protona ted nitrosamine (Scheme 4. 4) . 

The catalytic effect of thiourea is much more marked 

than that of Br- and cl- and there is a direct 

correlation between the rate of reaction with the nitro-

samine and the nucleophilicity of the attacking species 

as defined by n, the Pearson nucleophilicity factor. 

This reaction is of course the reverse of that of the 
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nitrosation of amines using thiourea as catalyst. 

~NO 
Ar \ 

H 
l.t-~ 

ArN-N 0 
I 
Me 

+ ) 
{NH1)1.C=S~. 

Me 

H 
l-e

ArN-NO 

I 
Me 

+ 
( N H1)1. C=S- N 0 

ltr ap 

S c heme ( 4. 4 ) 

The reaction of tertiary butyl nitrite C ~BuONO) 

with thiourea was followed at 420. nm, where only the 

S-ni trosothtourea absorbs. All reactions were carried 

out at Under the conditions used with 

[thiourea] » [~BuONO], good first order behaviour was 

observed in all cases. 

The variation of the observed first order rate 

constant, ko , with the concentration of thiourea was 

studied at two different concentrations of sulphuric 

acid. The results are shown in Table (4. 2) and graphi-

cally in Figure (4.1). 
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Table 4J.. 2: 

Variation of ki> with [thioll.ll"ea1 at 30°C 

[thioUl.Jr"ea] 

mol 1 ~• 

0.012 

0.024 

0.036 

0.048 

0.060 

[ ~Bu.ONO] 

a 

0.156 + 6 }{ 10 -J 0.209 + - -
0.203 + 2 }{ 10- 3 0.319 + -

0.301 + -
0.296 + -
0.314 + -

a) [Hz S04- 1 

b) [H2 S04 1 

-
0. 013 ' 0.406 + -
0.014 0.467 + -
0.021 0.530 + -

0. 033 mol 1-' 

0. 066 mol i -• 

b 

5 }{ 10- 3 

6 }{ 10•3 

3 }{ 10-3 

6 }{ 10 -l 

9 }{ 10 "3 

The plots of ko against [thiourea 1 -give curves with 

common -posi-tive· intercepts-: 

the two different acidities can. be' explained if there 

is a simple equilibrium reaction between the protonated 

alkyl nitrite and thiourea. This is analogous to the 

reaction found in aqueous solution between thiourea 

aqd nitrous acid and is shown in Scheme (4.5) 
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0.6 

0.4 

0.2 

rngurr~ ~0 ~ 

Variation of ko with 
[thIourea] 

0.0 +-----------+-----------~----------r-----

0.00 0.02 0.04 0.06 

\1 [Ht.SO 41 = • 066 moL /l 

~ £HtS01.l = .0;33 mol/l 
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(4.5) 

The observed first order rate constant for such 

a scheme is equation (4.6) 

(4.6) 

Equation (4. 6) predicts that a plot of ko against 

[thiourea] should give a straight line with slope= k 1 [H+] 

and intercept = k -1 • This means that the slopes of 

such plots should increase with increasing acidity, 

but the intercepts should be independent of acidity. 

Equation (4. 6) also predicts that the plots should be 

linear, whereas the experimental results show a subs tan-

tial curvature, tending towards a limiting value of 

ko - ." - --A similar curvature is aiso .found-in- the--variatTon--

of ko with [H 2 SO!J-]. The results are shoWlrl in Table (4. 3), 

and graphically in Figure (4. 2). Equation (4. 6) also 

predicts that a plot of ko against [H+) should be linear 

with a positive intercept corresponding to k_,. The 

data in Table (4. 3) show marked curvature in a plot of 

ko against [ H 2 S04 ], reaching a limiting value of k©> 

at high [ H2 S04 1. 
. ((AG\ 

This -~ c-, be explained if there is a 
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["'BU!ONO] 

_, 
mol 1 

0.0264 

0.0396 

0.0528 

0.1056 

0.1584 

0.2.111 

0.2639 

Table 4.3: 

_, 
1 1f: 10 -3 mol 1 

_, 
ko s 

0.156 + 0.003 -
0.186 + 0.007 -
0.222 + 0.015 -
0.279 + 0.005 -

0.305 + 0.005 -
0.328 + 0.005 -
0.341 + 0.006 -

-1211-

[thiourea] 

_, 
[Ht.SO~ ] 

-l 
1 mol 

37.9 

25.3 

18.9 

9~47 

6.31 

4.74 

3.79 

_, 
0.015 mol 1 

_, 
(ko-0.06) 

s 

10.36 

7.88 

6.11 

4.51 

4.02 

3.67 

3.50 
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significant dlegree of protonation of thiourea under 

these condi tiorns which would lm::Jer the effective concan-

tration of both HI<& SOc;. and thiOu.Jrea. In water the 

pKa of protonated thiourea is knoi::Jllll to Toe -1. 19 and 

protonation is l'oel ieved to occUJ.r on s1Ullphur [ 13, 14\, 15]. 

The pKa values for meta and para substituted! plhenyl 

thiourea'5 have been found to be larger i:n methanol [ 16] 

than those found in water by about 4 pKa units. If 

a similar trend occurs in this case then the p~a of 

thiourea in ~BuOH will be around 3 and so a substantial 

amount of protonation would be expected in these solutions. 

The modified. reaction scheme (Sche~me 4~7), allowing 

for protonation of thiourea, allows the eqruation for 

ke to be derived (equation 4.8). 

t:BuONO 

but Ka 

H. 

K ... I 
BuONO+ 

'+ 
(NHl.)1.CSH 

k-1 

[ ( NH 1. ) t CSl [H ~ ] 

[(NH1 ) 1 C~ ] 
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and 'the total thiourea concentration, 

so [ ( WlHl '1. ) 'l cs ] 
Kat ~ . [H ~] 

so ko = (4.8) 
Ka ~ [H~] 

Equation (4. 8) predicts that at high [H-<- ] a plot 

of· ko against [H•] should be independent of [H~] if 

[H" l"»Ka, the 1 imi ting value of ko = k, Ka[ (NH 1 )l. CS],. ~ k.,. 

From the plots of ko against [thiourea] (Figure 4. 1) 

a value of k.:., of ca 0. 06 s' can be estimated. Equation 
_, . . ~ 

(4. 8) predicts that a plot of (ko - 0. 06) against [H~] 

-I 
should give a straight 1 ine with slope = (k 1 [ (NH1 )t CS Jr) 

------and- intercept = ( k 1 -Ka-- [ (NH ·c)c CS ] r 
-\. 

) The--actual-

hydrogen ion concentration is unkno'Wli'l for sulptru.r:ic 

acid in tBuOH,. but a plot of (ko 
_, _, 

- 0.06) against [H1 SO~] 

gave a reasonable straight line (Figure 4. 3) with 
_, 

slope= 0.201 ~ 0.006 mol 1 sand intercept= 2.61 ~ 0.12s 

The ratio of slope I intercept gives Ka for thiourea. 
-- -1 

The value of Ka obtained = 0.075 ~ 0.004 mol 1 , therefore 

pKa = 1. 12 . This value can only be considered a very 
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approximate one as it was obtai1111edl from an estimate of 

the value of k~a and of the hydroge!T1 ion concentration. 

The value of Ka can now. be used to co:rrect the data 

in Table (4.2) fo:r protonation of thiourea. 

Let A total concentration of thiourea added 

B total concentration of acid added (assumed 

to be equal to the total hydrogen ion 

concentration) 

. ~ - + 
and at equilibrium we have x mol 1 of (NH~)2.CSH 

(A '- X) (B - X) 
.then Ka 

X 

or x 2 - (A + B + Ka) x + AB 0 

(4.9) 

- ----The- va±ue---of--A-,- B--and Ka are known-,-so -equation 

(4. 9) can be solve.d for x, which is also equivalent to 

the amount of acid that is effectively removed from 

the solution. Equation (4. 8) predicts that at a given 

acid concentration the values of ko at two different 

thiourea concentrations are related by equation (4. 10). 

Also, from the variation of ko with [Hz SO.q.], the value 
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of ko for [(Nlli2 ) 2 CS]y. = 0. 015 mol r 1 at .atli1lY acid concentra~ 

tion can be calculated from equation (4.11). 

(ko I - 0.06) 

(ko - 0. 06) 

(41.10) 

(ko - 0.06) ~· 0 . 201 [ H 2 S04 ] ~ 2 . 61 (4.11) 

writing a = (ko - 0.06) as the rate constant, corrected 

for a reduction in acidity at the experimen-

tal thiourea concentration. 

b (ko - 0. 06) as the observed rate constant 

ie. the rate constant at the actual acidity 

of the solution 

c = Cko - 0. 06) as the rate constant at the 

apparent ____ acid~~~concentration (0. 066 . or 

0. 033 mol 1-1 
) as calculated from equation 

(4.11) for thiourea= 0.015 mol 1-1 

d Cko - 0. 06) as the rate constant at the 

actual acidity of th.e solution calculated 

from equation (4.11) for 

thiourea = o. 015 mol r•. 
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· lFJtorn eq1111atioll11 ( 4. 1-0), a b , so that the value 

c d 

of a, hience the co'r:rected ko can be calculated. The 

:results of such amldysis are sho'WlTl in Table (jJ\..4) and 

(4.5). 

Both sets of data now give linear plots of ko(correc-

ted) against [thiourea];- ( f i gu:rre 4 . 4) . The slopes of 

the plots clearly depend on the [H2 S04] but the intercepts 

are independent of [H 2 S04] within the e~perimental error. 

The intercept corresponds to the value of k-1, the rate 

constant for the alcoholysis of S-nitrosothiourea. 

The average value of k-1 is 0. 107 + 0. 016 s -I. Equation 

(4. 8) predicts that the slope = k 1 Ka[H + ]/(Ka + [H +]). 

The value of k 1 can be estimated from the slope, assuming 
. I 

[H+] ~ [Hz S04-] and Ka = 0.075 mol r . 
0. 033 mol r' , k 

0 . 0 6 6 mo 1 l -I , k The value of k 1 

can also be obtained from the. limiting value of ko from 

the variation of ko with [ H 2 S04 ], since ko ( 1 imi ting.) = 

Using ko ( liiiiii ting) = 0. 34 s -I 

and k -1 = 0. 107 the value of k 1 obtained is 

2071 2 mol- 2 s- 1
, which is in reasonable agreement with 

the two values obtained before. The average value of 

k 1 is therefore 237 + 22 1 2 mol- 2 s-~ Using these values 

of k 1 and k -• the equilibrium constant for formation 

of S""nitrosothiourea can be calculated since K = k 1 /k-1 = 

2215 + 390 1 2 mol - 2 • This appears to be a reasonable 
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.. 

Table 4.4: 

0.033 mol 1-• 

[thiourea] X [H:.SO.,Jactual b c d a ko corrected 

mol 1-" mol 1-a mol 1-1 s-a s-• s-n s-• s-n 

0.012 3.4 X 10-"' 0.0296 0.096" 0.115 0.106 0.105 0.164 

0.024 6.3 X 10-"' 0 .. 0267 0.143 0.115 0.0986 0.167 0.227 

0.036 8.8 X 10-"' 0.0242 0.241 0.115 0.0916 0.303 0.363 

0.048 0.0109 0.0221 0.236 0.115 0.0854 0.318 0.378 

0.060 0.0128 0.0202 0.254 0.115 0.0796 0.327 0.427 

slope = 5.62 + 0.26 1 mol:- 1 s-• 

intercept = 0.0956 ±. 0.0105 s-1 

Table 4.5: 

Corrected values of ko for [H2S04 ] 0.066 mol 1-1 

[thiourea] X [H:zSO..,]actual b c d a ko corrected 

mol l-1 mol 1-A mol l-1 s-• s-• s-1 s-1 s-• 

0.012 5.4 X 10-"' 0,0606 0.149 0.177 0.169 0.156 0.216 
- -~- ----- - - -

0.024 0.0102 0.0558 0.259 0.177 0.161 0.285 0.345 

0.036 0.0146 0.0514 0.346 0.177 0.153 0.400 0.460 

0.048 0.0186 0.0474 0.407 0.177 0.146 0.493 0.553 

0.060 .o. 0221 0.0439 0.470 0.177 0.139 0.598 0.658 

slope = 9.10 ±. 0.32 1 mol-•· s-• 

intercept = 0.118 ±. 0.011. 
_, 
s 
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value as the corresp()nding value in -aqueous solutioll1l 

between ni ibrOUS acid and thiolll..JreOI is 5000 1 2 liilOl ~ 2 (6]. 

This iirueiUlls that the approxiuinq~tioli'll used of [H·o-J ~ [H2S04-] 

runJJst be valid since the eqru.ilib:idlilliil involves the acid 

concellltration term. The cl1s~6ciation constants of 

hydlrochlo:ric and hy,drobromic acid in tertiary butanol 

have been measwred previqusly [17]. The overall acid-base 

equilibrium in I:::BuOH, and indleed in non-aq[Uleous solvents 

in general, is complicated by ion-pair~ng aQd ion 

association. This arises due to the poor solvation 

of certain ions by solvents of low polarity. Some of 

the important species found in dilute solution of HCl 

or HBr in tBuOH are shown in Scheme (4.12), and the 

various equilibrium constants are shown in Table (4.6). 

HX 

It can be seen that the minor species in these solutions 

is going to be the H + ion or more correctly the H+ ion 
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Table !},.6: 

Values of equilibrium collilstaunts of hydrogen halides in 

l PrOH 

-t:BuOH 

LPrOH 

-4:-suoH 

pKd 

pKd 

pKd 

pKd 

BuOH at 25°C 

HCl 

3.10 

5~5 

HBr 

2.0 

5.0 

7 

Ki (HX2) 0 

Kf (H 2 X~) = 8 

solvated by ~BuOH, in fact the major sp~c;ies will be 

the free undiss.ociated acid. By analogy with results 

in other sol vents [ 18], it can be expected that H 2 S04 

will -behave -simi-larly--i-n- -~BuOH- to- -the--hydrogen-hal-i-d~s- -

and so the major species present will .be undissociated 

H2 S04- . The acid catalysis could be· explained if general 

acid catalysis is occuring, ie. H 2 so4 is the actua 1 

acid catalyst rather than the solvated proton. This 

point Hill be discussed further in section 4.5. 
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4.1. 2 Ni trosation of.· thioV.Ycolic acicll__]Qy tertiary 

lbu.tyl nitrite in tertiary btuJ.tanol at 30°C 

The lllli trosation of thioglycol ic acid! is .known to 

occur on sulphur in aqrueol,!s acid solution to foriiiil S-

nitrosothioglycolic acid [19]. The sulphur atom of 

thioglycolic acid, and of thiols generally, is expected 

to be much less nu.cleophi 1 ic than the sulphur atom of 

thiourea [ 20 ] , and .so it is of interest to see if a 

direct reaction between the thiol and alkyl nitrite 

occurs in tertiary butanol. 

The reactions were carried out at 30°C. Under 

the concH tions used, with [ TGA] ~ [ -l BuONO·] good first 

order behaviour was obtained in all cases by following 

the appearance of the thionitrite at 330 nm. The observed 

first order rate constant, ko , was found to be first 

order in [TGA] (Table 4. 7) and also was strictly first 

order in [Hz S04- ] over the acid range studied (Table 

_4_. -~ ~a_ng __ F i_gm-e __ 4_. _5 )_, 

The results are consistent Bi th a direct reaction 

between the protonated alkyl nitrite and the sulphur 

atom of TGA (Scheme 4.13). The derived rate equation 

is given in equation (4.14). The strict first order 

behaviour of ko upon [Hz S04 ] indicates that there is 

no significant protonation of the sulphur atom occuring 

in these solutions. 
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[{g.BuONO] 

Table 4.7: 

Variation of ko Hit.h lTGA] at 30°C 

{ TGA] mol 1 ~I 

0.010 

0.020 

0.030 

0.040 

0.050 

0.060 

330 nm 

ko s ~I 

_, 
0.1014 mol 1 

8.02xro- 3 + 3.3x1o-4-

0.0153 + 9 X 1o~tJ. 
-

0.0209 + 9 X 10-4--
0.0283 + 1.0 X 10 D

3 
-

0 .'0367 + 9 X 10 -4--
0.0434 + 3 X 10-.f!. -

slope = 0. 710 ~ 0. 018 1 mol-'s_, 

intercept = 6 x to-4 + 7 x 10-4 s- 1 

Table 4.8: 

Variation of ko with [HlSO<J.] at 30°C 

__ \-: ______ ------- ---------4------ I 
[ BuONO] = 2.5 x 10~ mol 1-

[HLS04-] mol 1-' 

0.0203 

0.0406 

0.0608 

0.0811 

0.10i4 

0.1217 
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k -1 
0 s 

3.43 X 10'3 + 7 X 10-S 

6.41 X 10'3 + 2.4 X 10-+ 

0.0100 ~ 3.~ X 10 3 

o.o136 + 1 x to-~ 

o.0153 + 9 x to-~ 

o.o201 + 9 x to-4 



(Table 4~8 cont.) 

slope = 0.160 ~ 8 ~ lo~ 3l 1 mor's- 1 

intercept = 1 ~ 10""!} + 6 n 10D4s=\ 

~BuONO -o- H+ 
·~ 

~======~~BuONO~ 

~ 
~BuON~ -o- RSH 

, 
RSN~ ~ ROIH 

lfast (4.13) 

RSNO + H+ 

ko ~ [TGA][W] (4.14) 

Equation (4. 14) predicts that a plot of ko against [H+] 

should have slope = k, [RSH] and a plot of ko against 

[RSH] should have slope = k t [H +]. 

[H+ ] ~ [H 2 SO~ l then the values of k 1 

Assuming that 

can be obtained 

-------of--'l--and -8 --1 2--mol'"! -s-·__! -respectively. These __ values of k "_ 

are considerably sma1ler than the value found for thiourea, 

as expected from the relative nucleophilicities of the 

two substrates. 
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4.2.1 Nitrosation of thiourea 

. 
The reaction of isopropyl nitrite ( lprQNO) with 

thiourea was followed at 420 rnl11, where only the S-nitroso-

thiourea absorbs. All reactions were carried out at 30°C. 

Under the conditions used with [thiourea] ")? [ t..PrONO], 

good first order behaviour was observed· in all cases. 

Results showing the variation of the observed first 

order rate constant, ko , with [thiourea] are shohln in 

Tab 1 e ( 4 . 9 ) and F i gtire ( 4 . 6 ) . The plot of ko against 

Table 4.9: 

Variation of ko wi;th [thiourea] at 30°C 

[tPrONO] 1 . 2 x 10 - 3 mo 1 1· ~ 
. I 

0.117 mol r 

[thiourea] mol 1-' ko s -• 
---- --------

0.0162 0.249 + 7 X 10 "3 

-
0.0323 0.368 + 6 X 10- 3 

-
0.0485 0.484 + 0.012 -
0.0647 0.585 + 0.012 -
0.0809 0.653 + 0.026 -
0.0970 0.723 + 0.011 -
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[thiourea] hlOIS sl~ghtly curved with a. positive i!lltercept. 
. . 

The value of k@ was also found to be independent of 

[H 2 SOI} ] at high [H 2 S04] (Table 4.10 and Fi9ure 4. 7), 

ind-icating that under these conditioi?lls a significant 

amount of protonation of thiol!rea is occuring. Froliiil 

the plot of ko against [thio~eal (Figure 4. 6), the 

value of k-o, the rate constant· for the reaction of 

S-nitrosothiourea with the solvent, can be estimated 
_, 

as ca. 0.13 s . The value of -pKa of protonated thiourea 

Table 4.10: 

Variation of ko with [H
2

SO<}] at 30°C 

[thiourea] 0. 0186 mol r' ['-PrONO] 

[H2SO&J.]mol 1 _, ko s -1 [H2S04 r' (k -0.13r's 

1 mol ol 

0.0140 0.192 + 0.017 71.4 16.1 -
-0 .. -0234- .o. 228 _+_ -0~.-01.9-- 42 .. 7. -1.0 .. _2_. 

0.0468 0.274 + 6xlo- 3 21.4 6.9 -
0.0936 0.330 + 5xl0- 3 10.7 5.0 -
0.1404 0.317 + 3xl0 · 3 7.12 5.4 -
0.1872 0.330 + 5x10 •3 5.34 5.0 -
0.2340 0.323 + 0.012 4.27 5.2 -
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bn itlhis solvell1lt cam then be calc11..lllatecl from a plot of 

(~ ~ 0.13)
1 

against [H 2 SO~ r'. The plot has slop<e = 

0. 16tl} !_ 0. 010 mol 1 =' s and! intercept = 3. 88 !. 0. 33 s. 

'rhe value of Ka can be calculated as 0. 0422 ~ 0. 0044 !iiiDl 1 q 4 

(plXSl = 1. 38). The value of Ka. can theih be used! to 

9 correct' the values of J«i> in a s~milar way to before. 

The corrected values of }(@ are shown in Table (4.11). 

A plot of ko corrected! against [thiOurea] (Figure 

4.6) gave a good straight line with slope = 

7.69 ~ 0.181 mol-'s-' and intercept= 0.13 + 0.011 so'· 

The value of k 1 obtained f:tom the slope = 248 1 2 mol - 2 s of. 

The value of k_ 1 = 0.130 .!. 9 :~t 10 -3 s-1, so the equilibrium 

constant for formation of s-nitrosoth-iolirea = 1823 1 2 mol- 2 • 

All these values are reasonably similar to those found 

for the reaction with tBuONO in Jc.BuOH. 

4.2.2 Nitrosation of thiogl:y:colic acid 

The reactions were again carried out at 30°C. In 

all cases good first order behaviour was observed under 

the conditions used ( [TGA] ;>- [ t PrONO]), by following 

the appearance of S-ni trosothioglycol ic acid at 330 nm. 

The reaction was found to be first order in [TGA] (Table 

4.12), with slope= 1.42 + 0.07 1 mol -• s -' and zero 

intercept. Assuming that the reaction is analogous to 
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Table 4.11: 

I Corrected values of ko for [H2SOo] = 0:117 mol 1-a 

I 

[t.hiourea]v X [H2SOo]actual b c d a ko corrected 

mol 1-n. mol 1-a mol 1-n s-n s-n s-a s-• s-a 

0.0162 0.0116 0.1054 0.119 0.189 0.184 0.122 0.252 
I 
~ 

0,0323 0.0223 0.0947 0.238 0.189 0.178 0.253 0.382 ~ 
0'> 
I 

0.0485 0.0323 0.0847 0.354 0.189 0.172 0.389 0.519 

0.0647 0.0421 0.0749 0.455 0.189 0.165 0.52Jl. 0.651 

0.0809 0.0498 0.0672 0.523 0.189 '0 .158 0.626 0.756 

0.0970 0.0570 0.0600 0.593 0.189 0.151 0.742 0.872 



Table 4. 12: 

Variation of ko with [TGA] at 30°C 

[1.. PrONO] 0. 234 mol 1-1 

[ TGA] mol 1-~ ko s-1 

0.0143 0.0226 i- 9 X 10-1} -
0.0199 0.0307 i- 1.9x 10 - 3 

-
0.0257 0.0411 i- 1.-6 X 10- 3 

-
0.0314 0.0502 i- 2.5 X 10-3 

-
0.0371 0.0564 i- 5 X 10-~ -
0. 0428 0.0630 i- 3 X 10-1{-

-

slope = 1.42 ~ 0.07 1 mol·' s -I 

intercept = 3 x 10· 3 -o- 2 x 10- 3 s-1 

that found for {:.BuONO,· then slope = k 1 [H+], so 

k 1 = 6 . 1 + 0 . 3 1 2 mo 1 - 2 s -'. This .value is very similar 

to that found for reaction of TGA with -t BuONO. The 

value of ko was also found to decrease markedly on 

addition of small amounts of water ('fable 4.13 and Figure 

4.8). The value of ke2> drops off steeply at first but 

as more water is added the value of ko levels off. 

This has b¢en folll)d previously for the reaction of alkyl 

nitrites with. alcohols [1] as solvent and was interpreted 

in terms of water being a stronger base than the alcohol 
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and so lowers the effective acidity of thesolutiol?ll. 

[TGA] 

Table 4.13: 

Effect of uater on ko at 30°C 

0. 0517 mol 1- 1 

' 
[I!.PrONO] 

Volume % H
2
0 

0 

0.5 

1 

1.5 

2 

2.5 

5 

[H
2
S04 ] = 0.0594 mol 1-/ 

1. 5 X 10" 3 -mol r 1 

0. 0177 + 1.0 X 10-3 

8~85 X 10-3 + 4.3 X 10"'4--
6.38 X 10 "3 + 2.65xlo-4 -
4.69 X 10 -3 + 4 X 10~~ -
3.64 X 10 "3 + 7.3 X 10-4-

-

3.44 X 10 -3 + 1.1 X 10-4 
-

2.74 X 10 -3 + 3.5 X 10-S -

4.3 Nucleophilic catalysis of the nitrosation of 

thioglycolic acid by tertiary butyl .nitrite in 

tertiary butanol at 30°C 

4.3.1 Catalysis by chloride and bromide salts 

The re_action was carried out in a similar way as 

described in section 4.1. 2, but tetraethyl81Mli1llonium 

=148-



D ..... 
~ 
tO 
D 

i 
(/) 

0 
...l! 

0 . .2 

0. I j 

F l,gure 4. 9 
Variation of ko 

wIth [Et r.NC'LJ 

/ I 

I 
I 

0.0 ~--------~----~--~------~~ 
0.00 0. 01 0.02 0. 03 

[E~~t NC lJ ~ol I l 

20 

15 

0 
I 
(/) 

10 
0 

...l! 

0 -
5 

0 

F !.gure 4. 8 
Effect of water 

0 2 4 

Volume % hlSitsr 

6 



clhloridle (Et<} NCl) or brrnwidle (Et4 NBr) was usedl as a 

so\rrce of hal ide ions. 1'he effect of [Et4 NCl] on the 

observed first ordler rate constant, kg,, at two different 

acicli ties was investigat.erll (Tables 4. 14 ancl 4. 15) arncl 

the effect of acidity (Table 4.16)·and [TGA] (Table .ljl,.17) 

on ko in the presence of Et~ NCl was also investigated. 

Table 4.14: 

Effect of Et~NCl on k at 30°C 

0.0811 mol 1"'1 ['tBuONO] = 2. 5 :l't 10-ll- mol r-• 

[TGA] = 0. 0144 mol 1-1 330 nm 

0 

0.0113 

0.0169 

0.0226 

ko s -' 

o.0136 ~ 1 x 1o·• 

0.0633 + 2.7 X 10-3 

0.1005 + 1.45 X 10· 3 

0.1325 + 3.7 X 10· 3 
__ _::__::_~ ·~--------- ---·-··-· 

0.1547' + 1.7 X 10- 3 

The data in Table (4.14) show that the reaction is 

catalysed by added Et.!}NCl. A plot of ko against [Et4NCl] 

(Figure 4. 9) is curved, tending towards a maximUM value 

of ko , with a positive intercept. The intercept 
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[ H~SO~] 

Table 4.15: 

Effect .of Et~NCl at low acidity at 30°G 

~16 ~1 

6 . 59 x 10 · mol l [4:BuONO] = 2. 5 x lO!Q'mol t 
~· [TGA] = 0.0144 mol l 330 nm 

~' [Ett;.NCl] mol 1 

7. 08 X 10 ~3 

9. 44 X 10-3 

0.0189 

0.0283 

0.0472 

k 
_, 

s 

5.15 X 10- 3 + 1.1 X 10~~ 

-S" 
5.13 X 10~ ~ 2 X 10 

4. 64 X 10 - 3 + 1. 6 X 10 -~ 

5.10 X 10-3 + 3 X 10-C 

5 . 31 X 1 0 -3 + 6 X 1 0- S' 

Table 4. 16: 

Effect of [H~SO~] on ko in presence of E~Cl 

[~BuONO] = 2. 5 x 104mol i' [TGA] 0. 0144 mol f' 

[Et NCl] 9 . 44 x 1 0 - 3 mo 1 i 1 
330 run 

_, 
[ H l.. so~ J mol 1 

... 
ko s 

5.28 X 10 -3 0.0271 + l.Ox 10 - 3 
-

0.0106 0.0475 + 1.2x 10- 3 

-
0.01581 0.0501 + 7 X 10- E} 

-
0.0211 0.0585 + 9 X 10-~ -
0.0264 0.0585 + 2.6 X 10 .. 3 

-
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Table 4. 17: 

Effect of [TGA] on ko in presence of Et~NCl 

[~BuONO] = 2. 5 x 10~ mol i' ~· 0.0496 mol 1 

[ Et'r NCl] = 8. 26 x 10 ~ 3 mol (' 330 riM 

_, 
[TGA] mol 1 k s' 

0.0259 0.0433 + 7 X ·10°~ -
0.0518 0.0885 .,. 7 X 10-~ 

0.0777 0.144 + 2 X 10 -3 

0.103 0.138 + 1 X 10 -3 
-

0.129 0.141 + 3 X 10 • 3 

-
0.156 0.147 + 2 X 10- 3 

-

corresponds to the uncatalysed rate of reaction. Under 

conditions where [Et ~NCl] )) [Hz.SO~ ] (Table 4. 15) the 

r~c:_J.c_tion rate was found to be independent of the concen-

tration of Et:~NCl, even at concentrations of Et~NCl that 

produced an increase in rate under the conditions used 

in Table (4.14). 

The leveling off of ko at high concentrations of 

added chloride ion has been found for the reaction of 

n-propyl nitrite in n-propanol [2] with three aromatic 

amines. It was explained in terms of a reversible 
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nitrr_osation of the amine by Jl1li 'trosyl chloride folloBeil51 

by a slow proton transfer step. If a similar explanation 

exists in the present case then reaction scheme (4. Jl5) 

will apply. 

+ ({-~=== ROH + NOX 

NOX -o- RSH 

(4.15) 

RSNO "" H+ 

Applying a steady state treatment to [RSHNo+ ] 

equation ( 4. 16) can be derived. This predict~ that 

at high [X-] the value of ko should become independent 

ko = (4. 16) 

the acidity. This scheme also assumes that the initial 

nitrosation step is reversible and can compete 
. +--NO 

the loss of a proton from the RS"'-..... H species. 

with 

The 

relative values of k 2 /kot can be found from a plot of 
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-I 
aq1ainst rx~ r'. 1 / 0< I K ~ [ lH {> ][ TGA] J ko This has slope = 

an_d intercept k _, / (k, k2. J:{~ [ H-¢- ] ['J.'GA]) and! so 

slope / intercept ka, / k~l Such a plot was carrioo 

oU:t ilill this case, making an allo~ance for the u.ncatalysedl 

rate and gave a reasonable straight line with slope = 

0. 070 ~ 2 " 10 - 3 mol r' s and intercept = 3. 47 ~ 0. 23 s. 

The value of ka. / k_, =O'.Q.iO ~ 0.002 mol 1~ 1 • The values 

reported for the reaction of n-propyl nitrite in 

n-propanol [2] with three aro!Matic amines are shoBn 

in Table (4.18). 

Table 4. 18: 

Values of k2 /k-1 (mol 1-') for the reaction of 

n-propyl nitrite with aromatic amines at 30°C 

Nucleophile aniline N-methylaniline p-nl.tro aniline 

cr 0.037 0.025 0.037 

-ar~-- 0 ;-033 - - --- -----0;; 02-1 0-.032 

thiourea 0.013 0.010 / 

The value obtained in this work is in reasonable 

agreement with those shown in Table (4.18), but it seems 

unlikely that the value should be the same since one 

set of data is concerned with s-nitrosation and the 
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other with N-ni trosation. This point wi 11 be discl!Jlssecl 

in S~ction 4. 5 . Evidence against this mechanism comes 

fro~m the faot that the reaction is no longer first ordler 

with respect to both [Hz S04 ] and [TGA] in the presence of 

Et'} NCl (Figures 4.10 and 4. 11). This is also fm.mdl in 

the variation of ko with [ 1-llz. so4 ] in the presence of 

Et4 NBr (Table 4.19). 

Table 4. 19: 

Variation of ko with [ H2 Sdlt] in the presence of Et4NBr 

[ I:.BuONOJ [TGA] = 0.0259 mol 1-1 

[Et4NBr] = 4. 34 x 10-3 mol 1·' 

I [Hz. so4 J mol 1-

9. 14 X 10-4 

1. 98 X 10- 3 

2. 97 X 10 -3 

4. 96 X 10 "3 

9.22 X 10·3 

0.0149 

0.01.98 

0.0248 

0.0496 
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ko s-' 

0.0140 -t 4 X 10- 4 
-

0.0209 + 3 X 10-4 
-

0.0276 + 1.0 X 10-3 
-

-0; 0314 + 1.2--x 10--3 -
0.0361 + 6 X 10·4 

-
0.0494 + 9 X 10-4 

-
0.0598 + 1.2 X 10·3 

0.0704 + 1.6 X 10·3 

0.0792 + 1.5 X 10-3 

0.1004 + 3 X 10·4 



Thee problem with the &fll.allysis of ScheiMe (4.15) 

is tlhat it assumes a knowlecl<]Jce of both [H~ ] . and [Cl~]. 

From thee earlier results is sceelillis that the approximatioll1l 

of [IH!-j)- )~[H 2 so4 ] is valid_, but the analysis assumes that 

Et 4 NCl is fully dissociate01 in the alcohol solvernt. 

Values of the dissociation constants of several halide 

salts in alcohol solutions have been determined [24] 

previously and are shown in TalOle (4.20). 

Table 4.20: 

Dissociation constants of sev~r[ll chloride and bromide 

HCl 

HBr 

Et4NBr 

Me4NCI 

Me4NBr 

But}NBr 

salts in alcohol s61ution at 25°C 

c..PrOH 

7.94 X ro·4 

1 X 10"'a 

9 X 10-4 

-4~4 -- -x -lo--4-

5.5 X 10-4 

1.1 X 10-& 

-t BuOH 

Kd (mol·\') 

3. 16 X 10·6 

1 X 10" 5 

5. 3 X 10·6 

7. 5 X 10· 4 

The dissociation constants of the salts in alcohols 

are very small and so there will not be a significant 

ammoWlt of free chloride ion present in these solutions. 
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M alternative enplahation of the levelling) off of 

ko tcJi th added chloride and bromide ion is that t.he 

formation of the nitrosyl halide b!C}comes almost quantita-

tive at high chlorid.e ion conc?li1ltrations. This requires 

that the value of the eqruil i.fori1Wi11 constant, K x, be in 

the order of 1 0 3 Thi.s is known not 

to be the case for chloride and bromide ion with nitrous 

acid in methanol solution [3] and is unlikely to apply 

in this case. 

A further explanation is that at high Et4NCl concen

trations there· is a signiffc'ant amount of associat-ion 

of the chloride ion with any cations present in the 

solution, most importantly the proton. A similar 

explanation was put forward for the chloride and bromide 

ion catalysis of the reactions of !-methyl heptyl nihri te 

in various alcohols [1]. The catalysis observed on 

addition of chloride to the solution could therefore 

.be dQe to the formation of HCl which can act as a general 

_acid __ catalY-st_in_the __ same __ way as H2~S04 . _Thi_s_is_ repre-

sented in Schemes (4. 17) and (iL 18). 

H 
K I 

RONO + H 2S~ RONQ+HSO~ 

k, H (4.17) 

¥ I fast 
RSH + RONO+Hso- RSNO+HS04 RSNO + HzSO.:;> ~ 



JRSH 

H 
I 

RONO~cl-

H k, H 
I I fast 

+ RONd+cr----4 RSN04Cl- > RSNO + HCl 

(4.18) 

Catalysis could arise from an increase in K or 

in k 1 on the addition of Et4NB:rr- and Et4NCl. The results 

in Table ('4. 21) show that HCl also acts as a catalyst 

for these re·actions and the reaction -is first order 

in HCl. The derived value of k 1 from_ this data is 

810 1 2 mol Qz s -' which is over 100 times larger than 

the corresponding value using H2 S06}. 

Table 4.21: 

Variation of ~ with [HC1] in the nitrosation of TGA 

[~BuONO] = 5 x 10·4 mol 1-' 

[HCl] mol 1 .o 

2 .. 18 X 10 - 3 

4. 35 x to- 3 

8. 70 X 10-3 

0.0131 

[TGA] = 7. 234 }{ 10-3 mol 1-' 

ko s- 1 

0.0135 

0.02.74 

0.0523 

0.0778 

slope= 5.85 + 0.07 1 mol-'s-' 

intercept = 1. 3 X 10- 3 + 6 X 10· 1 s- 1 
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This type of mechanism can also account for the lack 

. of catalysis by Ett} NCl when [Et~ NCl] » [H2 S04 ] as lHCl 

could be expected to be formed quantitatively and so its 

concentration would r?mairn constarn.t even though [ Et4NCl] 

is increased. The non linear dependence of ko on [H2 S04 ] 

in tt1e presence of Et4- NCl is also eX.plicable in these 

terms, as other equilibria (eg. Equation 4.19) have 

to be taken into account. 

(4.19) 

4.3~2 Thiourea catalysis 

The effect on the rate of ni trosation of TGA was 

investigated. Table (4.22) shows the effect of [.thiourea] 

on the observed first order rate constant, ko . A plot 

of ko against [.thiourea] gave a curve, tending towards 

4.12). The intercept corresponds to the uncatalysed 

rate. On analysing the results in terms of an initial 

reversible nitrosation and subsequent proton transfer 

to the solvent (Scheme 4.15), a plot of (ko -interceptr 1 

against [thiourea] gave a straight line with slope 

0.304 + 3 x 10- 3 mol 1- 1 s and intercept = 10.9 + 0.3 s-•. 

This gives a value of k2. /k-1 of 0. 028 mol 1-
1 

which is 
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Table 4.22: 

Variation of Ko with [thio~rea] at 30°C 

[-t.Bu.ONO] [H6 SO~J 0. 0660 mol 1-' 

[TGA] = 0. 0144 mol 1~ 1 

[thiourea] mol 1-' ko s-' 

0 6.4 X 10 - 3 + 2 X 10 -1} -
0.006 0.0226 + 9 X 10-~ -
0.012 0. 034'1 + 1.6 X 10 - 3 

0.018 ·o. 0420 + "6 X 10 •,4 
-

0.024 0.0495 + 7 X 1o·4 
-

0.030 0.0531 + 4 X ro-4 
-

again in good agreement with the values found for chloride 

ion and also the k.t /k,.1 values found, for ni trosation 

of the aniline derivatives in n-propanol [2]. This 

·-appr-oach.,- .howeve~, .. does_not _take ._into_accouilt the proto-
. -- -' . --~ ..... ---- -----~----·-· 

nation of thiourea. Also with thiourea, since the equili

brium constant is large, curvature of a plot of ko 

against [thiourea] could be expected if at high [thiourea], 

S-ni trosothiourea is formed rapidly and almost quanti ta-

tively before reaction with TGA occurs. This is taken 

into account in reaction Scheme (4.20). 
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K 

(4. 2 0} 

+ k, 
(l\Hi

2 
h CS-NO + RSH __ _., 

Rate 

but [ ~BuONO]o [ (NH
2

) 2 CS~NO+] + [-tBuONO] 

[ ~BuONO]o [ CNi-Iz) 2 CS-Nb+ 1 (1 + K l ) 
[H+] [ (NH2hCS] 

ko= 

Rate 
kr K[H+] [ (NH2 ) 2 CS] [ TGAH~ BuONO]o 

1 + iq ( NH 2 ) 2 CS}[ H+ ] 

k 1 K [H+] [ (NH2h CS] [TGA] 

1 + f(NH2)2CS][H+]K (4.21) 

- · E<Itlat-lon 1~~ -2T) pr-e-arcts --ttiat- I£ --K ~ ({NH 2 J~-csT£ H + T»1- ·

then the value of k 0 should be independent of [thiourea]. 

The actual concentrations of [H+ ] , assumed to be equal 

to [H 2 S04] and free throurea, [ (NH2 )z CS] can be calculated, 

using the Ka value of 0. 075 mol r 1 arid so a plot of 

ko against K [H+ ] [ (NH 2 )z CS l/ ( 1 + K [ (NH 2 } 2 CS] [H+ ] ) can 

be obtained (Fi-'gure 4. 13), using K 

The results are shown in Table (4.23). 
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Table 4.23: 

[H~soc;>],- = 0.0660 mol 1-n [TGA] = 0:0141 ~ol 1-n 

>' 

[thiourea]v [ (NH~>~CS'-H IJ [<NH~>~rs] [H~SO.i:>]actual K (H<>] [ (NH~)~CS] ~0 

mol 1 -n mol 1-n I mol 1-n mpl 1-n ( 1 + K [ ( ['!]H~ ) Z!CS ] [ H<> ] ) s-n 

8 ...... 
0) 
ljJ 0 0 0 0.0660 0 6 •. 4 x to ... ~ B 

0.006 2.75 X 10""~ 3.25 x to-~ o. 0628 . 0.315 0.0226 

0.012 5.36 X 1Q-i;:;>' 6.64 x 1o-~ 0.-0594 0.4·70 0.0341 

0.018 7.8.~ X 10~~ 0. 0101 0.9559 0.560 0.0420 

0.024 0.0102 0.0138 - 0. 0522 0.618 0.0495 ,, 

0.030 0.0125 0.0175 0.04S$ 0.656 0.0531 

slope= 0.0713 ±. 5.7 x 10.,..~.s 

intercept. "" 3. 4 x 10-:'::!;> ±_ 2 ._8 x 10"'"~ 
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Tlhe plot (Figure ~.13') 9ives a reasonable strai~h!\C line 

t;;1ith a fair aiinournt -of scatter. T.he value of ~ , the 

seconOl order rate consltant for attack qf s:..nitrosotlhiourea 

~· ~· on thioglycolic aciOl CCllfll be cal.clllllatecl as 5. 0 1 liWOl s . 

Tlhe resuil ts are cornisistent with the - formatiorril of am 

eqruiJibrium concentJr'attiOlll of S-nitrosqthiolUlJLeCll which 

then reacts with TGA in the rate determining step. 

The curvature found on plots of ko against t.hiowrea. 

can be e~plained by this mecha:~iSil'iJl and by a.llotiing for 

protonation equilibria!. 

4. 4. Nucleophilic _catalysis --of the ni trosation of 

thioglycolic aci'd b:£ isopropyl nitritein 

isoprripanol at 3o•c 

Chloride ion catalysis 

The variation o{ ko with adcled Et~t-~NCl was studied 
' . 

__ iR_the_ni_trosation_of:___TGAc_by -~PrONO __ at._ 30~C. ____ The_ resul~ts_ 

are shown in Table ('L 24) and in Figure (4.14). The 

plot of ko against [ Et.._ NCl] shows a marked curvature, 

tend_ing towards a limiting value of ko A plot of 
_, -:"I 

(ko -intercept) against [Et~,- NCl] gave a good straight 

line with slope 0.482 ~ 6 - X 10 - 3 mol 
-I 
1 s and 

intercept = 13.9 ~ 2.1 s . This corresponds to a value 
c.q 

of k1. /k- 1 of 3. 5 x 10 -z mol l, which is again consistent 
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'R'able IJL 24: 

Variation of ko B.ith [Et4NCll at 30°C 

[TGA] 9. 2 X 10 - 3 ru\0 1 r 0 [ H 2 SO~ ] = 0 . 11 9 EWO 1 1 - 1 

[ "PrONO] = 2. 5 x 10-~ mol 1-' 

ko s-' 

0 7.01 x 10-3 -t 2.1 X 10-4 

-
1. 06 X 10 -3 9.13 X 10 -3 -t 2.3 X 10-.13 

3.19 X 10- 3 0.0136 +· 9 X 10-S -
6.38 X 10- 3 0 .. 0185 -t 8 X 10-5 

-

8.85 X 10- 3 0.0214 -t 7 X 10-~ 
-

9.58 X 10- 3 0.0219 + 4 X 10 -<} -
0.0128 0. 0212 -t· 2 X 10-&} 

-
0. OI59 0.0289 + 9 X 10-4 

-
0.0177 0.0298 + ..;... 9 X 10-4 

0.0266 0.0356 + 
-' 

7 X 10-<:} 

0.0443 0.0485 -t 8 X 1o-4 
-

_____ ,, - ------ --- ~ --- -

with those previously found, but again assumes that 

the initial S-nitrosation of TGA is reversible. 
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4.4.2 Thiourea catalysis 

The value of ko was obtained at various [ thim11.lrea] 

and! the results are shown in Table 4. 25 . The plot of 

.ko against [thiourea] gives a curve with a positive 

intercept that corresponds to the uncatalysed rate. 

Variation of ko Bi th [thiourea] at 30°C 

0. 119 mol 1-' 

[ tPrONO] 

[TGA] 

2. 5 x 1o·4 mol r' 

[ thiourea] mo 1 1 -• ko s -' 

2.45 X 10 -J 0.0155 

7.35 X 10 .j 0.0288 

0.0147 0.0401 
. ~---- --- ----· - . 

0.0220 ·o.o5s6·-
0.0294 0.0609 

0.0367 0.0605 

- f 
9.2 ~ 10-3 rnoll 

------

-I 

A ·plot of (kro -interceptV 1 against [thiourea] gives 

a gqod straight line with slope = 0. 263 mol 1·' s and 

int~rcept = 10.44 s. This corresponds to a kz/k_, value 
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0 

~ 
tO 
0 

[thiourealv 

mol 1-n 

2.45 X 10-;:s~ 

7.35 X 10-:o 

0.0147 

0.0220 

0.0294 

0.0367 

Tebls 4.26: 

[Ha504]v = Q.0119 mol 1-n [TGA] = 9.2 x 10-:o mol 1-n 

-4 i 
[ (NH:z }aC5-H':] 

. I 

mol 1-n 

I 
1. 80 X 10!:0 

s. 35 · x 1 o-
1

:o 

0.0106 

0.0156 

0.0206 

0.0253 

((' NHa') a\CS] [HaSO..:o.]actua.l Kx[ni"'"J[(NlHa)aCSJ 

mol 1-n mol .1-n { 1 + ~.(NHa)aCS] [lH"':]} 

6.5 X 10-..:o. 0.117.0 0.122 

2.oo x 1o-:o 0.1135 0.293 

4 .1.0 X 10-~ 0.1082 0.447 

6.4 x 1o-:o 0.1032. 0:546 

8.8 X 10-:::t~ 0. 0982 . 0.612 

0.0114 0;0935 0.660 

slope = 0.0899 ~ 6.4 x 10~:::t~ ~ 

'intercept = 3. 37 x 10-:o + 3 .. 12 x 1o-:o ·s' 

ko 

s-n 

0~0155 

0.0288 

0. 0401 . 

0.0556 

0.0609 

0 .. 0605 

,, 
1[" 

i:' 
: 



mol 1-', which :ii.s agaiYll sim:Harr to those 

previously found, but again this appro~cTnt- does not take 

into account the protonation of thiourea. Ass'l.llmin~ 

the value of 0. 0422 mol 1 ~~ for Ka of thim.trea and\ 

1823 1 2 mol - 2 for Kx for the for~rnation of s-ni troso-

thiourea, the data can be analysed allowing for the 

protonation of thiourea in a siMilar way to the results 

in -tBuOIH. The results are ShoWil in Table 4. 26. A plot 

of ko 

g_ave a reasonable Straight l·ine with slope = 0. 899 + 

6. 4 x 10- 3 S and intercept 3. 37 X 10 -J + 3.12 X 10 -3 s-1• 

Frolii) the s~ope the value of k, the second order rate 

constant for attack of s~nitrosbthiourea on TGA can 

be calculated as 9.8 1 mol-' s- 1• 

4.5 Discussion 

l . t PrONO and BuONO in their respective alcohol 

C!.S ~-~ol v_e_n_t_ aP-P-.e_ar _ to_react_by __ a_ similar . mechanism_ .wU~h-

both thiourea and thioglycolic acid. In the absence 

of any added nucleophilic catalyst the reaction appears 

to proceed by nucleophilic attack of the sulphur atom 

of the sUbstrate on the nitrogen centre of the protonated 

alkyl nitrite. The mechanism is shown in Scheme (4.22). 

Acid catalysis occurs but it is not clear whether 

the solvated proton, H~, or sulphuric acid itself acts 
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0 
1: ~ .. 

lRU N ~ HSR 
I~·· 

H 

fast 
RSNO -+ H 2 S04- ~-~ "" RSNO 

I 
H 

H 
I 

lRONO~ ~ H!SO.;s: 

~ ROH 

( 4. 22} 

as the catalyst. The data obtained analysed well if 

the acidity of the solu~ibn is represented py [H 2 so4 ]. 

The main argu.c:ment for this being true com~s from the 

fact that the dissociation constants of several strong 

acids are known to be ca. 100 times smaller in ~BuOH 

than c..PrOH [1,7, 21], therefore, assuming a similar trend. 

for sulphuric acid, the rate of reaction in ~Bu~>H would. 

be expected to be significantly smaller than that in .. 
L. PrOH 1· f H. {o th t 1 t wa,s e ca a ys . This can be seen not 

to be the case by comparing the values of the. rate and. 

equilibrium constants obtained (Table 4.27). It is 

. -- --not~possible to deduce .the reacti.vity ___ orde:r"'-of_the __ pr_o..= ... 

tonated. alkyl nitrites as the pKa values are not known. 

It can be seen thoUgh that both alkyl nitrites appear 

to have a very similar reactivity, and that the reaction 

with TGA is significantly slower than that with thiourea, 

indicating that the reaction with TGA does not approach 

the encounter controlled limit [22], as is observed 

in the reaction of TGA [19] and. thiourea [6] with nitrous 

acid in water. 
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Table 4.21: 

Values of rate and equilil'oriWiil constants obt~ine(3! at 30°C 

tJBuOH 

LPrOJH 

2215 

181'31 

Thiowrea 

237 

248 

0.107 

0.13'6 

TGA 

7.8 

6.1 

If H1 so4 acts as the acid catalyst, then any 

protonation eql.!ilibrium must depend on lHS(\.= ]., which 
. ' 

would lead to non-first order kinetics (scheme 4.23). 

K 
H 
I + 

RONO ~ Htso4 RONO ~ HS04 

~ 
RONO 

ko 

~ RSH ) 
~ + 

RSNO ~ ROH 

1 fast !Hso;;J 

_ ~SNO ~-- H 'L.SO~-

k [RSH]K[Hz.SO,.] 

K [ ijt.SOI} ] + [ HSO~ ] 
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Eqruatioli'l ( 4. 2~) preca~t:s that t.lhe reaction shoUlld 

no~ be first order stnce [HSO~] is I?llot constallllt througlhout 

the reaction. It ~lso predicts a non first order depen-

Another possibJle e11:pJ.anat-ion is if 

there is eJttensive iollll pairil?llg ili1l these solutions (Scheme 

4.25) This would then lead to a s'trict first order 

k 
NO 

/ 
RS i- HSO -t ROH 

'H 
lfast 

RSWO -t H t. S04 (4.25) 

Catalysis by added halide and thiourea also occur~. 

The curvature of plots of ko against [thiourea] can 

be accounted for by allowing for protonation of thiourea 

-and-assumingr thf;lt -the-reaction-occurs--via- the·-·format-i-on-

of an equilibrium concentration of S-nitrosothiourea, 

which can effect nitrosation of TGA. 

0~ 
The curvature a the plots of ko against [halide 

ion ] can also be explained in a similar way if the 

halide ion is being extensively protonated. Evidence 

against the halide ion being the effective catalyst 
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in these sol~tions coffies froM th~ fact that the.dissocia-

tion conista.ITllts for the type of salts used. are all very 

small in tlhese solvents and further.. they are ca 100 

times s!MlalJler in ~ BuOH than in "JPJrO!Hl. 

larger effect on the rate in 
. Q .. 

t PrOlHl than . BuOJH wo1l.lll ell be 

e:n:pectecll, but as can be seen by the cllata in Tables (4.14) 

and ( 4. 24) a similar catalytic effect is observed in 

each case. The results are best explained in terms 

of formation of HCl and HBr in these. solutions which 

can then act as a gen~ial acid catalyst. 
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REACTIONS OF ALKYL NITRITES IN ACETONITRILE AND CHLOROFORM 

Chloroform and acetonitrile are examples of dipolar 

aprotic solvents. Some physical. properties of these 

solv~ilts are given i.n Table C?-1). 

· · Kcetonrtr1 Te 

Chloroform 

Water 

Table.5.1: 

Physical ·Properties 

Dj.electric 
Constant 

(at 25°C) 

36.0 

4 .. 81 

78.54 

Dipole 
Moment 

D 

3.37 

1. 01 

1.85 

Free:z:ing 
Point 

oc 

-63.5 

0 

Boiling 
Point 

oc 

61.7 

100 

Acetonitrile is not strictly speaking an aprotic 

solvent as in its pure liquid state it is known to undergo 

autoprotolysis [1] as shown in equation (5.1), the 
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The value 

of the constant is so sMall that ace,torni tJri le can JOe 

con:sddleJred to be eSS?li1lti(;llly an aprotic SO!Ve!Tllt. 

(5.1) 

Chloroform, acetonitrile and dipolar aprotic solvents 

generally, have been used to some extent in rHtrosation 
~ . I 

. rei:hctions of alkyl nitrites. In ohe· :Previous study 

[2] the reaction of various alkyl nitrites bil th acetamide 

in various solvents -8a.s explained in terms of nucleqphilic 

attack of the amino g:t:oup of the amide on . the nitrogen 

centre of the a:lky 1 nitrite in an S ~ 2 tyPe process. 

The rate of reaction was foiind· to increase as the polarity 

and dielectric constant of _the solvent increased. Other 

studies [3,4] have inv?stigat;ed the trc;1nsnitrosation 

reaction of alkyl nitrites with alcohols foy a NMR 

________ t_e_9bn_lque _ _te_quatiQtl __ 5_.2J_.___ __In_alJ __ c_as_~s_the_:r:_ea9_tio_n ___ _ 

proceeded readily in the absence of any acid catalyst. 

RONO + R I OH ~==:=t ROH + R I ONO (5.2) 

Using tertiary butyl nitrite as the nitrosating agent 

in chloroform [3], primary alkyl nitrites were formed 
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with K~ 10 aibdl secoll'llclallry nitrites were forme<rll Hith K~4 .. 

inclipating that s te:ric effects are again i~portant in 

these reactions. 

on this reaction elh.ich ~as assl1!lliiiletdl to occ1!.211L viCll a si:.t 

ruteimlbe:redl transi tioiTll state ( sche¥UJe 5. 3), involving two 

alcohol molecules [ 3] o:r via a si~mp,le ni,t:rrosy1 e%chcmge 

:reaction [4] (sche~ 5.4). 

BuONO 2ROH 

-~ t' 
R ... o, .y ... ,, 

N""' 'r.i 
I 

I I ,,. ,, 

I 
I 

.,...0, ,Q 
Bu ', .. 

' '.,H.' 

11 
RONO + BuOH + ROH 

=179= 

r .... o .... , .... , .... 
tf' 'H 
I I 

R-0 OH 

( 5. 3) 

""I , , ,-----N-~--ROFI 
r 

Bu-0 



RONO 

R 1 0]-ll ~ [ JRONO]-ll :r 

[R'ONOHJ+ 

sloB 
-·-·~'!> 

fast 

fast 

[~bNOH]~ 

0 
v II 

[JR O----N---·OR;r-
1 lc 

fast 

H H 

R'ONO + JJi+ ( 5. 4) 

5.1 EquilibriUlill constants for the formation of alkyl 

nitrites in acetonitr'i:le :andl chloroform 

The equilibriWiiB constants for the reactions of 

alkyl nitrites with various alcohols, equation (5.5), 

have now been determined spectrophotometrically in the 

330-420 nm region. The results are given in. Tables 

(5.2) and (5.3) 

RONO + R 9 OH ;::::==::::=. R 'ONO + ROH (5.5) 

In each case equil·ibrium was obtained. rapidly, 

without the addition of any external source of acid. 

The results show the trend that the equilibrium constant 

increases as the alcohol changes from a tertiary to 
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'~:able 5.2: 

Equilibrium coinstants iri acetoni-trile at 25°C 

R 

l Butyl Metlhyl 13.0 

~Propyl Methyl 3.8 

uoAmyl Methyl 2.5 

Table 5.3: 

Equilibrium constants in chloroform at 2S°C 

R 

t Butyl 

l Propyl 

taut:Yl 

~Butyl 

a) from reference [3] 

R' 

'-Propyl 

tButyl 

- -Eth:YI 

MethYl 

K 

3 .. 97!. 0.14 

0.301 

--ro--:-1--+ o-_-9 _____ --To: 6a 

20.5 

secondary to primary, ie a primary alkyl nitrite is 

prefe{ed over a secondary and tertiary one, indicating 

that steric effects are important. The values obtained 
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in chloroform are i¥11 good agreeM<elllt wi t.h those fm11ncl 

previously by NMR rnethoos [ 3]. 

5. 2 Kinetics and iiiillechanisrn of .the trarisrrlli trosation 

reaction 

5.2.1 Chloroforliiil assolvent 

The reaction of tertia-ry butyl nitrite (~BuONO) 

an~ isopropyl ni.tri te ( LPrONQ) _ · wi·th ,..ethanol (Me9H) 

was studied ·in chloroform. (CHC1 3 ) as solvent . ·The 
. . 

reaqtion was fol1owed . at 400 nm, where only ~BuONO and 

L PrONO absorb s-ignificantly. In the absence of any 

acid catalyst the reaction proce-~ded reacH ly to form 

methyl nitrite (MeOi\!0). Good first order behaviour 

was obtained by follo~ing the disappearance of the alk}d 

nit:ti te when the [alkyl nitri teJ<< [MeOH]. However the 

observed first order rat.e constant, ko, was found to 

increase markedly with the age of the stock solution 

of the alkyl nitrite as shown in Tables (5.4) and (5.5). 

This effect can be explained if the alkyl nitrite 

is decomposing to produce an acid, possibly nitrous 

acid which can act as an acid catalyst or effect nitrosa-

tion itself (equation 5.6). A similar explanation has 

been given to account for the :reactions of alkyl nitrites 

[5] in neutral solution. 



[MeOH] 

[MeOH] 

Table 5.4: 
te . 

Effect of time olhl the value of ko fqr Bu!OWO 

time min 

0 

5 

15 

ca 30 

ca 60 

ca 120 

Table 5.5: 

[{?.BU10N9] 

·400 nM 

0.114 

0.157 

0.170 

0.225 

0.278 

0.475 

~\ 

0.010 mol 1 

Effect of time on the value of ko for LPrONO 

._, 
0.251 mol 1 

25°C 

time min 

15 

22 

29 

43 

58 

-· _1_1. PrONO]_=:_ 0. 018 mo_! -~. 

400 nm 

8.89 X 10-3 

0.0129 

0.0100 

0.0138 

0.0144 



~BtnONO ~ 

5.2.2 Acetonitrile as ~olve~t 

( 

The reactions of ~BuONO, t.PrONO and isoatffiyl nitrite 

~1>0AmONO) with methanol were studied in acetonitrile . ., ;--' -- " . ' 

(CH 3 CN) as solvent. ·In the absence of ariy acid ·catalyst 

' the reaction proceeded. readily to form MeOl~O. Good 

first order behaviour· was obt'c:iined by' follo8in<i the 

disappearance of the alkyl nitrite at 4oo .nm•. ·The 

opserved first order rate constant, ko, was again found 

t~ increase markedly Hi.th the age of the stock solution 

of the alkyl nitrite. The results for '-PrONO are shown 

in Table (5.6) 

Table 5.6: . 
Effect of time on the value of ko for lPrONO 

el 
[MeOH] = 0.356 mol 1 

time min 

8 

16 

27 

34 

-184-

[ Lp:toNOl 

4oo nm 

-I 9.ff x 10·~ mol 1 

ko sD 1 

0.0240 

0.0469 

0.0496 

0.0501 



---

This effect can 00 e::H:plainedl again by deCO>!iifiljp>OSdtio:n 

of the alkyl nitrite. to produce an acidl c~talyst. Further 

evidence for this coliiiies f~om t:;he fact toat the reactions 

are catalysecl by tlhe adldli tion of H
2 
so~ . Mitlh fresh 

solutions of H 2 SOc. in CH' -CN 
3 ' 

reproducible values of 

ko could be obtained Oll11Y after the. acid SQlut.ion had 

stood for ca 10-15 W'ilinutes. This 'time-ef.fect' will 

be discu~sed in detail in section 5. 5. The reaction 

of all three alkyl nitrite§ :~ith MeOH was found to k>e 

apprmdmately first order with respect to .. 0-izS~ ] CT<ibles 

5.7 - 5.9) 

Table 5. 7 (a): 

\t . 
Variation of ko with [H 2 SOt,.] for reaction of BuONO 

[~BuONO] 
_, 

0.010 mol 1 

25°C 

_, 
[H 2 S04] mol 1 

'~· ------- ·-

2. 18 X 10 ~ 3 

4.36 X 10 ~ 3 

6.53 X 10- 3 

8.71 X 10 -3 

0.0109 

0.0131 

=185= 

[MeOH] 

400 nm 

_, 
ko s 

__ , ______ 

33.3 + 0.5 -
79.8 + 2.8 -

137 + 4 -
193 + 6 -

217 + 9 -
273 + 7 -

_, 
0.118 mol 1 

------·-·-



Talble 5. 7 (b): 

Variation of ko with [H 2 SO~] for reaction of tBuOWO 

[-<=BuONO] 
_, 

0.010 mol 1 [MeOH] 
-I 

0.109 !lililOl 1 

400 l1l1Ml 

-I _, 
[H 2SO~] mol 1 ko s 

1.97 X 10- 3 39.4 + 1.5 

3.94 X 10- 3 98.4 + 1.7 

5.92 X 10- 3 150 + 3 -
7.89 X 10-3 193 + 4 -
9.86 X 10-3 234 + 8 -

Table 5. 7 (c): 

Variation of ko with [H 2 S04 ] for reaction of ~BuONO 

[-<=BuONO] 
_, 

0.010 mol 1 

-I 

[ H zS04- ] mo 1 1 

2.33 X 10-3 

3.49 X 10-3 

[MeOH] 

_ 400 nm 

_, 
ko s 

16.2 + 0.4 

38.4 + 1.9 

56.9 + 2.4 

_, 
0.110 mol 1 



Table 5.8: 

Effect of [H 2 SO~] on ko for reaction of lPrONO 

[llPrONO] 
_, 

0.010 mol l 

3.28 X 10-3 

6.56 X 10-3 

9.84 X 10- 3 

0.0131 

0.0164 

0.0197 

[MeOH] 

400 nm 

24.4 + 0.4 -
59.3 + 1.0 -
89.6 + 2.8 -

131 + 9 -
165 + 4 -
210 + 4 -

Table 5.9: 

_, 
0 . 111 ffiO l 1 

Effect of [H 2 so,..] on ko for reaction of '!.
0 AmONO 

[ l!.o AmOWO] 
-I 

0.015 mol 1 

_, 
[Hz S04-] mol 1 

3.28 X 10- 3 

6.56 X 10 -J 

9.84 X 10-3 

0.0131 

0.0164 

0.0197 

-187~ 

-I 
[MeOH] = 0.113 mol 1 

400 nm 

_, 
ko s 

17.0 + 0.7 -
42.8 + 1.0 -
59.7 + 1.3 -
90.6 + 2.6 -

118 + 5 -
148 + 3 -



The data for ~BuONO (Tables 5. 7 (a) (c) ) are 

slho\1.-m in Figure ( 5. 1) . The graph shoBs that there is 

only reasonable agreeme~t between the three sets of 

data. When the e~perimruent was repeated 1 week later 

using the same acid stock solution,. the values of ko 

obtained were markedly smaller than those obtained. pre-

viously. The results are shown in Table (5.10) and 

Figure ( 5 . 1 ) . This sho1:::1s that there is a substantial 

ageing effect occurring i.n the sulphuric acid solutions. 

["*BuONO] 

Table 5.10: 

Effect of [H 2 SO~] after 1 week 

_, 
0.010 mol 1 

400nm 

-I 

[H 2 SO~rl mol 1 

3.42 X 10- 3 

1. 03 x 1o-a 

1. 71 X 10 -'& 

[MeOH] 

8.92 + 0.13 

-I 

0.118 mol 1 

15.66 + O.Q7 

19.74 -o- 0.16 

The rate constant was found to decrease markedly over 

several days even though the total stoichiometric concen-

tration of sulphuric acid remained constant over that 

period, as shown by titration with standard sodium 
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hydroxide sohlltion. This effect t-Ji l.ll be discussed in 

section 5. 5, but indicates that the reaction is probably 

subject to catalysis by hydrogen ions rather than by 

The data in all the other tables were 

obtained with freshly prepared solutions of sulphuric 

acid and were used within 6-8 hours of preparation, 

where this 'ageing effect' is not significant. This 

is shown by the reasonable agreement between the three 

se_ts of data in .Fi~~ (S.l). 

When the data for the three different alkyl nitrites 

are plotted (Figure 5. 2) it can be seen that the reacti

vity order towards formation of MeONO is ~BuONo>tPrONO 

>i'~oNO, the relative reactivity order being approximately 

3 : 1.5 : 1 . 

Strikingly the reactions of ~BuOI\30 and LPrONO were 

found to be completely zero order with respect to [MeOH]. 

Results are shown in Tables (5.11) and (5.12). 

The zero order dependence of the rate upon [MeOH] 

suggests thart the rate 1 imi ting step occurs · before the 

attack of the nitrosating species on MeOH. Two possible 

explanations exist. The first explanation is that the 

protonated alkyl nitrite is the reactive species and 

that the rate limiting step is protonation of the alkyl 

nitrite (Scheme 5.7) 
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Table 5.11: 

Variatio~ of ko with [MeOH] for reaction of ~BuONO 

[~BuONO] 
=\ =0 

0.010 mol l [H 2SO~] = 2.18 ~ 10=3 mol 1 

400 fl)ffi 

-I 
[MeOH] mol 1 

0._0233 

0.0466 

0.0699 

0.0933 

0.117 

Table 5.12: 

ko s1 

3L7 ~ 0.7 -
35.8 + 1.2 -
31.5 + 1.4 -
32.2 ~ 0.5 -
33.3 + 0.5 -

Variation of ko with [MeOH] for reaction of LPrONO 

[t-PrONO] 
_, 

5 x 10- 3 mol 1 

______ _ 4__9_9 _nm 

-I 
[MeOH] mol 1 

0.0434 

0.0651 

0.0996 

0.199 

0.299 

~191-

-I 

[H2SO,._] = 1.43 x 10-3 moll 

25~C _______ _ 

_, 
ko s 

11.9 + 0.3 -
12.9 + 0.3 -
11.5 + 0.2 -

9.3 + 0.4 -
7.5 + 0.1 -



k, ~ 
RONO + Hv RONO+ 

k_, 

( 5 . 7 ) 

~ ~ 
RONO + MeOH 

kl 
ROH 4- MeONO + H+ 

Since the equilibrium constants for the formation of 

MeONO are large, under the conditions used the rea-ction 

can be considered to be effectively irreversible. If 

the value of k-& [MeOH]::>> k~1 then the rate determining 

step will becoffie protonation of alkyl nitrite. If this 

is the case then a primary kinetic isotope effect 

(kli4 /k~ > 1) t:oJould be expected. Experiments were carried 

out using D 2 S~ in acetonitrile as catalyst in the reac-

tions of Q:BuONO and "PrONO with MeOD. The results are 

shown in Tables (5.13) - (5.14). 

The results are displayed in Figure (5. 3), along 

with the results obtained using H 2 so~ . It is clear 

that the reaction is slightly faster in D 2 SO~ than H 2 SO~ 

indicating that proton transfer is not involved in the 

rate determining step. These results therefore rule 

out the mechanism in Scheme (5.7). Again in these experi-

ments there is a considerable 'ageing effect' of the 

acid solution such that when the experiments were repeated 

after 6 days the value of ko had dropped by a factor of 

ca 10 (Table 5.13 (c) ). 
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Table 5. 13 (a): 

Effect of D 2SO~ on ko for reactio~ of ~BuONO 

[ ~BuONO] 
_, 

0.01!.0 mo]. 1 [~lD] 
=I 

0.114 rno]. 1 

400 nm 

_, 
ko s 

2. 65 X 10 ~J 54.4 ~ 3.0 

5.30 X 10 ~3 129 ~ 2 -
7. 96 X 10 - 3 201 ~ 6 -

0.0106 284 ~ 12 -
0.0133 369 ~ 25 -

Table 5. 13 (b): 

Effect of D 2 S(\ on ko for reaction with ~uONO 

~ _, 
[ BuONO] = 0.010 mol 1 

-I 
[MeOD] = 0.130 mol 1 

400 run 

ko s' 

1. 82 X 10· 3 36.8 ~ 1.1 -
38.1 ~ 1. 8~ -

3.65 X 10 d3 76.8 ~ 2.4 -
5.27 X 10 d3 124 ~ 4 -

~ [MeOD] 0.0652 mol 
dl 
1 
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Table 5. 13 (c): 

Effect of D 2 SC% after 6 days for reactio~ Bith ~BuONO 

[tBuONO] 
- ol 

0.010 NUOl l [MeOlDl] 
~I 

0.114 mol 1 

400 li'lli'iiil 

[DzS~] mol 
~t 

ko 
~\ 

1 s 

-- ---- -·- ~ ---

5.30 ){ 10-3 15.8 

0.0106 24.8 

0.0133 32.0 

Table 5.14: 

Effect of D 2 SO~ on ko for reaction ~ith ~PrONO 

[t.PrONO] -· 0.010 mol 1 [MeOD] 
Qu 

0.114 mol 1 

400 nm 

_, 
[D 2SO~] mol 1 ko S 1 

61.6 + 3.2 

142 + 8 

0.0146 188 + 7 
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An alternative e~planation is that the rate liMiting 

step is the formation of a ni trosating ageli"llt from the 

protonatecl alkyl nitrite (Scheme 5.8) 

RONO + H+ 

f 
RONO+ :;;::::::::::::::::::::=::- ROH + ' NO+ I (5.8) 

The ni trosating species is written here as NO+ , 

but other possibi 1 i ties exist, namely nitrous acid or 

the nitrous acidium ion, which could be formed if there 

are traces of water in the sol vent. The derived rate 

equation for Scheme (5. 8) is griven in equation (5. 9). 
---

ko 
k, kzK [H+] [MeOH] 

(5.9) 
k-0 [ ~BuOH] + k2 [MeOH] 

This predicts that if k 2 [MeOH]))k-1[tBuOH] then ko= k,K[H+] 

and so the rate constant would be independent of [MeOH]. 
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The reaction rate constant was foun& to decrease 

markedly on the adldli tion of the parent alcohol. The 

results for the three alkyl nitrites are sho~ in Tables 

(5.15) - (5.17) andl Wigure (5.4). 

Table 5.15: 

Effect of ~BuOH on the rate of nitrosation loy tBuONO 

[tBuONO] = 0.010 mol I' 

- - -

~· [H 2 S0ty.] = 6. 84 x 10 ~l mol 1 

[ t.BuOH] mol i' 

0 

0.0108 

0.0323 

0.0539 

0.0755 

----------- 0;108 - -~~---

0.216 

0.323 

0.431 

0.539 

-197-
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[MeOH] 0.113 mol 1 

400 nm 

~I 

ko s 

143 + 2 -
88.9 + 2.1 -
67.2 + 1.2 -

51.2 + 1.0 -

39.1 + 0.5 -
25.1 + 0.3 ----------

-
16.0 + 0.4 -

9.8 + 0.2 -
6.3 + 0.1 

4.5 + 0. 1 -



Table 5. 16: 

Effect of "PrOH on the rate of nitrosation l'oy \PrONO 

["'PrONO] 

[H2 SO"'] 

~ 

0.010 mol 1 

-I 
6.84 ~ 10~3 ~1 1 

0 

0.0887 

0.178 

0.266 

0.355 

0.444 

0.532 

Table 5.17: 

[MeOH] = 0.113 Mol r 
400 nm 

ko s 1 

46.6- ~ 1.0 

20.6 ~ 0.4 -
10.3 + 0.2 -
7.0 ~ 0.1 -

5.22 ~ 0.12 -
3.41 + 0.03 -

2.99 + 0.04 -

Effect of i~AmOH on the rate of nitrosation by ~ONO 

-r -~runoHr;;;- (f.-Oib mol i' 

[H2 SO~] = 6. 84 " 10 ~3 mol 1 

• .col 
[ '$

0 AmOH] mol 1 

0 

0.0909 

0.182 

0.278 

0.364 

0.455 

-198-

400 nm 

28.5 + 0.2 -
15.8 + 0.1 -

8.59 + 0.10 -
7.81 + 0.04 -
4.27 + 0.10 -
3.72 + 0.15 -



Further in the presence of high concentrat:io!l1ls of ~BuOH 

or lPrOH the reactioli11 -was found to be no longer zero 

order with respect to [MeOH] (Tables 5.18 Clll1li!31 5.19), 

Table 5.18: 

Effect of [MeOH] in the presence of ~BuOH 

[~BuOH] 
~I 

0.414mol J 400 nm 

_, 
[MeOHl mol 1 

0.0417 0.788 + 6 X 10-3 

-
0.0626 0.944 + 0.017 -
0.0958 1. 07 + 0.05 -
0.192 1.33 + 0.01 -
0.287 1. 52 + 0.04 -

Table 5.19: 

Effect of [MeOH] in the presence of ~PrOH 

-- -·-- -----_,-----
[ "PrO NO] = 5 x 10 ~ 3 mo 1 1 

[HzSO~] = 1.43 x 10- 3 mol I' 

[MeOH] mol l- 1 

0.0434 

0.0651 

0.0996 

0.199 

0.299 

-199-

[ "'PrOH] = 0. 444 mol i' 

400 nm 

ko s~' 

0.704 + 0.050 -
0.789 + 0.055 -
0.969 + 0.047 -

1.18 + 0.04 -
1. 26 + 0.02 -



This is to be e:~tpectecl as equation (5. 9) pre<llict.s that 

the rate constant should decrease on aclclitio~ of ROH 

and should become firsit order in [MeOJH], ie k~n [ ~BuOH] 

can foe made to corn1pete '8 i th k<t, [ MeOH] . This means that 

the reaction under these concH tions liYIU.st ·be co~sidle:rr-ecl 

to be reversible (Sche~e 5.10). The derived rate equation 

for such a sche~e is given in equation (5.11). 

ROH ~ 'NO~' 

k., 

(5.10) 

'wo~ ' + MeOH ;:::==::::' MeONO + H~ 

ko + (5.11) 

k-, [ROH] ~ k2 [MeOH] 

The first term in equation (5.11) corresponds to the 

rate of ni trosation of MeOH by the alkyl nitrite and 

the second term corresponds to the rate of ni trosation 

of ROH by methyl nitrite. If the first term is much 

larger than the second term, as it must be due to the 

size of the equilibrium constant, it can be seen to 

a first approximation that if k-1 [ROH] ~ k 2 [MeOH] the 

rate constant should decrease on addition of ROH and 
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should increase on addition on MeOH. 

The observed first order rate constant was also 

found to decrease on adldli tion of water. The results 

are shown in Table (5.20). The effect possibly results 

Table 5.20: 

Effect of water on ko for reaction with tBuONO 

0 

0.0520 

0.104 

0.156 

., 
mol l 

[MeOH] 

400 nm 

13.4 +0.1 

9. 44 ~0.1 

6.71 ~0.\) 

4. 38 ~ o. 10 

~· 0.110 mol l 

---- ------ -- - -. - -0;-300--- ---- -- -2--;-55 -~-o~-t4- -- ------ -- ----------

from the basicity of water in this solvent, ie. water 

reduces the hydrogen ion activity in this solvent. 

This explanation has also been given to explain a similar 

effect in the reactions of alkyl nitrites in alcohol 

solvent [5,6]. The decrease in ko on addition of ROH 
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could therefore be eJiplained in a similar way Slli10l this 

possibility is discussed further in Section 5.5. 

All the clata obtained for the reactions of the 

three alkyl nitrites are consistent with a mechanism 

involVing rate limiting formation of a nitrosating agent, 

possibly NO+, followed by a rapid nitrosation of methanol. 

The reactivity order is ~BuONO > C-prONO > i~ONO. 

5.3 Kinetics arid mechanism of the nitrosation of 

thioglycolic acid in acetonitrile 

In view of the zero order dependence upon [Substrate] 

in the ni trosation of MeOH it was thought to be of 

interest to see if a similar effect was observed with 

other substrates. Thioglycolic acid [7] {TGA) was chosen 

as this had proved to be a sui table substrate in both 

aqueous and alcohol solution. Reactions were carried 

out in acetonitrile at 25°C. Good first order behaviour 

was obtained under the conditions used { [RONO]<<[TGA]), 

by following the appearance of the thionitrite at 330 nm. 

The value of ko was found to be independent of [ TGA] at 

high [TGA] for all three alkyl nitrites studied {~BuONO, 

""PrONO, l.soAmONO) . The results are given in Tables 

{5.21) - {5.23}. The slight upward trend in ko as [TGA] 

is increased is probably due to the fact that TGA will 
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Table 5. 21 (a): 

Effect of [TGA] on ko for reaction with ~BuONO 

[~;JlruONO] 

4. 73 " 10 ~3 27.9 + 1.4 

9. 46 X 10 ~3 38.7 + 0.4 

0.0142 37.1 + 1.0 

Table 5.21 (b): 

Effect of [TGA] on ko for reaction with ~BuONO 

[~BuONO] 
Ql 

[H 2 SO~]~ = 6.84 x 10-3 mol l 

330 run 25°C 

[TGA] mol 
_, 
1 ko s-' 

------· ------ -------

1.14 X 10-3 15.6 + 0.9 -
2.29 X 10 ° 3 18.0 + 0.5 -
4.58 X 10-3 20.2 + 1.1 -
9.15 X 10- 3 21.0 + 0.4 -

0.0137 22.2 + 0.9 -
0.0183 23.8 + 0.5 -
0.0229 23.1 + 0.8 -

~ Acid solution was three days old 
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Table 5.22: 

Effect of [TGA] on ko for reaction with LPrONO 

["PrONO] 2 x 101} mol f' 

330 nm 

_, 
[TGA] mol 1 

5.85 X 10~ 3 

0.0117 

0.0176 

[ H 2 so~ ] = 5 . 61 x H)~ rno 1 1' 
25°C 

3. 08 + 0.12 

2.97 ... 0.087 

2.99 ... 0.06 

Table 5.23: 

Effect of [ TGA] on ko for reaction with 4
so AmOH 

~~ -· 3. 07 x 10 rl\o\ \ [ i.wAmONO] 
-~ _, 

1 x 10 mo\ \ 

330 nm 

_, 
['I'~!\ ] mo 1 1 ko s~' 

8. 67 X 10 ~3 0.604 ... 0.015 -
0.0260 0.828 + 0.036 -
0.0347 0.889 ... 0.029 -
0.0434 0.924 ... 0.029 -
0.0607 1. 06 + 0.02 -
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act as a weak acid! in these solutionsp so increasin9 

the hydrogen ion activity. It can also be seen that 

the reaction is subject to the same 'ageing effect~ 

of the sulphuric acid solutions as was the case with the 

methanol reactions. This can be seen by comparing the 

results for the reaction of ~BuONO using fresh H&. SOc;. 

(Table 5.21 (a) ) andl·using three day old H 2 SO!} (Table 

5.21 (b) ). In all cases the reaction was subject to 

acid ~a~~~-y~i~~-- Results are sho'Hn in Table (5. 24)- (5. 26) 

and in Figure (5.5). 

Table 5.24: 

Catalysis by H2 S~ in the reaction with ~BuONO 

_, 
[tBuONO] -~ ~· 2 x 10 mol 1 [TGA] 0.0122 mol 1 

-· [H2 so~ 1 mol 1 

-~ -· ~- -- ·---9-;-2-7--x---10 - · -·----- --14--;-3---o---0-;--1- -

1. 85 x lo- 3 33.3 + 0.7 

2.78 X 10- 3 45.7 + 0.8 

3.71 X 10- 3 60.7 + 1. 4 

5.56 X 10- 3 105 + 8 
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Table 5.25: 

Catalysis by H~SO~ in the reaction with '"PrONO 

['-PrONO] 

330 nm 

2.80 ~ 10- 11 

5.61 ~ 10-~ 

8.41 ~ 10-~ 

1.12 ~ 10- 3 

1.40 }{ 10- 3 

Table 5.26: 

[TGA] 
~, 

0.0117 mol 1 

""' ko s 

1.13 + 0.02 -
2.97 + 0.09 -
4.59 + 0.05 -
6.73 + 0.10 -
8.20 + 0.21 -

Catalysis by H 2 80~ in the reaction with i.1>oAmONO 

[ '-~ AmONO] = 1 ~ lOll- mol i' 
_, 

[TGA] = 0.0260 mol 1 

___ ------- -------------330-nm __ _ 

3.07 X 10-~ 0.828 + 0.036 -
6.15 ~ 10 ... ~ 1. 65 + 0.03 -
9.22 X 10-~ 2.62 + 0.05 -
1.23 X 10-3 3.46 + 0.03 -
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Since tlhe rate constarnt for reactiorn is inclepenOlent 

of the [TGA], this again implies that the rate determining 

step is the formation of the ni trosating species from 

the protonail::.ed alkyl nitrite, the k, step (scheme 5.12). 

k, 
RONO ~ H+ ROH + 'NO~' 

kal 

kt 
(5.12) 

No+ + RSH RSNO + H+ 

The rate of this step would be expected to be different 

for different alkyl nitrites but should only depend 

on the acicli ty of the medium 1 and not on the substrate 

used., for any one alkyl nitrite. By comparison of the 

limiting rates of reaction at the same aci~ity this 

can be seen to be the case. Thus for ~BuONO at [HzSO~] = 

2.33 
-I 

x 10- 3 mol 1 the limiting value of ko is ca. 38 s' 
with TGA as substrate and the value of ko measured using 

------------·--------------- -- -------- ---- ----

the same sulphuric acid solution with methanol is 

38.4 + 1. 9 s-• ( [MeOH] =0.110 mol i' , [ tBuONO] =0. 01 mol i' ) . 
. -

Simil«~.rly for t.PrONO the limiting values obtained by 

using MeOH and TGA are identical (Table 5.27) 

As expected the rate constant for reaction of ~BuONO 

with TGA was found to decrease markedly on the addition 

of ~ BuOH. In the presence of ~BuOH the reaction became 
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no longeJL zero order <with respect to [ TGA], again as 

for the reactions with methanol. The results are sho'Wn in 

Table (5.28) 

Table 5.27: 

Limiting values of ko for reaction.of ~PrONO 

[MeOH] ko s~' [TGA] ko 
_, 

s 
~o\ r· mo\ r• 
0.07 31.5 + 4.9 0.03 30.1 + 0.7 - -
0. 14 32.8 + 2.5 0.06 31.9 + 0.4 - -

These results therefore add ~eight to the argu ·:·ment 

in favour of a reaction mechanism involving rate limiting 

formation of a nitrosating species~ possibly nitrous 

acid (by analogy with the reactions in water) or the 

ni trosonium ion. In order to try to distinguish between 

these t~o possibilities the reaction of 

added water was studied. 

c.PrONO with 

In the reactions so far studied, traces of water 

will al~ays be present in the solvent (even though it was 

dried and distilled prior to use) and also due to the .fact 

that traces will be added due to the H 'i. SOC} catalyst. 
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Table 5.28: 

Eff;ect of (TGA] in the presence of ~suOH 
' 

[~BuONO)= 1 X 10-4 mol 1- n (H~so4] = 1.45 x 1o-m mol 1-n 

2s=c 
i . ' . 

330 nm 

[TGA] ko s-n 

mol 1-.n a b c 

4.06 X 10-:;:s~ 13.6 '~ 0.1 0.0505 ~ 7 X 10-4 0,0127 ~ 5 X 10-4 

8.11 X 10-::!il 15.5 :~ 0 .. 2 o.o820 ~ 1.1 x 1o-~ 0.0176 ~ 2 X lQ-4 

0.0122 16.1 .±. 0. 3 0.103 ±. 4 x 1o-m 0.0255 ~ 5 X 10-4 

0.0162 17.8 ~ 0.2 0.141 ~ 3 X 10-::!il o:o3oa + 3 x 10-4 

0.0203 20.6 ±_ 0. 2 0.156 ~ 8 X 10-::!il 0.0381 ~ 9 X 10-4 

a} [~BuOH] = 0 

b) [~BuOH] = 0.216 mol 1-ll 

c) (-<l:.BuOH] = 0.431, [H2S04) solution is 24 hrs old 



This was shoBTI! by the fact tlhat '-PrOMO, when mixed! with 

the sulphuric acid solutions rapidly produced an equili-

brium concentration of nitrous acid, as detected spectre-

photometrically. This reaction was studied kinetically 

at 410 nm, following the disappearance of the alkyl 

nitrite. Good first order behaviour was observed in 

all cases. The results are shown in Table ( 5. 29) . 

-Table-5.29: 

Nitrosation of water by (.PrONO 

1. 61 X 1 0 • 3 MO 1 i' [ I.PrONO] 

410 nm 

_, 
[HzO] mol 1 ko s' 

0 22.3 + 1.4 -
0.0555 23.4 + 0.4 -

0.111 21.5 + 1.2 -
----- --

0.277 7.4 + 0.3 -

1.111 1. 73 + 0.03 -

~ 
0.04 mol 1 

----------

Above [HzO] ~ 
_, 

1.1 mol 1 the reactions were no longer 

first order Bi th respect to LPrONO and were not investi-

gated further. 
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The resul ~s show tha~ at low [ H 2 0] the reaction 

is independent of [H 2 0], but the valUie of ko fotmd is 

higher than those previously found, ie. ko ~ 22 s' at 

1. 61 X 10 ~J MOl i' compared 8i th ko ~ 31 S 1 at 

4.56 x 10-3 mol f' for the reaction of ~PrONO 

with MeOH and TGA. This discrepancy probably arises 

from the fact that the reaction with water is signifi

cantly reversible under the conditions used (as detected 

by a marked increase in the absorbance change as [H 2 0] 

is increased). This means that the value of ko will 

contain significant contributions from both the rate 

of ni trosation of Hz 0 by c...PrONO and also the rate of 

nitrosation of c..I>rOH by HNOz (cf. equation _(5.11)). 
_,-

The decrease in ko with [Hz 0] when [Hz Ol > 0.1 mol 1 

can be attributed to a medium effect as described pre-

viously. These results show that under the conditions 

used in all the ni trosation experiments in acetonitrile 

the presence of water can lead to the formation of nitrous 

acid. These results however do not necessarily prove 

step in the reactions of alkyl nitrites is nitrous acid. 

The reaction of lPrONO with TGA also occurs without 

the addition of any external acid (TGA is itself an acid). 

Experiments were carried out using (a) acetonitrile 

that was specially dried and used under a dry nitrogen 

atmosphere, and (b) acetonitrile that was purified by 
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the usual procedunre [ 8] (see Chapterr 1) . The resll!l ts 

are shown irn 'l!'aiole 5. 30. These sh~ that the reaction 

Table 5.30: 

Reaction in 'Supe:rr dry' acetonitrile 

[TGAJ 

'supe:rr dry' acetonitrile 

'normal' acetonitrile 

[c.PrONO] 
~~ -G 

5 .x 10 mol 1 

ko 1o~lo s~' 3.6 X 

1oclo s-· 1.4x 

still proceeds readily even in the absence of traces of 

wate:rr, indicating that the rate limiting step is unlikely 

to be formation of HN0 2 , rather it is more likely to be 

formation of NO~. 

Further evidence of this comes from the fac.t that 

the reaction was markedly catalysed by a soluti_o_n_con- ·-
_· ____ -·-- ---. ·-- ----- - - - ------ -

taining dry HCl gas in CH 3 CN (Table 5.31). The reaction 

was found to be zero order with respect to [TGA], indica-

ting that the rate 1 imi ting step is again formation of a 

nitrosating species. 



Table 5.3Jl.: 

Effect of HCl on rate of reaction of LPrONO with TGA 

[c.PrONO] 2 n 101!. mol f' 
... , 

0.0114 mol l ["K'GA] 

330 nm 

~I 

[HCl] mol 1 

7.82 X 10=~ 1. 36 ~ 0.05 -

1. 57 X 10-3 3.16 ~ 0.07 -
2.35 X 10-3 4.66 ~ 0.37 -
3.13 X 10-3 6.27 ~ 0.07 -

4.70 X 10-3 9.29 ~ 0.22 -

Table 5.32: 

Dependence of ko on [TGA] 

[c.PrONO] 
-4 _, 

2 x 10 mol 1 
_, 

[HCl] = 2.35 x 10· 3 mol 1 

·--- - --- --330- nnr -- - -- - --- --- 25 o c 

_, 
[TGA] mol 1 

4.15 + 0.04 

0.0114 4.66 + 0.37 

0.0171 3.95 ~ 0.05 



5. 4 Kinetics and mechanism of the reaction of ni trm11s 

acid in acetonitrile 

In orcler to obtain further eviclence for the identity 

of the active ni trosating agent in these solutions? the 

reactions of nitrous acid itself Bere studied under 

similar conditions to those used!. for the alkyl nitrites. 

Solutions of nitrous acid in acetonitrile were formed 

by ad_¢1_! ti_on of sulphur_ic_ acid in acetonitrile to. a -solu~ 

tion of sodium nitrite in acetonitrile. The presence of 

nitrous acid ~as identi-fied by the characteristic 'finger' 

absorbtion bands in the 330 - 400 nrn region [ 9]. The 

exact concentration of nitrous acid used in the kinetic 

experiments ~as difficult to determine due _to the very 

lo~ solubility of sodium nitrite. Nitrous acid was 
. . 

reacted with MeOH (to form MeOWO}, '"PrOH (to form I.PrOWO), 

~BuOH (to form ~BuONO) and TGA (to form S-nitrosothio-

glycolic acid). In all cases good first order behaviour 

was found by following the appearance of· the product 

strate]. The results are shown in Tables (5.33) - (5.36). 

For MeOH, LPrOH and TGA, the reaction is zero order 

in [Substrate], within the experimental error. For 

tBuOH the value of ko decreases slightly as [ ~ BuOH] is 

increased. This probably arises due to a medium effect 

and will be discussed later. The limiting rate constant 

. .;.2_15~ 



Table 5.33: 

Variation of ko with [MeOH] for reaction with HN02 

~c _, 
[NaN02 ] < 10 mol 1 

260 mm 

-(\, 
[HeOH] mol 1 

9.96 X 10= 3 

0.0199 

0 . 024_9_- --

0.0498 

0.0767 

Table 5.34: 
. 

21.9 -o- 0.9 -
21.2 -o- 1.2 -
26.9 + 2.7 -
24.8 + 1.9 -

22.8 + 1.1 -

Variation of ko with [lPrOH] for reaction with HN0 2 

-!l _, 
[NaN02] < 10 mol 1 

260 nm 

_, 
[ "PrOH] mol 1 

0.0149 

0.0298 

0.0446 

0.0593 

0.0744 

=216-

24.6 

30.6 

26.0 

22.7 

21.9 

+ 1.3 -
+ 1.9 -
+ 1.3 -
+ 1.3 -
+ 1.1 -



Table 5.35: 

Variation of ko with [~BuOH] for reaction with HN0 2 

ol 

mtol 1 

260 OWl 

[ ~BuOH] imol l 1 

0.0161 

- 0. 0323 -

0.0484 

ko s-' 

23.5 -o- 0.6 

16. 3 ? 0. 5-

14.3 + 0.4 

Table 5. 36 (a): 

Variation of ko with TGA for reaction with HN0 2 

-~ _, 
[NaN0 2 ] <: 10 mol 1 

-~ _, 
[H 2SO~] = 8.46 x 10 mol 1 

330 run 

-· [TGA] mol 1 

8.87 X 10-3 

0.0177 

0.0266 

0.0443 

-...217= 

25°C 

ko so' 
---- - -

15.8 + 0.6 -
19.6 + 0.4 -
21.7 + 0.4 -
23.4 + 0.5 -

~- --·---



Table 5. 36 (b): 

Variatio~ of ko with TGA for reaction with HN0 2 

[NaN0 2 ] < ~ ~· 10~ mol 1 

330 nm 

' _, 
[TGA] mol l 

5.36 X 10-3 

0.0107 

0.0161 

0. 0443· 

254 + 16 

278 + 25 

283 + 24 

349 + 16 

is the same for all the substrates at the same acidity 

(assuming that the value of ko at [~BuOH] = 0. 0161 mol f' 

represents the limiting rate). This means that the 

reaction proceeds via rate limiting formation of the 

nitrosonium ion from nitrous acid (Scheme 5.13). The rate 

(5.13) 
k-1 

kz 
No+ + S ~_,;;;...___~ Products 
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equafcion deriyecl frorm Scheme (5.13) is equation (5.14\). 

ko (5.14) 

If k
2

[S])) k~,'[H 2 0], then ko = k 1 K[H+] and so the rate 

l_imiting st;e~_ ~~comes formation of t~e nit:rosonium ion. 

This is directly analogous leo the formation of the nitro

nium ion in nitration reactions using nitric acid [ 10]. 

Here the rate of nitration of reactive aromatic 

substrates, eg. toluene, was found to be zero order 

with respect to toluene. This occured in a variety 

of solvents, including nitromethane [11], concentrated 

sulphuric acid [12] and carbon tetrachloride [13]. 

The results identified the nitronium ion as the reactive 

species. The reaction scheme is shown in Scheme (5.15). 

k, ... HzNO{ H2 0 + NOl (5.15) 

k-. 
kz 

NO/ + ArH Products 
fast 



As would be enpectecl the reac1Cioli1ls of llilitrous acid in 

acetonitrile are subject to acid catalysis. Results 

are shown in Table (5.37) 

Table 5.37 (a): 

Acid catalysis in the nitrosation of TGA 

Q' 
[ NaN02 ] < 1 0-4 mo 1 l 1 [TGA] 0.0177 mol 1 

330 nm 

-· [ H2SO~ ] mol 1 

19.6 .. 0.4 

1. 69 X 10 - 3 46.7 .. 1.5 

2.54 X 10· 3 80.2 .. 4.3 

Table 5.37 (b): 

Acid catalysis in the nitrosation of TGA 

_, 
[NaN0 2 1 < 10-4 mol i' [TGA] = 0.0443 mol 1 

330 nm 

1. 55 X 10-3 

3.10xl0-3 

6. 20 X 10 - 3 

25°C 

71.7 ~t..\ 

159 ~ q 

349 .. \b 



5.5 Discussion 

5.5.1 Acid-base behaviour in acetonitrile 

In order to try to understand the acid catalysis 

observed in these reactions, especially the 'ageing 

. effects 9 of the solutions it is necessary to review some 

of the work previolllsly reported on acid-base equilibria in 

acetonitrile [ 14]. 

Sulphuric acid [ 15], and strong acids in general, 

are known to be incompletely dissociated in this solvent. 

The one enception to this is perchloric acid [16], which 

is believed to e::tist completely in the dissociated form 

in this solvent. Because of the polar nature of acetoni-

trile (Figure 5.6), the solvent is very good at solvating 

Figure 5.6 

---H 

~ 
~ ~- (-----------

H~-.-/ 
~ -=41-----.__; 

H 

6+ §-
c N 

~ 

fJ. = 3.37 0 
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cations, but is Oll'1llY a poor solvator of amions, hence 

most anions in acetonitrile are stabilized lOy lhrniiloconjuga-

tion. The rna1jor dlissociation equilibria of sulphuric 

acid! [ 17] in tlhis solvent are slho'!:ml in eq[ll.aation (5.16). 

A simi la1r series of equilibria exist for tlhe hydrogen 

halides in this solvent [15] and the values of the equili-

brium consta1nts are shoWlTll in Table (5.38). 

Ka 
H+ + HSO;(acid dissociation) 

(5.16) 

K 

Table 5.38: 

Values of pKa and -pK in acetonitrile 

Acid -pK pKa 

Perchloric 2 ------------

Hydrobromic 2.4 5.5 

Sulphuric 3.0 7.3 

Nitric 2.3 8.9 

Hydrochloric 2.2 8.9 
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E:i!:periments have been carried out to measure the 

hydrogen ion activity of solutions of strong mineral 

acids in acetonitrile. In these experiments the measured 

hydrogen ion activity [ 17, 22] was found to give drifting 

values over the first 30 minutes and then reached a steady 

value. Over a longer time scale the hydrogen ion activity 

was found to drop markedly over periods of months [16,18], 

even though the stoichiometric concentrations of acid (as 

determined by titration} remained constant over the same 

period. The initial increase can be explained [19,20] 

in terms of a slow equilibrium process of some kind, 

possibly involving proton transfer from the acid to the 

solvent or the formation of nitrilium-like salts, of 

empirical formula CH3 CN.2HX or formation of salts of 

X 
I 

the type [ 1 9, 20] CH.3 C ~ -NHtX . The decrease in hydrogen 

ion activity over a longer per~od of time was e~plained 

[ 15, 16] in terms of the formation of a basic species 

in ace~onitrile, possibly acetamide or a polymer of 

---aceeonrtrile- rtBl;--which-- then-reduces--the-hydrogen-- i-on- ---

activity. Since the acid catalysis observed in the 

nitrosation reactions in acetonitrile follows this pattern 

it seems reasonable that the nitrosation reactions in 

acetonitrile are catalysed by the hydrogen ion. 

The hydrogen ion must necessarily be solvated by 

acetonitrile molecules. It has been shown that acetoni-

tr i 1 e [ 21 ] is a very weak base as compared to water and 
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alcohols and so as the concentration of water or alcohol 

is increased the percentage of hydrogen ions associated 

with acetonitrile will dlrop and the percentage of hydrogen 

ions associated with water or alcohol will increase. 

This is probably the cause of the mecliUJm effect observed 

when water is added to the reaction medium,. as a proton 

associated with a 8ate:rr molecule must necessarily .be 

less acidic than one associated with acetonitrile. 

This may also occur to some extent when tBuOJH is added 
- - . ·------- ·--

to the solution as the results for --nitrosatioin of 
~--- - --

BuOH 

with HNOz (Table 5. 35). show a marked decrease_ in rate 

with added ~BuOH. 

5.5.2 Mechanism of nitrosation in acetonitrile 

The results found for nitrous acid nitrosation~ in 

acetonitrile show conclusively that the n{trosating 

species involved is the nitrosonium ion. The nitrosonium 

ion most likely exists in a solvated form by acetonitrile, 

but could also be solvated by the bisulphate ion that 

must be present in solution, ie. from nitrosyl sulphuric 

acid (HSO; NO+). By analogy with the reaction with HN0 2 , 

the reactions of alkyl nitrites in this solvent are 

also likely to proceed via rate limiting formation of NO+. 

For all the ni trosating agents used the reactions 

with methanol and thioglycolic acid proceed via rate 



1 imi ti.ng formatiolrll of No+ • This rate consbalrllt has bee~ 

shown to be different for the four .ni trosatirtg agents 

used, but for each olrlle it is independent of the nature 

airM:i concentration of the substrate. Since the reaction 

is proportional to [Hl-o-] which will in turn .be appro11:i-

nruately proportiornal to [HzSO~;-], the values of ko obtained 

at different acidi th~s can be compared by siiDply di vidi.ng 

ko by [Hz SO(). ] . This is only very approxiliiThate however 

since a plot of ko against [Hz SO~] is a slight curve 

in most cases, however the results of such an analysis 

are plotted in Figure (5. 7). It can be seen that the 

value of ko I [Hz sol¢- l is approximately constant for 

each alkyl nitrite and nitrous acid and is not dependent 

on the substrate used. Further the approximate order 

of reactivity of HN02 ~BuONO "PrONO : ·,-=o AmONO can 

be deduced as 6 3 1. 5 : 1 The reactivity order 

of the alkyl nitrites is easily eltplained in terms of 

steric effects, ie. ~BuONO is more sterically crowded 

than L PrONO and so ·formation of the alcohol is favoured 

more in the case of ~BuONO than '"PrONO. The relative 

reactivity also includes the pKa of the alkyl nitrite 

and nitrous acid and since these are unkno'fiffi it is not 

possible to comment on the actual rate constant for 

formation of NO + from the protonated alkyl nitrite 

or protonated nitrous acid. 



~ am 
I===<>. 

0 
~ 

• ===<> 

!F"\1 
..$" 

0 m 
qo.J 

:E 
lhd 

' 0 
..H 
~ 

0 
<o== 

30 

20 

10 

Comparison of 
the Limiting 
rate constants 

v 

v /J,. 

v J:j, 

t. 

J:j, 

t.t. i 
v 

t:. 

/j, 
A 

t. 

~ 
:IZ 

li li li 

v 

v 

-~-- ----------- ---~-

0 

0.00 

A -t_BuOH 

\1 MeOH 

~ TGA 

0.05 

[~ub$t r~t ~] 

-226= 

HN(h 

tBuONO 
v 

lPrONO 

iAmONO 
----~------

0. 10 0. 15 

mo L/L 



'References: 

.L J~F.Coetzee and G.R.Padmana.bhan, J.Pbys.Cheinm., 1965, 
~'2,, 3193. 

2. Z.Kri9sfalussy and. A.Bruylants, BulLSoc.ChJilliru.JBelg., 
1964,- 73, 96; ibid!, 1965, 74, 17; · Z.Kricsfalussy, 
A.Bruylants and A.Dalco, ibid,-==:J967, 76, 168. 

3. M.P.Doyle, J.'W.Terpstra, . R.A.Pickering and D.M.Le 
Poire, J.Org.Chem., 1983, 48, 3379. 

4. S.A.Glover, A.Goosen, C.W.McCleland and F.R.Vogel, 
S.Afr.J.Chem., 1981, 34, 96. 

5. A-. D. Allen and G~-R~ Schonnaum, Can·.-J :Chern., 196·t·; -39, 
947. 

6. S.E.Aldred and D.L.H.Williams, J.Chem.Soc., Perkin 
Trans.2, 1981, 1021. 

7. P.A.Morris. and D.L.H.Williams, J.Chem.Soc., Perkin 
trans.2~ 1988, 513. 

8. G.J.Janz and R.P.T.Thompson, Nonaqueous Electrolytes 
Handbook, Volume I, Academic Press, New York, 1972. 

9. J.V.L.Longstaff and K~Singer, J.Chem.Soc., 1954, 
2604; N.S.Bayliss, R~Dingle, D.W.Watts and R.J.Wil
kie, Australia.J.Chem., 1963, 16, 933. 

10. J.H.Ridd, Adv.Phys.Org.Chem., 1978, 16, 1. 

11. G.Benford and C.K.Ingold, J.Chem.Soc., 
E.D.Hughes, C.K.Ingold and R.I.Reed, 
1950, 2400. 

1938, 929; 
J.Chem.Soc., 

----- ---- ---

12. J.W.Chapman and A.N.Strachan, J.Chem.Soc., Chern. 
Commun., 1974, 293. 

13. T.G.Bonner, R.A.Hancock and F.R.Rolle, Tetrahedron 
Letters, 1968, 1665; R. G. Coombes, J. Chern. Soc. (B), 
1969, 1256. 

14. J.F.Coetzee, Prog.Phys.Org.Chem., !, 1967, 45. 

15. I.M.Kolthoff, S.Bruckenstein and M.K.Chantooni,Jr., 
J.Am.Chem.Soc., 83, 1961, 3927. 

16. I.M.Kolthoff and S.Ikeda, J.Phys.Chem., 65, 1961, 
1020. 

17. I.M.Kolthoff and M.K.Chantooni Jr., J.Phys.Chem., 
66, 1962, 1675. 

-227-



18. I.M.Kolthoff, M.K.Chantooni Jr. and\ S. BfrnoBiMli lk, 
Anal. Chem. , 39, 1967, ]. 627. 

19. G.J.Janz and S.S.Danyltnk, J.Am,Chem.Soc., 81, 1959, 
3846. 

20. M.Kinugasa, K.Kishi and S.Ikedo, J.Phys.Chem., 1973, 
77, 1914. 

21. I.M.Kolthoff and M.llC Chantooni Jr., J.Am.Chemru.Soc., 
1968, 90, 3320. 

22. I.M.Kolthoff and M.K.Clhantooni Jr., J.Am.Cheliiil.Soc., 
1965, 87, 4428. 

=228-



CJHIAJP'TER 6 

NITROSATION-OF AMINES AND KETONES IN ACETONITRILE 

In Chapter 5, the reactions of alkyl nitrites and 

nitrous acid in acetonitrile were shown to be kinetically 

zero·order with respect to [substrate], and were explained 

in terms of rate 1 imi ting formation of the ni trosonium 

ion. It was expected therefore, that with less reactive 

substrates the rate determining step might be the nitrosa-

tion of the substrate. 

6.1 Nitrosation of 6-diketones 

The reaction of ketones with nitrous acid have 

__ peen __ _.l._Qng_k_np~ ___ synthe_t_i_c_ally ___ [_L]_,_but ____ i_t_has __ only_ ___ ------

recently been shown that the reaction occurs via the enol 

form [2] (Scheme 6.1). The reactions yield the C-nitroso 

species, which under acid conditions rapidly isomerise 

to give the oxime products. The enol form of the ketone 

was identified [2] as the reactive species in these 

reactions because under certain experimental conditions 

the reactions became zero order with respect to the 
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I K 01!-ll 

llf -o- RCHr~R i ~===== RClHl===bR' -o- H + 

IH ft 
HRNO( -o- RcH---c R'----~ RCH~CR' 

6 L . 
NO 

fast 

n 
RC~CR' 

IJ 
NOH 

(6.1) 

nitrous acid concentration, indicating that the rate 

limiting step was enolization of the ketone. The measured! 

rate constant for enolization was in good agreement ~i th 

reactions [ 4]. In the case of acetylacetone it ~a.s 

not possible to make the enolization rate limiting dlue 

to the lower reactivity of the enol. 

In solution, ketones e~ist in equilibrium ~ith 

their enol forms. For most simple ketones the percentage 

of enol in aqueous solution is very small, whereas for 



6-di~etones much more enol e~ists, eg. for aceiylacetone 

[5] ];{ is 0. 2. However in non-aqrueous solutions tlh.e 

percentage [6,7,8] of the enol forM is increased Markedlly. 

This is explainecl in terms of .enhanced! solvation of 

the IiliM)St polar form (the ketofonvn) by the highly polar 

water molecules. In the case of B-diketones [9,10] 

the enol form is stabilized by the formation of a si:~t 

melliilberedl cyclic structure, as shown in equation (6. 2). 

0- _, 
I 
I 

I 
I 

I 
I 

( \ : (~6.21 

C(~~-~/ CH, 

This explains why in aqueous solution, although the K 

of acetylacetone is small, it is still many orders of 

and methylethyl ketone [ 11]. In nom aqueous solution, 

where the keto form is not stabilized to the same extent 

as in aqueous solution, the percentage enol is increased 

markedly. 
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6.1JNitrosation of acetylacetone in acetonitrile 

The percentage enol of acetylacetone (AA) in acetoni-

trile was estiroatecl from the N.M.R. spectrum. The 9 H 

che~ical shifts relative to THS are shown in Table (6.1) 

and the estimated percentage enol is ca 67% (KE=2) 

-

Table 6.1: 

'H N.M.R.spectra of AA in CD1CN 

1. 58 

1. 76 

3.18 

5.16 

Relative 

intensity 

6.0 

3.0 

1.0 

1.0 

assignment 

CH3 keto 

CH1 keto 

CH enol 

The reaction of acetylacetone with tertiary butyl nitrite 

(~BuONO) was shown to yield the expected oxime by compari-

son with the U. V. /visible and infra red spectra of a 

sample prepared from nitrous acid. The reaction was 

followed kinetically at 375 380 nm where only the 

alkyl nitrite absorbs significantly. Good first ordler 



behaviour ~as obtained by monitoring the disappearance 

of the alkyJL nitrite under conditions where 

[ ~BuONO]<< [AA]. 1'he reactions Bere found! to be first 

order with respect to [AA] and! aJLso to be apprmdmately 

first order with respect to [H2, SOC} ] • The results are 

shown in 1'aible (6. 2) and! (6. 3). A plot of ko against 

[t.BuONO] 

Table 6.2: 

Variation of ko with [AA] 

380 nm 

_, 
[AA] mol 1 

0.0202 

0.0808 
--~-----

0.143 

0.287 

0.430 

0.922 

2.2i 

5.07 

10.9 

14.4 

+ 0.029 -
+ 0.04 -

-------

+ 0.19 -
+ 0.1 -
+ 0.4 -

-· ~~ slope= 34.6 + 2.1 1 mol s 

intercept = 0.1 
• I 

+ 0.5 s 

-233-
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Table 6.3: 

Variation of ko with [HtSO~] 

[~BuONO] -· 1 x 10~ 3 mol 1 [AA] 
Ql 

0.0161 mol 1 

375 OliO 

-u ~I 

[H~SO~] mol 1 ko s 

---.- -

0.0117 3.94 ~ 0.14 -
0.0234 10.4 ~ 0.3 -
0.0351 16.6 ~ 0.6 -
0.0468 22.3 + 2.1 -
0.0585 31.6 + 1.3 -

These results suggest that the rate determining 

step is the reaction of the ni trosating species with 

acetyl acetone. The rate constant was also found to 

_ dec:r:ease markedly on ~the ___ addi_tion of_ ~BuOH. ______ Results 

are shobm in Table (6.4). 

This indicates that the alkyl nitrite itself is 

not the nitrosating agent and is consistent with the 

formation of an equilibrium concentration of the nitroso-

nium ion which then reacts with the enol form of the 

ketone in the rate determining step. This will be dis-

cussed further in Section 6.1.4. 



Table 6.4 (a): 

Effect of ~BuOH on ko at low acid concentrations 

=\ 
[AA] 0.0314 mol 1 

[Hl'i1.SO(:.] 8. 99 x 10~~ mol f' 375 rull 

0 

0.0205 

0.0410 

o\ 
ko s 

0.0373 ~ 4.4 X 10-3 

4.13 X 10 3 ~ 3.2 ~ 104 

2. 43 X 10 3 + 3. 2 X lOot} 

Tab 1 e 6 . 4 (b) : 

Effect of ~BuOH on ko at high acid concentrations 

_, 
-'<. ~~~ _, 

[ BuONO] = 5 x 10 mol 1 [AA] = 9.64 x 10- 3 mol 1 
. ., 

[H"SO~] = 0 .. 0351 mol 1 375 run 

~ ~· .. , · ··· ·-· --- -- ---- -- -[-- BuOH-l mol-l--- -- ---- ... ----- --k()-S------ ----. 

0 

5. 26 X 10-3 

0.0158 

0.0316 
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0.206 ~ 0.029 

0.155 ~ 0.006 
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6.1. 2 Nitrosation of 1,1,1,-trifluoroacetylacetone 

1,1,1,-trifluoroacetylacetone (TAA) is known to 

exist almost totally as the enol form in non aqueous 

solution. N. M. R. measurements in d 3 -acetonitrile now 

confirm this is the case (Table 6. 5), as there was no 

detectable signals due to the keto form. 

Table 6.5: 

'H N.M.R. data for TAA in CD3 CN 

6 ppm 

1.83 

5.63 

13.88 

Relative 
intensity 

3 

1 

1 

assignment 

CH Enol 

CH Enol 

0-H Enol 

The enol of TAA can -exist rn two forms. 

are shown in equation ( 6. 3). 

rrH ~ ...... ,~~a 
l ~ 

/'/\ 
C~ CH CH3 

( 6. 3 ) 

-237-

It is known [ 13] that 



the 'CaU~toliiller on the left hand sidle of eq[lllat.li.on (6. 3) 

is the favoured form i~ the rapid equilibri~.. Hith 

0. 4 in heJtane. 'lrhe presence of the CF~~ group has 

the effect of making the enol forllill electron dlefic:li.ent 

coMpared with acetylaceto~e. This can be see~ illll an 

increase in the acidity of the proton of the OIH lboncl,. 

the pKa values in water beillllg 6. 7 [ 14] for _TAA and 8. 87 

[15] for AA. 

The reaction of TAA with nitrous acid has been 

studied very recently in aqllieous solution [ 16]. The 

product of the reaction, presumably the oxime, Has not 

isola.ble, a\nd indeed there has been no report of the 

synthesis of such a cornpound in the 1 i t~rature. The 

reaction was found to proceed readily in aqueous solution, 

the product absorbing in the 220-230 nm region. The 

results were interpreted in terms of a reaction via 

both the enol and enolate anion form, from the observed 

rate constant dependence upon the acidity. 

The reaction of ~BuONO and TAA was found to proceed 

reacH ly also in acetonitrile sol vent, the spectrum of 

the product had a peak in the 220-230 nm region. 'H NMR 

experiments in deute~ochloroform showed that the signal 

due to the proton of the carbon-carbon double bond 

disappeared along with the enol 0-H proton signal. 

Also the signal from the CHl of the enol disappeared 

~238 ... 



airull a new Cll-ll3 siglTllal appei:mrecl. The results allre shoWinl 

in Table (6.6). These dcEl.ta sho~ that the nitroscEl.tion Must 

occwr at the enolic car.bolTll-carbon double bond, and are 

consistent with the for~tiolTll of the o~i~e. 

Table 6.6: 

VH N.M.R. data for nitrosation of TAA in CDCl~ 

Enol 

assignment 

2. 13 CH?i 

5.86 

14.23 0-H 

2.36 

11.76 

Product 

assignment 

=N-0-H 

____ The_r:eaction._of .~BuONO with_TM_was __ studied. kinetL:- __ 

cally in acetonitrilQ by two methods. Firstly the reaction 

was studied by following the appearance of the product 

at 220 run and secondly the reaction was studied by follo

wing the disappearance of the alkyl nitrite at 370 nm. 

In both ca,ses good, first order behaviour was found when 

the reactions were carried out with [ ~BuONOJ<< [TAA]. 

The reaction was fou.nd to be first order with respect 
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to [TAA] (Table 6.7) ancl was catalysed by aclcled s~lphuric 

acicl (Tables 6.8 ancl 6.9) 

[H 1 SO~] 

T.a.ble 6.7: 

Variation of :ko ~ith [TAA] at 370 nm 

~t 

2.34 ~ 10-2 mol 1 [~BuONO] -(;) -· 7 ~ 10 Mol 1 

_, 
[TAA] mol 1 

7.23 X 10- 3 0.2'2.8 + 9 it 10 -3 

14.5 X 10- 3 0.445 + 0.049 -
21.7 X 10- 3 0.707 + 0.040 -
28.9 X 10-3 0.976 + 0.041 -
36.2 X 10 -3 1. 20 + 0.02 -

-· -· slope= 34.3 ~ 0.73 1 mol s 
_, 

intercept =- 0.-03 -+ o.-02 s-
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Talb1Le 6.8: 

Variation of ko ~ith [H~SO~] at 370 nm 

[TAA] -· 14.5 x 10~ mol 1 

_, 
ko s 

0.0234 0.445 -t 0.049 -
0.0467 0.751 + 0.047 -
0.0701 1. 22 + 0.03 -
0.0935 1. 27 + 0.06 -

0.117 1. 65 + 0.08 -

_, 
slope = 12.5 ~ 1.4 1 mol -· s 

· 0 189 0.119 s·' Intercept = • -t 

Table 6.9: 

Variation of ko ~ith [H 1 SO~] at 220 nm 

[TAA] 1.44 x 10- 3 mol i' [~BuONO] = 1 x 10~ mol i' 

[HtSOttT mol t- ------ ---- -- --- ______ , ______ -- ----------

ko s 

0.0217 0.0406 + 1.2x 10-3 

-
0.0435 0.0436 + 3.2 X 10-3 

-
0.0652 0.0470 + 3.4 X 10-3 

-
0.0869 0.0728 + 3.6 X 10-3 

-
0.109 0.0895 + 0.0129 -

-· slope = 0.585 + 0.127 1 mol •I s 

intercept= 0.0205 + 9.1 x 10 3 •I s 



Plots of ko against [HI~ SO(} ] (Figure 6. 2) at t!hle 

t~o clifferent [TAA] both gave straight lines ~ith subs~-

tial positive intercepts. Suclh plots can be eJtplairned 

if the reaction of TAA occuurs via both the enol Sllllli!31 

enolate anion forms. This is shown in Scheffie (6.4). 

Ka 
Enol Enol ate -o- H"" 

= 
E E 

RONO -o- H+ + 
kl 

E Oxime 

RONO H+ E 
kt 

Oxime (6.4) -o- + 

but Ka 

and [TAA] = [E-] + [E] 

k, [H+]2 [TAA] [RONO] 
therefore Rate 

+ 

Ka + [H~] 

(6.5) 
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If [ H ? ] >> Kat, equation ( 6. 5) leads to the Oie:ri vedl 

value of ko (equation 6.6). This predicts that a plot of 

ko (6.6) 

ko against [TAA] should give a straight line with zero 

intercept and a plot of ko against [H +] should give 

a straight line with slope k 1 [TAA] and intercept 

kt [TAA]Ka. From the data in table (6.8) and (6.9), 

the values of k, (by assuming [H+]~[HLSO~])and k~Ka can 

be obtained. Using the average value of k~ Ka the value 

of kc can also be obtained fro!lii the data in Table (6. 7). 

The results are shown in Table (6.10). The agreement 

between the three sets of data is reasonably good. These 

results will be discussed further in Section 6. 1. 4. 

Table J), 10: 

_, _, 
Data k, 1 2 mol -z s-' ktKa 1 mol s 

Table 6.8 862 -o- 97 13 + 8 - -

Table 6.9 406 -o- 89 14 + 6 - -
Table 6.7 867 + 32 -



6. 1. 3 Ni trosation of 1, 1, 1, 5, '5", 5 hexafluo:toacetyl-

acetone 

1,1,1, hexafluoroacetylacetone (HAA) also 

exists almost entirely as the enol form in non aqueous 

solution [10,12]. 'H N.M.R. measurements in acetonitrile 

confirm that this is the case (Table 6.11), and the enol 

0 ppm 

2.85 

6.1 

Table 6.11: 

'H N.M.R. data for HAA 

Relative 
intensity 

1 

14 

assignment 

C=CH 

content is estimated at 97%. As was the case with TAA, 

there has been no report in the literature of the ntt_:c_o~_a=-

tion of HAA .. The reaction of HAA with tBuONO did proceed 

readily in acetonitrile, the product forming at 240 run. 

Attempts to isolate the product failed. 0 H N.M.R. e~peri-

ments in CDl CN showed that the signal due to the enol 

proton at 6 = 6. 1 ppm disappeared indicating that reaction 

occured at the enolic carbon-carbon double bond. 
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The reaction of -~::BuONO ~i th HAA ~as studied kineti-

cally in acetonitrile by both follo~ing the appearance of 

the product at 220 nm and the disappearance of the alkyl 

nitrite at 370 nm. In both cases goocl first order beha-

viour ~as found when the reactions ~ere carried out 

with [ ~BuONOJ<< [HAA]. The reaction ~as found to be 

first order with respect to HIAA (Table 6.12) but was 

not catalysed by sulphuric acid (Table 6.13). 

Tab 1 e 6 . 12 ( a ) : 

Variation of ko with [HAA] at 220 nrn 

[tBuONO] 
0~ -1 

5 x 10 mol 1 4. 92 X 10 - 3 MO 1 f' 

_, 
[HAA] mol 1 ko s- 1 

7. 23 X 10-lt 

- - --- - -- - - - -- - - -1. 4 5 X 1 0-) 

-it 0.0287 ~ 8 X 10 

0.172 + 0.014 

-1 -1 
slope = 39.9 ~ 0.8 1 mol s 

intercept = 1 X 10-3 + 2 X 10-3 S1 
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Table 6.12 (lb>): 

Variation of ko with [HhA] at 370 n~ 

-I _, 
[-~:BuONO] 5 X 10~ mol 1 [H'LSO~] 0.0109 mol 1 

~a 

[fl!AA] mol 1 

5. 03 X 10~ 3 

7. 55 X 10 - 3 

0.0127 

0.0167 

o~-o201 

ko 

0.163 + -
0.331 + -
0.401 + -
0.606 + -
0.751 + -

~· s 

0.012 

0.018 

0.019 

0.034 

0.019 

-1 -· slope= 36.4 + 4.1 1 mol s 

intercept = 1 x 10 3 + 0.05 ~· 

Table 6.13 (a): 

Variation of ko with [H 1 S04 ] .at 220 nm 

[~BuONO] = 5 x 10~ 
-I 

mol 1 

-I 
[HtSO~t-1 mol 1 

- __ 4 ___ 92 X 1-0- "-

1.24 X 10-3 

2. 48 X 10 -3 

3. 72 X 10 -3 

4. 92 X 10 "3 

0-. 0196-+- 7 X -10- 4 

0.0247 + 3 X 10"4 

0.0320 + 2.0 X 10"3 

0.0236 + 1.1 X 10-3 

0.0287 + 8 X 10~~ 

_, 
mol 1 



Table 6.13 (b): 

Variation of ko with [H~SOb] at 370 nm 

[~BuONO] 
_, 

mol 1 

=I 
[H~SO"'] mol 1 

0.0115 

0.0229 

0.0344 

0.0458 

0.0573 

[HAA] 

0.198 + -

0.192 + -
0.172 

0.182 

0.202 + -

~I 

5 . 81 x 1 0 ~3 mo 1 1 

9 X 10 -J 

8 X 10-3 

+ 0.014 -
+ 0.017 -
8 X 10-3 

The absence of acid catalysis can be explained if 

the reaction occurs via the enol ate anion only. By 

analogy with equation ( 6. 6) the derived value of ko is 

equation (6.7), which predicts that the reaction rate 

ko = k1 Ka [HAA] (6.7) 

should be first order in [HAA] and should be independent 

of [H¢ ] . The values of ktKa obtained from the four sets 

of data are, 39.9 + 0.8, 36.4 + 4.1, 35.5 + 5.9 and 

32.5 + 1. 9 
•I I 

1 mol s- , which are all in good agreement 

with each other. 

I -



6. 1. 4 lDiscussion 

All the results obtained for the reaction of "BuONO 

with the three acetylacetone derivatives are consistent 

with reaction involving the enol or enolate form of 

the ketone. The nitrosating species involved, by analogy 

with the results obtained in Chapter 5, is likely to 

be the ni trosonium ion. This is shown by the decrease 

in reaction rate on the addi ti6n of t.BuOH (although some 

of this decrease probably arises from a medium effect). 

The reaction scheme is shown in Scheme (6. 8) and the 

derived rate equation is equation (6.9) 

ko 

K 
t BuONO ~ H{>r=====~ 

+ k. 
NO ~ E ---~ Product 

kt- ------ - - -
--<~ Product 

K[H+] ~ [ROH] 
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Clearly in the absence of added [ c;:BuOHJ, the value of 

ko should! li'llOt be constant thrmA<QJhout the reaction as 

[~BuOH] Bill increase as the reaction proceeds. This is 

contrary to what is observed eJt~riMentally as good 

first order behaviour is observed! over 2-3 halflives. 

A possible e::n:planatio:n of this is if K[H -4- ] >> [ROH], 

but this would lead to the observ'ation of no acid cata

lysis for the reaction with the enol and a retardation 

of the rate by acid for the reaction with the enolate 

anion. A flirther explanation is if the alkyl nitrite 

is undergoing a rapid hydrolysis to nitrous acid with the 

traces of Bater present in the solution and then the 

nitrous acid can then react by forming NO+ which reacts 

with the substrate. 

competing with the 

nitrite. Evidence 

In other words Bater is effectively 

enol for reaction with the alkyl 

for this comes from the fact that 

when an alkyl nitrite and sulphuric acid are mixed in 

acetonitrile an equilibrium concentration of nitrous 

acid is rapidly formed (see Table 5. 29). The reaction 

_scheme __ is ___ shown_in Scheme __ (6.1Q_) --and--the-derived- -rate-------

equation is shown in equation (6.11). 

(6.10) 

HNOt + H+ + E 
k, 

Products 
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ko ( 6.11 } 

If the value of K[HtOl» [~BuOI!i] then ko = k 0 [H.c.][E] 

and so ko ~i 11 be constant throughout the kinetic run 

despite the increasing [~BuOH]. Further evidence for this 

type of mechanism comes from the fact that when "PrONO 

and AA are reacted under the same concH tions the reactions 
. 

are not first order with respect to [bPrONO], but on the . 
addition of ~PrOH to the solution the reactions do become 

first order. This is shown in Table (6.14). In this case 

the value of K is likely to be smaller than that for 

tBuONO by analogy with the results found in aqueous 

solution [17]. 

The three acetylaceto~e derivatives show interesting 

trends in their reactivity in acetonitrile. For acetyl-

acetone the reaction appe'!f_~ ___ t_<?_ -~~~ __ ,through the enol 

form only, for hexafluoroacetylacetone the reaction 

appears to occur through the enolate anion only and 

trifluoroacetylacetone appears to react through both forms. 

The values of k, , for reaction. with the enol form 

(obtained by assuming [ H ~ l-::: [ H ~,so,.. ] ) and k1. Ka for reaction 

of the enolate form are shown in Table (6.15). 
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Table 6.1.4: 

Reaction of ~PrONO with AA 

[ ~f>rONO] = 2 x t0- 3 mol 1-n 380 nm [ ~PrONO] = 2 x :to-:::;~ mol 1-n 380 nm 
[HaS04] = 4.44 x to-~ mol 1-n [H~so«J.] .= 4.64 ~ 10-~ mol 1-n 
[AA] = 0.0809 mol 1-n [AA] = 0.0808 mol 1-n 

I 

[ llPrOH] = 0.02 mol 1-n 

times Vt (mv) ko s-n timeS Vt (mv) ko s-n 

& 0 t4.5 0 t2.60 ['V 
Ol 
!=!> 
I 0.5 t0.1 0.86 5 11.00 0.041 

1.0 7.6 0.79 10 9.80 0.039 

1.5 6.1 0.73 t5 8.76 0.039 

2.0 5.1 0.69 20 7.90 0.039 

2.5 4.5 0.63 25 7.40 0.036 

3.0 4 0.59 30 6.80 0.037 
i 

3.5 3.6 0.57 I 35 6.40 0.036 ! 

4.0 3.3 0.54 40 5.90 0.037 

1.9 3.90 

mean ko = 0.68 ~ O.tt s-n I mean ko = 0.038 ~ 2 x 10-:::;~ s-n 



Table 6.15: 

Values of k, 

AA 

TAA 800 13 

HAA I'Vo 40 

It is clear that the enol of acetylacetone is much 

more reactive than that of trifluoroacetylacetone, as 

expected considering the powerful electron wi thdrat:;Jing 

effect of a trifluoromethyl group. For reaction with the 

enol ate anion it is not possible to obtain the actual 

values of k 1 since the Ka values are not known. In 

aqueous solution the Ka value of HAA [18] (pKa = 4.71) is 

ca 100 times larger than that of TAA (pKa 6.7). If 

such a difference occurs in this solvent then the value of 

ka.- for TAA '8ould be- greater -than- -that-of -HAA,---aga-i-n-in------

accordance t:;Ji th the electron wi thdrat:;Jal effect of two 

trifluoromethyl groups compared with one. 

The fact that HAA only reacts via the enolate anion 

can be explained in terms of a very low reactivity of the 

enol form, due to the presence of two C~ groups, but the 

presence of negative charge in the enolate anion would 
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roe e;n;pectecl Ito assist the nucleophilic attack of the 

carbon-carbon dlouble bond on the nitrosonium ion. Tlhis 

is slhoWKll in FiQJUre (6. 3). For acetylacetone, the p]){a 

Figure 6. 3 

0 

( c-o 
/~ I 

Cs CH ( 

J \ 
N01- (~ 

value in water is much larger (pKa = 8.87) [15] and so the 

concentration of the enolate anion may be too small 

under the conditions used for reaction to occur via this 

form. 

For TAA two possible isomers can exist in solution· 

(equation 6. 3). One isomer has a ~ group adjacent 

to the C=C bond and would be expected to behave more like 

the HAA derivative, whereas the other isomer, with the CH~ 

group adjacent to the C=C bond would be expected to behave 

more like the AA derivative. This would explain why TAA 

shows behaviour that is a mixture of that found for the 

other two derivatives. 
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acetonitrile 

Due to t~e large amount of literature on the synthe-

tic uses of alkyl nitrites in the ni trosation of amines 

[ 19] it ~as thought to be of interest to investigate the 

mechanism of these reactions in acetonitrile as solvent. 

Many procedh.!Jtes in the literature use an alkyl nitrite 

(typically amyl nitrite or tertiary butyl nitrite) and the 

amine, in a solvent such as acetonitrile or chloroform 

~ithout any·acid catalyst. When this ~as tried in aceto-

nitrile the reaction proceeded readily ~ith primary 

aromatic amines (aniline, IP"""'toluidine, p-chloroaniline), 

but the reactions ~ere complicated by the formation of 

triazines by coupling of the diazoniWi'l ion ~i th the 

unreacted amine. When an arolii'llatic secondary amine ~as 

used (N-methylaniline or diphenylamine), the reaction 

proceeded readily to form the nitrosamine but the nitro-

samine reacted further in both cases again making it 

imp_os~_i_ble __ for ~h_e_ react;ion to be studied. The side 

reactions in this case are unkno~ but the same reactions 

could be effected by using a sample of the nitrosamine in 

acetonitrile indicating that the nitrosamine must be 

formed in the first step. No reaction ~as observed ~ith 

primary and secondary aliphatic amines under the condi-

tions used. 
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Wlhen an e~cess of sulphuric acidl 'l:!ats used in the 

reaction of the primary aromatic amines, the expected 

diazonium ion was formed quantitatively t;ri th the absence 

of any side reactio~s. The cliazonium ion ~as identified 

by coupling wi tlh 2-naplhthol ~6:-8-disulphonic acid in 

borax buffer. This was calibrated by using the diazonium 

ion produced from the reaction of p-toluidline and nitrous 

acid in aqueous solution. The extinction coefficient 

at 510 nm. 

'rhe results using tBuONO and p-toluidine in acetonitrile 

are shown in Table (6.16) 

Table 6.16: 

Formation of the diazonium ion from p-toluidine in CH 3CN 

[toluidine] 
-& 

mol 1 

0.0113 

. -----0-.-01-13-----

[tBuONO] ., 
mol 1 

0.12 

0 .-1-2-- -- - -5.-52 x-1 o-=-"---

Abs 510 [ ArN;] 

mol Q"' 

0.113 2.5x10~+ 2xl0
5 

-~ -~ -0.-271 -- --5.--8x10-~-3xl0------

The reaction of ~BuONO with N-methylaniline (NMA) 

also occurred readily in the presence of H t SOct , but the 

nitrosamine underwent further reactions (possibly the 

Fischer-Hepp rearrangement). It was, however, possible 
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to study the ini ti.al ni tros01tion re01ction because tmder 

the conditions used! the rate of formation of the nitro-

saMine was much faster than its subsequent reactions. 

The reactions of ~BuONO with anilinep ~-toluidine and 

NMA were studied kinetically in acetonitrile. Reactions 

were carried out under conditions where [~BuONO].(<. [Amine] 

and also [H'l.. SO~ ])'7 [Amine]. Under these conditions the 

amine is essentially completely protonated, as_deteq_t~& by 

the U.V. spectrum. Good first order behaviour was 

observed by following the appearance of the diazonium 

ion or the nitrosamine in the 280-330 nm region. For all 

three amines the reaction was first order ~ith respect to 

the amine concentration. Results are shown in Tables 

(6.17)-(6.19) 

Table 6.17: 

[i.BuONO] 

slope 

Variation of ko with [aniline] in CH~CN 

1 X 10-~ mol 
-I 
1 

330-nm---

[aniline] mol 

2.18 X 10- 3 

4.36 X 10-3 

6.54 X 10 -3 

8.72 X 10-3 

0.0109 

-I 

1 

_, 
18.6 + 1.2 1 mol ·I s 
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_, 
[HLSO~] = 0.0573 mol 1 

-- -25~G- ~-~-- - -

0.0223 

0.0549 

0.0919 

-I 
ko s 

+ 1.9 -
+ 4.3 -
+ 1.4 -

X 10- 3 

X 10- 3 

X 10 -3 

0.131 + 0.010 -
0.187 + 0.018 -

intercept 0.02 + 
•I 

0.01 s 



Table 6.18: 

Variation of ko with [p-toluidine] in CH~CN 

o\ 

[~BuONO] [HtSOI(,] 0.0507 liilOl 1 

[toluidine] mol i' ko s-' 

[~BuONO] 

slope=23.9 

2.25 X 10 ° 3 0.0346 ~ 1.3 X 10-3 
-

4.-51 -X- 1 o=- 3- 0.-0638 ~ 1.6 -x--10 -:3 
-

6.76 X 10 ° 3 0.0797 ~ 6.4 X 10-3 -
9.01 X 10-3 0.106 ~ 5 X 10-3 

-
0.0135 0.182 ~ 0.014 

slope= 12.8 ~ 1.1 1 mor i 6 

intercept = 1 X 10q3 ~ 9 X 10- 3 S 1 

Table 6.19: 

Varia.tion of ko with [NMA] in CH3CN 

5 X 165 
mol 

., 
1 [H~..so~ 1 = 0.189 

- --------- ~----

330 nm 25°C 

[NMA] mol i' ko 
-I 
s 

1. 63 X 10 -3 0.0494 ~ 1.3 X 10-3 

3.26 X 10 "3 0.0826 ~ 5.0 X 10 -3 
-

4.89 X 10-3 0.114 ~ 3 X 10-3 
-

6.52 X 10 "3 0.173 ~ 5 X 10 -3 
-

8.16 X 10 "3 0.199 ~ 2 X 10 -J -
_, 

mol 

+ 1.7 1 mol -· s intercept=7x10~ 3 + 9x10 -3 
- -
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An e:~rperiliiilent; Bas carried! out using [ t;o].u.icline ]<< 

[~BuONO]. Again gooo first order behaviour ~as obtained 

by following the appearance of the diazoni~ ion and the 

reaction was first; order with respect; to [ ~BuONO]. 

These reslUllts are shot-:m in Table (6.20). 

Table 6.20: 

Variation of ko with [~BuONO] for reaction with p-toluicline 

[p-toluidine] 

330 run 

6.92 x to- 3 

0.0234 

0.0395 

0.0566 

0.0811 

-I 
mol 1 [ H1.SO<}] 

25°C 

-· ko s 

0.0225 

0.0551 

0.0706 

0.0892 

0.106 

slope = 1.1 
~- --~1 •I 

-o- 0.1 1 mol s 

intercept = 0.023 + 6 X 10" 3 S1 

ol 

0.0222 mol 1 

The effect of acidity on ko was also investigated. 

For aniline, at low acid concentrations the reaction 

rate was independent of [HtSO~ ], but at higher concentra-

tions the rate increased as [H t so~ ] increased. The 

results are shown in Tables (6.2Q) - (6.23) 
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Table,. 6_ 2J·: 

Effect of [H 1S~ ] on :rrate· of nitrosation of amiline 

_, 
[tBuONO] 1 x 10~ moJL i' 

330 nm 
[aniline] = 2.18 x 10-3 mol 1 

25°C 

_, 
[Hz.SO,..] mol 1 

0.0176 0.0211 + 1.7x 10 - 3 
-

0.0352 0.0241 + 1.9x 10-3 
-

0.0528 0~0239 + 1.4x 10 -3 

-
0.0704 0.0174 + 2 X 10- 4 

-
0.0880 0.0265 + 2.2 X 10 3 

-

Table 6.21: 

Effect of [HtSO~] on the rate of nitrosation of aniline 

_, 
[tBuONO] = 1 x 161t mol i' 

330 nm 
[anilineJ = 1.9 x 10-3 mol 1 

_, 
[Hz.SO~t ] mol 1 

0.0155 

0.0310 

0.0466 

0.0776 

0.109 

0.140 

0.233 

1. 

25°C 

0. 0234 + 1.1 X 10-3 

0.0262 + 9 X 10-lt 

0.0256 + 1.9 X 10-3 

0.0392 + 2.5 X 10 ·J 

0.0471 + 1.1 X 10-3 

0.0599 + 2.2 X 10-3 

0.130 + 9 X 10-3 



Table 6.2~: 

Effect of [H~SO~] on the rate of nitrosation of aniline 

[-lBuONO] = 1 X lO~r:. mol i' 
330 nrn 

-I 

[ Hz. so~t l mo 1 1 

0.0322 

0.0643 

0.0966 

0.129 

0.161 

0.241 

•I 

[aniline] = 5.9 % 10-3 mol 1 

25°C 

ko S 1 

0.100 ~ 7 X 10- 3 

0. 16 9 ~ 7 X 1 0 -3 

0.210 ~ 0.011 

0.382 ~ 0.031 

0.686 ~ 0.029 

The results in Tables (6.21) and (6.23) are shown graphi-

cally in Figure (6.~). 

A very similar effect was found in the nitrosation of 

NMA. The results are shown in Table (6.2~) 

by acid over the entire concentration range studied. 

The results are shown in Table (6.25) ~nd also in Figure 

(6.S) 

These results can be readily understood by comparison 

with results found for nitrosation of aromatic amines 

in water with nitrous acid. At low or moderate acidities 

[20] it is known that the free base form of the amine is 
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Table 6. 2~: 

Effect of [HtSO~] on the rate of nitrosation of NMA 

[-~:..BuONO] -· l1il0l 1 
330 nm 

-· [Hz.SO~] mol 1 

0.0595 

0.0893 

0.119 

0.149 

0.189 

-I 

[NMAJ = 1.63 x 10" 3 mol l 
25°C 

0.0254 + 8 X 10-~ 

0. 0248 + L 2 x--10 "3 ·· 

0.0345 + 7 X 10· 4 

0.0403 + 1.5 X 10· 3 

0. 04.94 + 1. 3 X 10 -3 

Table 6. 2[: 

Effect of [H~SO~] on the rate of nitrosation of p-toluidine 

["'BuONO] 5 x 16" mol i' 
285 nm 

0.0243 

0.0729 

0.122 

0.170 

[p-toluidine] 
25°C 

-It -· 6.76x10 mol 1 

ko s·l 

4. 30x10 - 3 + 1. 8x10-~ 

0.0121 + 7 x.10-Cf 
-

0.0264 + 1.9x10" 3 

-
0.0463 + 3.5 X 10 -3 

-
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the reactive species in aqueous solution and a zero order 

dependence upon the concentration of acid is observed. 

This is shown in Scheme (6.12). The derived first order 

rate constant is shown in equation (6.13), where under the 
~ 

conditions used [ArNH3 ] = [ArNH'I. h , the total stoichio-

metric concentration of amine used. A very similar 

Ka===" ArNH1. ( 6. 12) 

k 

ko k Ka [ArNHt ]y (6.13) 

reaction must be occurring in acetonitrile and so explains 

the zero order dependence of the rate upon [H1. SOl} ] at 

1 ow [ H t. so~ J • The actual nitrosating species involved, by 

analogy with the results of Chapter 5, is likely to be 

the ni trosonium ion, but this could either be formed 

from the alkyl nitrites or from an equilibrium concentra-

tion of nitrous acid (see section llil>. 1. 4). At higher 

acid concentrations, where the concentration of free 

amine is very low, another reaction pathway occurs in 

aqueous solution [20,21], namely the protonated amine 

becomes the reactive species. This is shown in equation 
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(6.14!). The de:rcivecl va.lue of ko (equation 6.15) sho~:s 

that the :rcea.ction should be fi:rcst o:rccle:rc with respect to 

both [aMineh and [H 9
]. This Ho1lllld also e1tplain the 

(6.14) 

··~ 

ko k, [ArNH~ ] [H.-] (6.15) 

observed acid catalysis seen in these reactions. Further 

evidence for this comes from the fact that the acid 

catalysis is most marked for the most basic amine, 

p-toluidine, (pKa = 5. 08 [22]) which would be expected 

to have the lowest concentration of free amine of the 

amines studied and hence is most likely to react via 

the a 1 tern a ti ve mechanism. The pKa of several amines 

[23,24] have been determined in ace toni t!'i 1_~_.__ Lt_ was. __ _ 

found that the aromatic amines are all ca 5-6 pKa units 

more basic in acetonitrile than water, i.e. Aniline; 

pKa = 10.56 in CH~CN, pKa = 4.63 in H1.0 [22] and! 

p-toluidine; pKa = 11.25 in CH 3CN, pKa = 5.08 in H~O [22], 

and so the pKa values in water give a good measure of the 

relative order of basicity in acetonitrile. The pKa 

values of aliphatic amines are all ca 7-8 pKa units more 

-264-

. ., 



basic in a1cetonitrile than H1.0 antll so the concentratioli11 

of free ~ine in these solutions Hill be very small 

indeed. This e~plains why the aliphatic amines are 

apparently 11.mreacti ve under sifii'li lar concli tions to those 

used for tlhe aromatic aliiiines. 

For aniline, N-methyl aniline and p-toluidine the 

values of kKa fo:rr reaction with the free amine can be 

estimated by eJttrapolation of a plot of ko against [Ht.SO~] 

to zero acid concentration. The results are shown in 

Table (6.2~). As can be seen the values of kKa decrease 

Table 6.2~: 

Value~ of kKa for nitrosation of amines in acetonitrile 

Amine [Amine] _, 
mol 1 

Aniline 2. 18x10 - 3 

------- --- ·- I-:-9xro----;.T-

5. 9x10 - 3 

NMA 1. 63x10 · 3 

p-toluidine 6. 76x10 -3 

Extrapolated 
ko s·• 

0.023 

0~-0-22 

0.065 

0.011 

0 

=26_5-

k Ka 
1 moi' s-' 

10.4 

--- --lT ~ 1>-

11.0 

6.8 

NO 

-

pKa [22] 
(water) 

4.63 

-- - - -·-~-

4.85 

5.07 

------



as the basicity of the amine increases. This ooay indicate 

that the reactions are diffusion controlled [25], as 

is the case in water, ie. the vah!le of k may be very 

similar forr- all three amines, but as accurate values 

of Ka are li'llot knoW!i1 it is not possible to say for certain 

if this is the case. 
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CJHIAJPTER 7 

EXPERIMENTAL DETAILS 

7.1 Reagents used 

7.1.1 Aqueous solutions (Chapters 2 and 3) 

Solutions of perchloric acid were prepared by di lu-

ting the required amount of 60 - 62 % perchloric acid 

solution with distilled water. The acid solutions were 

then standardized by titration with stand~rd sodium 

hydroxide solution, using phenolphthalein indicator. 

Isopropanol (laboratory reagent grade) and tertiary 

butanol (analar grade) were both purified by fractional 

distillation. Analar grades of sodium chloride, sodium 

bromide, sodium azide,_ sulp!)~mic __ a~_i~, disodium ortho-

phosphate and sodium nitrite were used without further 

purification. N-methyl aniline was purified by fractional 

distillation under reduced pressure. Thioglycol ic acid 

was obtained as a commercial sample and was used without 

any further purification. The alkyl nitrites used, 

isopropyl nitrite and tertiary butyl nitrite, were pre-

pared from sodium nitrite by the usual procedure. [ 1] and 
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were purifie<dl by fractional distillation (at reduced pre

ssure for tertiary .butyl nitrite). The satEU11ples were stored 

in the daik at 0-4°C. In some e~peri~e~ts the pH of the 

solutions were fillileasurecl using a PTI-6 tmiversal pH meter 

with glass electrode. 

7 .1. 2 Alcohol Solution 

The alkyl nitrites, alcohols and thioglycolic acid 

-used -were as described in Section -7.1. L Solutions of sul

phuric acid in alcohol solvent were prepared by dissolving 

sulphuric acid (98%-analytical reagent) in the alcohol with 

ice bath cooling. The solutions were standardized hy 

titration with standard sodium hydroxide solution, using 

phenolphthalein indicator. Solutions of HCl were prepared 

by passing dry gaseous HCl into the alcohol with cool ihg. 

The HCl gas was produced by reaction of concentrated sul

phuric acid with sodium chloride and was dried by passing 

through concentrated sulphuric acid. Thiourea, tetraethy

ammonium bromide and tetraethylammoniUJijj chloride were all 

--or- the hignest purTty -available-an-d--the-Eet-raethylammonium 

salts were stored desiccated. 

7 .1. 3 Aprotic Solutions (Chapters 5 and 6) 

Chloroform (laboratory reagent grade) was purified [2] 

by repeated eJ:ttraction with water to remove the ethanol. 

It was then dried for 24 hours over calcium chloride and 

fractionally distilled, 

60 and 62°C being 

the fraction 

collected. 
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The chloroform 



was then stored: over type 4A molecular sieves. Acet()ni-

trile (H. P. L. C. grade) was purified [ 2] by reflux with 

calcium hydride for eight hours follo~ed by fractional 

distillation from calcium hydride, the constant boiling 

point fraction being collected and stored over type 

4A molecular sieves. Methanol (an~lar grade) was puri-

fied by fraction~! distillation. Aniline, N-methyl 

aniline, acetyl acetone and iso-amyl alcohol were 

purified by distillation under reduced pressure and 

p-toluidine was recrystallized before use. Isoamyl 

nitrite was obtained as a commercial sample and was 

fractionally distilled under reduced pressure before 

use. Commercial samples of 1, L 1, 5, 5, 5, - hexafluoro 

2, 4, pentanedione and 1, 1, 1 trifluoro -2,4,-

pentanedione Bere used without further purification. 

Solutions of H, SO~ or HC~ in acetonitrile were 

prepared in a similar way to that described in section 

7.12. Commercial samples of sulphuric acid- dt (99.5+ 

atom 0
/ 0 ) and methanol-OD (99 atom 0/ 10 ) were used without 

further purification. All acid solutions, uriless other-

· ----wise-stated-, -were- used wi thin--6-8-hours of prepa~at-i-on-.----

7.2 Rate Measurements 

7.2.1. Stopped-flow spectrophotometry 

Stopped-flow spectrophotometry is a technique 

for measuring the rate constants of fast reactions, 
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typically values of first order rate co~sta~ts of betBee~ 

0. 0 ls' and 200s' can be measured. 

of the apparatus is shoun in Figure (7.1). The tBo solu-

tions to be i'iiili~ed are stored in the reservoirs and froi'iift 

there they enter tBo identical syringes_ A single piston 

drives the tBO syringes so that equal vo1t!llliiles of the 

solution are ffii~ed. When the plunger of the third syringe 

hits the stop, the flow stops and the collection of data 

is triggered. The two solutions usually consisted of a 

solution~ containing the ~-alkyl nitrite -only and a solution 

containing all the other reagents. A typical e~ample is 

shown in Table (7.1). 

Table 7.1: 

A typical set of solutions for stopped-flaB spectrophotometry 

Solution A 
. . _, 

[lPrONO] = 2.4 ~ 16~ mol 1 

Solution B 
- ----~ - --~----~----·~----~ 

[TGAJ = 0.988 mol l 
•I 

[HClO~oo] 

["'PrOH] 

0.406 mol 1 
_, 

0.414 mol 1 

Concentration after mi~ing 
-~ _, 

1.2 ~ 10 mol 1 

~------ - ---,~-

0.494 mol 1 

-· 0.203 mol 1 

0.207 mol -· l 

The reaction is monitored by using a beam of mono-

chromatic light which passes through the cell. This 

signal is amplified by a photomultiplier, which has a 

voltage of about -6 volts across it. As the voltage 

change is small in the reaction, an equal but opposite 

voltage (the bias voltage) 

-272~ 

of volts is added to 



8 
1\:) 
-1 
c:.:> 
D 

' 

I 

} 

Figure 7.1: Stopped Flow Spectrophotometer 
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the signal. Therefore with just non-absorbing solution 

at the observation point, the final voltage is zero, 

and any voltage change observed results from the absor-

bance change during the reaction. The voltage changes 

with time were recorded on a storage oscilloscope, or in 

some cases were fed directly into an Apple lie micro

computer where the rate constant was calculated using a 

Hi-Tech Scientific stopped-flow data aquisition and 

analysis system (SFOSI.0/05). 

All the reactions were carried out under first 

order conditions. 

For the reaction 

-d[R] 

dt 

d[P] 

dt 

k R--_..p 

10 [R] 

On integration equation (7.1) is obtained, 

[n[Rlo 

[R]I: 

where 

··kl 

[R)o 

[ Rlt 

concentration of R at time 

concentration of R at time 

0 

t 

(7.1) 



Under the conditions used in the stopped flow spectro

photometer, the voltage change during the reaction is 

less than 10% of the signal vol tag~ ( -6v) and so the 

output signal voltage is proportional to the absorbance. 

Absorbance (A) can be related to the concentration (c) 

of the absorbing species by the Beer Lambert lmw (equation 

7.2) by knowledge of the extinction coefficient ((£). 

The voltage is 

A 't c 1 (7.2) 

therefore directly proportional to concentration 

v ·at:: .. €. c 1 

v a s c 1 where a= constant of proportionality 

The voltage at any time t is then given by 

Vt a ~ n [ R 1 1 + a f.p [ P k 1 

But [P~ = [R] - [R] 
0 t 

0 0 a (It [R\. 1 + a tp([R\, - [R]~ )1 

[R]4: 1 (a itt- a tr) + [R]
0 

a (pl 

but [R]o [P]~ , where [P]~ concentration of P at 

time =CO 
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so [R]o a (~ 1 

[R]~ 

also at tiMe t=O, [P]o 0 

so Vo a~[R]ol 

and Vco 

so Vo - Va> 

[R]t 

[R]o 

-

a (\) [R]o 1 

[ R ] o C a f.tt 1 - a £\) 1 ) 

Vt - V..o 

Vo - Vc:o 

substitution into equation (7.1) gives equation (7.2) 

In Vt - V.:D -kot (7.2) 

Therefore if In(Vt - Vcs0) is plotted against time a 

straight line. should be obtained, with gradient -ko 

The values of the observed first order rate constant, ko, 

quoted are the mean of at least five separate measurements, 



and the error quoted is the standard deviation between the 

individual ko values. Typical kinetic rums are shown 

in Tables (7.2) and (7.7) 

Table 7.2: 

A typical kinetic run for nitrosation of thioglycolic 
. 

acid in water by LPrONO 

. ~~ _, 
[ "PrONO] = 2 x- 10 mol -1 [LPrOH] 

-\ 
o:-592 moi 1 

_, 
[TGA] = 0.0297 mol 1 

_, 
[HCl04] = 0.2 mol 1 

t I s Vt mv ko s' 

0 92.5 

0.02 130 9.97 

0.04 162.5 10.29 

0.06 190 10.57 

0.08 210 10.44 

0.10 226 -- 10.31 
- - ·-·"- --·---· ---- --- ---- --- --

0.12 240 10.34 

0.16 252.5 10.53 

300 

mean ko 10.35 .± 0.18 s' 
~--~~~--~~~=--
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Table 7.4: 

A typical kinetic run for the ni trosation of thiourea 

by \BuONO in ~BuOH 

[tBuONO] = 1 x 10" 3 mol i' [HtS04 1 0.0660 mol i' 
i -· [thiourea] 0.012 mol 1 
I 

t s Vt mv k _, 
0 s 

0 44 

0.5 61 0.399 
i 

1 7~ 0.384 

1.~ 8~ 0.395 
I 

2 9? 0.391 

2.5 
I 

10jl 0.407 

3 110 0.403 
I 
I 

3.5 115.6 0.408 
i 

138 

mean ko = 0. 398 .±. 0. 008 s·· 

Table 7.3: 

A. typical kinetic run for the nitrosation of hydrazoic 

acid in water by ~uONO 

[tBuONO] ~ 1.2 x 10-3 mol i' 
_, 

[H 9
) = 0.50 mol 1 

[HNl] = 0.0125 mol i' 

t s Vt ·mv ko S 1 

,0 156 

0.1 136 1. 89 

0.2 122 1. 73 

0.3 108 1. 78 

10.4 96 1. 82 

.o. 5 87 1. 80 

:o. 6 80 1.77 

0.7 74 1. 75 

40 

mean ko = 1.79 i 0.05 s·' 
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Table 7i6: 

A typical kinetic run for tHe nitrosation of aniline 
I 

[tBuONO] 

by tsuONO in ac~tonitrile 
I 
I 
I 

_,. .. \ 
1 x 10 mol 1 [H SO] = 0.161 mol i' 

[aniline] = 5.9 ~ 10-3 mol r 

t s 

0 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

: 

Vt mt 
I 

17.5 
I 

47.5 
i 

72.5 

95.0 

111.0 

127.5 

140 

197.? 

mean ko = 0. 372 '.±. 0. 006 s-• 

ko s 

0.365 

0.365 

0.375 

0.366 

0.378 

0.380 

Table 7.5: 

A typical kinetic run for the nitrosation of methanol 

["PrONO] 

t s 

0.005 

0.010 

0.015 

0.020 

0.025 

0.030 

0.035 

0.040 

by isopropyl nitrite in acetonitrile 

' -· 0.010 mol 1 [MeOH] = 0 .. 113 .r:tol i' 
[Ht.SOq] = 6. 24 x 10 -• mol f 

Vt mv 

155 

122 

100 

81 

65 

54 

45 

38 

8 

ko s-• 

50.8 

46.9 

46.7 

47.4 

46.5 

46.0 

45.4 

mean ko = 47.1 .±. 1.6 s' 

,. 
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Table 7.8; 
I 

A typical kinetic run for the nit~osation of 1,1,1, 5,5,5, 

hexafluoroacetylacetone by t.B~ONO in acetonitrile 
I 

[HAA] 7. 23 x 10~cno\ I' ~ -~ •I [ ;BuONO] = 5 X 10 mol l 

[H Lso4 1 1.24 X I ~• 10- 3 mol 1 
i 

t s Abs t k -· 0 s 

0 0.060 

10 0.098 0.0240 

20 0.129 ' 0.0245 

30 0.152 0.0242 

40 0.171 0.0244 

50 0.186 0.0246 

60 0.197 0.0245 

70 0.206 0.0245 

80 0.213 0.0245 

90 0.218 0.0243 

100 0.222 0.0241 

110 0.226 0.0245 

0.238 

mean ko = 0.0244 i 2 X 104 S 1 

Table 7.7: 

A typical kinetic run for the nitrosation of thioglycolic 

acid:by nitrous acid in a6etonitrile 

[HNOt 1 ( 10~ mol i' 

t s 

0 

0.002 
I 

0.004 

0.006 

0.008 

o.oio 

0.012 

[Ht,SO,.J g 3.08 X 10-3 moi' 

[ TGA] g 0. 0 184 mo I i' 

Vt mv 

26 

53 

73 

88 

100 

109 

113 

141 

mean ko = 128 ~ 5 ~· 

ko s-• 

134 

132 

129 

129 

128 

118 



7.2.2 Conventional U.V./Visible Spectrophotometry 

Rate measurements for the slower reactions 

(.ko < -I 
0. 01 s ) were usually carried out using a thermo-

stat ted recording spectrophotometer. The machines used 

were a Beckman model 25, Pye Unicam SPB - 100, Perkin-

Elmer laMbda 3 and a Philips PU 8725. A typica:l·reaction 

procedure Bas to thermostat a solution of the alkyl 

nitrite and a solution containing all the other reagents 

(total volume 24 ml) at the required temperature. 

A 1 em silica cell containing a sample of the solvent 

used in the reaction was placed in the reference beam 

of the spectrophotometer. The reaction was started by 

adding a small volume of the nitrite solution (typically 

1 ml) to the other reagents. The solution was then 

thoroughly mixed and a sample was placed in an identical 

1 em silica cell and placed in the sample beam of the 

spectrophotometer. The absorbance change at a fixed 

wavelength Bas then measured as a function of time. The 

value of ko can then be _oj:>t_~_:i,_Q~d i_Q __ ~- siiD.i._l.<n· way _to 

equation (7.2). A typical kinetic run is shown in Table 

(7.8) 

Equ i 1 i br i urn measurements be tween al ky 1 nitrites 

and alcohols were carried out using the Perkin-Elmer 

lambda 3 spectrophotometer. The absorbance changes in 

the spectrum in the 280-410nm region were recorded as a 



function of the concentration of the reagents. Knowledge 

of the e~tinction coefficients of the alkyl nitrites 

enabled the concentrations of the alkyl nitrites to be 

calculated and hence the equi 1 ibriUlJlill constant could! be 

obtained. This is shown below. 

RONO ~ R'OH ~ ROH + R'ONO 

A B c D 

If only A and U absorb at the wavelength 

Abs [A](~ 1 ~ [ D] f~ 1 

but [A]o 

so [A] 

[A] + [D] 

Abs - fpl [A]o 

C£.,1 -tAl) 

then; 

So if [A]o (the concentration of A added), the value 

of -[-A-]-- and hence- -[-Dl -can be-· calculated- -and--if··· [B) and 

[C] are such that they are constant through the experiment 

the value of K can be readily calculated. Typical results 

are shown in Table (7.9). 
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Table 7.9: 

Typical results for equilibrium constant measurements between ~PrONO and MeOH in acetonitrile 

X nm f: :n. PrONO t MeONO -1 I (1 mol em} 
I 

390 35.86 21.32 

283 105.9 77.97 

[MeOH] [~PrONO] [ ~PrONO] o Abs (llPrONO]eq mol 1-n K 

mol 1-n mol 1-n mol .1-:n. 390nm 283nm 390nm 283nm 

0.491 0.258 8.42 x 1o-;:;> 0.192 0.698 8.6 X 10-4 1. 4 X 10-:P 3.26 

0.491 0.515 8.37 X 10-:;o 0.212 0.733 2.31 X 1Q-:P 2.89 X lQ-:P 3.37 

0.491 0.773 8.28 X• 10-;:;> 0.224 0.748 3.27 X 10-;:;> 3.68 X 10-:t~ 3.75 
I 

0.246 0.515 8.30 X· 10-;:;> 0.238 0.779 4.20 X 10_-::::. 4.72 X 10-:D 3.90 

mean K = 3.56 ± 0.26 
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APPEND DC 

a) LECTURES A~J) SEMINARS ORGANISED BY Tlill DEPARTMENT OF 
CHEMISTRY Dl~ING THE PERIOD 1985-1988 
(*Denotes those attended) 

17th O<!tober 1985" 

Dr C.J.Ludman (cniversity of Durham) 

'Some Thermochemical A~pects of Explosions' 

24th October 1985* 

Dr J Dewing (U.M.I.S.T.) 

'Zeolites~ Small Holes 9 Big Opportunities' 

30th October i985~ 

Dr S.N.Whittleton (University of Durham) 

'An investigation of a Reaction Window' 

31st October 1985* 

Dr P. Timms (University of Bristol) 

'Some Chemistry of Fireworks' 

5th NoYember 1985* 

Prof. M.J. 0 'Donnell (Indiana - Purdue University) 

'New Methodology for the Synthesis of Amino Acids' 

7th November 1985* 

Prof. G.Ertl (rniversity of Munich) 

'Heterogeneous Catalysis' 

14th November 1985 

Dr S.G.Davies (University of Oxford) 

'Chirality Control and MOlecular Recognition' 

20th November 1985 

Dr J.A.H.Macbride (Sunderland Polytechnic) 

'A Heterocyclic Tour on a Distorted Tricycle- Biphenylene' 

21st November 1985 

Prof. K.H.Jack ~Lniversity of Newcastle) 

'Chemistry of Si-Al-0-N Engineering ceramics' 

~285-



g~th Novembe~ 1985 

Prof. D.J.Waddiugton (University of York) 

'Resources for the Chemistry Teacher' 

28th l'J~~~mber~?* 

Dr B.A.J.Clark (Kodak Ltd) 

'Chemistry and Prin~iples of colour photography' 

15th Janua~19~ 

Prof. N.Sheppard (University of East Anglia) 

'Vibrational and Spectroscopic Determinations of the Structures 

of MOlecules Chemisorbed on Metal ·surfaces' 

23!d January 1986* 

Prof. Sir J.Lewis (University of Cambridge) 

'Some ~fure Recent Aspects in the Cluster Chemistry of 

Ruthenium and Osmium Carbonyls' 

29th January 1986 

Dr J.H.Clark (University of York) 

'Novel Fluoride Ion Reagents' 

30th January 1986* 

Dr N.J.Phillips (University of Loughborough) 

'Laser Holography' 

42th February-1986* 

Prof. O.S.Tee (~niversity of MOntreal) 

'Bromination of Phenols' 

12th February 1986 

Dr J.Yarwood (University of Durham) 

'The Structure of Water in Liquid Crystals' 

13th FebrUary 1986 

Prof. R.Grigg (~niversity of Belfast) 

'Thermal Generation of 1? 3=Dipoles' 
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19th Feblf"u~t~8~~ 

Prof. G.Procter (Univer~ity of Salforcl) 

'Approaches to th~ Synthesis of some Natural Proclucts' 

20th February 1~86* 

Dr C.J~F.Barnard (Johnson Mathey Group) 

'Platinum Anti~~n~er Drug Development' 

g6th February 1~a§, 

Miss C.Till (Univ~rsity of Durham) 

'E.S.C.A. and Optieal Emission Studies of the Plasma Polymerisation 

of Perfluoroaromatics' 

21th February 1986* 

Prof. R.K.Harr~s (University of Durham) 

'The Magic of Solid State N.M.R. 1 

5th March 1986* 

Dr D.Hathway (University of Durham) 

'Herbicide Selectivity' 

5th March 1986* 

Dr M. Schroder (University of Edinburgh) 

'Studies on Macrocycle Complexes' 

6th March 1986* 

Dr B.Iddon (University of Salford) 

'The Magic of Chemistry' 

12th February 1986 

Dr J.H.Brown (U~iversity of Oxford) 

'Chelate Control in Homogeneous Catalysis' 

14th May 1986* 

Dr P.R.R. Langridge-Smith (University of Edinburgh) 

'Naked Metal Clusters ~ Synthesis 9 Charaaterisation and Chemistry' 
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,gih_ _{_'¥)e 1~8:6 ~ 

Prof. R.SehmutgleF (Braunschweig 9 West Germany} 

'Mixed Valance Diphosphorous Compounds' 

23rd J].IIM~ _1986 

Prof. R.E.Wilde (Texas Te6hnical University9 lJSA) 

'Molecular I>ynaiuic Processes from Vibrational Bandshapes 1 

16th October 1986* 

Prof. N.N. Greenwood (University of Leeds) 

'Glorious Gaffes in Chemistry' 

23rd October 1986* 

Prof. H.W.Kroto (Cniversity of Sussex) 

'Chemistry in Stars 9 between Stars· and .in the Laboratory' 

29th ".l>etober 1986* 

Prof. E.H.Wong (Ne~ Hampshire, USA) 

'Coordination Chemistry of P-0-P Ligands' 

5th November 1986* 

Prof. D.Dopp (University of Duisburg) 

'Cyelo-additions and cyclo-reversions involving Captodative Alkenes 1 

6th November 1986* 

Dr R.M.Serowston (University of Hull) 

'From Myth and Magic to Modern Medicine' 

13th November 1986* 

Prof. Sir G. Allen (Unilever Research) 

'Biotechnology and the future of the Chemical Industry' 

20th November 1986* 

Dr A.Milne/Mr S. Christie (International Paints) 

'Chemical Serendipity~ A Real Life Case Study' 

26th November 1986 

Dr N.D.S.Canning (University of Durham) 

'Surface adsorbtion studies of Relevence to IIeterogeneo11s Ammonia 
synthesis' 



27th November H~86 

Prof. R.N. WilliSlTilS (Metropolitan Police Forer:si<e Sdence) 

'Science and Cr~' 

3rd Dee~~e:rr 1986* 

Dr J.Miller (DuPont Centr31 Resea:rreh 9 USA) 

'Moleculu FerrolilSignets;Chemistry and Physi«lsl Px-operties 1 

8th December 1986 

Prof. T Dorfmuller (University of Bielefeld) 

'Rotational Dynamics in Liquids and Polymers' 

22nd January 1987* 

Profo R.H.Ottewill (University of Bristol) 

'Colloid Seiencet A Ch~llenging Subject' 

28th January 1987 

Dr W.Cle.gg (University of Newcastle) 

'Carboxylate Complexes of Zinc; Charting a Structural ,Jungle' 

4th February 1987 

Prof. A.Thomson (University of East Anglia) 

'Metallo Proteins and Magneto Optics' 

5th February 1987* 

Dr P. Hubberstey (University of Nottingham) 

'Demonstration ~cture on various aspects of Alkali Metal Chemistry' 

11th February 1987* 

Dr D.T.Shepherd (University of Durham) 

'Pteridine Natural Products; Synthesis and Use in Chemotherapy' 

12th February 1987* 

Dr P.J.Rodgers (ICI Billingham) 

'Industrial Polymers from Bacteria' 

17th February 1987* 

Prof E.H.Wong (New Hampshire 9 USA) 

'Symmetrical Shapes from Molecules to Art and Nature' 
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19th F_ebrua:r:y Hl>87 

Dr M. Jarman (Institute of Cancer Research) 

'The design of Anti=Cancer Drugs' 

4th March 1987 

Dr R. Newman (University of O~ford) 

'Change and DeeBJy: A Carbon=13 CP/MAS N.M;R. Study of Hu.mifi6ation 

and Coalification Processes' 

5th March 1987 

Prof. S.V. Ley (Imperial College) 

'Fact and Fantasy in Organic Synthesis' 

9th March 1987* 

Prof. G.G. Bordwell (N.E. University,USA) 

'Carbon Anions 9 R~dicals 9 Radical Anions and Radical Cations' 

11th March 1987 

Dr R.D. Cannon (Lniversi~ of East Anglia) 

'Electron Transfer in Polynuclear Complexes' 

12th March 1987* 

Dr E.M. Goodger (Cranfield Inst. of Tech.) 

'Alternative fuels for transport' 

17th March 1987 

Prof. R.F. -Hudson (University-o-f-Kent) 

'Aspects of Organophosphorus Chemistry' 

18th March 1987* 

Prof. R.F. Hudson (University of Kent) 

'Homolytic Rearangement and Free Radical Stability' 

6th May 1987 

Dr R. Bartsch (University of Sussex) 

'Low Coordinate Phosphorus Compounds' 

7th May 1987* 

Dr M. Harmer (ICI Chem and Polymer Group) 

'The Role of Organometallics in Advanced Materials' 

-290-



J 1_~~=~1" }~~7, 

Profo S. Pasynkieuicz (Tech. Univ. 9 WsJrsaw) 

'Thermal Decomposition of ~thyl Copper and its Re8etions with 
Tri=alkyl Aluminium' 

17th May 1987~ 

Dr M. Blackburn (University of Sheffield) 

'Phosphonates as analogues of Biological Phosphate Esters' 

24th June_ 1987* 

Prof. S.M. Roberts (University of Exeter) 

'Synthesis of Ngvel Antiviral Agents' 

26th June 1987 

Dr C. Krespan (E I DuPbnt de Nemours) 

'Nickel (0) and Iron (0) as Reagents in Organofluorine Chemistry' 

15th October 1987* 

Dr M.J. Winter (UniversitW of Sheffield) 

'Pyrotechnics' 

22nd October 1987* 

Prof. J.W. Gray (University of Hull) 

'Liquid Crystals and their Applications' 

12th October 1987* 

Mrs S. van Rose (Geological Museum) 

_ 'ql!_~mist_xy __ C?_~_Vol~l;l_noes' 

5th November 1987* 

Dr A.R. Butler (University of St. Andrews) 

'Chinese Alchemy' 

12th November 1987* 

Prof. D. Seebach (E T H Zurich) 

'From Synthetic Methods to Mechanistic Insight' 
?6th November 1987 
Dr D.H. Williams (University of Cambridge) 

'Molecular Recognition' 
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~r_d D~c~m!!_eyJ~~7* 

Dr J. Howard (ICI Uilton) 

'Chemistry of Non~quilibrium Processes' 

10th December 1987* 

Dr C.J. Ludman (University of Durham) 

'Explosives' 

16th _December 1987 

Mr R. M. Swsrt (ICI) 

'The Intera~tion of Chemicals with Lipid Bilayers' 

19th December 1987* 

Prof. P.G. Semmes (Smith 9 Kline and Fren~h) 

'Chemical Aspects of Drug Development' 

21st January 1988* 

Dr F. Palmer (University of Nottingham) 

'Luminescence' 

2§th January 1988* 

Dr A. Cairns-Smith (Glasgow University) 

'Clay Minerals and the Origin of Life' 

11th February 1988 

Prof J.J. Tur~er (University of Nottingham) 

'Catohing Organometallic Intermediates' 

18th February 1988* 

Dr K Borer (University of Durham Industrial Research Labs.) 

'The Brighton Bomb - A Forensic Science View' 

25th February 1988* 

Prof. A Underhill (University of Bangor) 

'MOlecular Electronics' 

3rd March 1988 

Prof. W.A.G.Graham (University of Alberta 9 Canada) 

'Rhodium and Iridium Complexes in the Activation of Carbon=Hydrogen Bonds' 
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lth_ March 1@8* 

Prof. H.F. Koch (Ithaca College 9 USA) 

'Does the E2 Mechanism Occur in Solution' 

~ A~ril 1988 

Prof. M.P. Hartsh~rn (University of Canterbury 9 Neu Zealand) 

'Aspeets of Ipso Nitration' 

!~th A~ril 1988 

Prof. C.A. Nieto de Castro (University of Lisbon and Lmperial College' 

'Transport properties of Non-Polar Fluids' 

1_9th !Eril 1988* 

Graduate Chemists (Xortheast Polyteohnics and Universities) 

'R.S.C. Graduate Sj1nposium' 

25th April 1988* 

Prof. D. Birehall (ICI Advanced Afuterials) 

'Environmental Chemistry of Aluminium' 

27th April 1988 

Dr R Riehardson (University of Bristol) 

'X=:r.ay Diffraction F:r.om Spread ¥onolayers' 

27th April 1988* 

Dr J.A. Robinson (University of Southampton' 

'Aspects of Antibiotic Biosynthesis' 

28th-April-1988*-

Prof. A. Pines (University of California, Berkeley, USA) 

'Some Magnetic Moments' 

11th May 1988* 

Dr W.A. MeDonald (ICI Wilton) 

'Liquid Crystal Polymers' 

8th June 1988 

Dr J.P. Majoral (Unive:r.site Paul Sabatier) 

'Stabilisation by Complexation or' Short-lived Phosphorus Species' 

29th June 1988* 

Prof. G.A. Olah (University of Southern California) 

'New Aspects of Hydrocarbon Chemistry' 
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b) First Year Induction Course (October-November 1985J 

A series of one hour presentations on the services 

available in the Department 

1) Departmental organisation 

2) Safety matters 

3) Electrical appliances and infra-red 

spectroscopy 

4) ChroMatography and Microanalysis 

5) Atomic absorptiometry and inorganic analysis 

6) Library facilities 

7) Mass spectroscopy 

8) Nuclear magnetic resonance spectroscopy 

9) Glassblowing technique 
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