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ABSTRACT 

Kine t i c and mechanistic studies invo lv ing n i t r o s a t i o n reactions of 
some carbonyl compounds were undertaken. The n i t ro sa t i on of the 
carbonyl compounds proceeded v ia t h e i r corresponding enol forms and 
the products of the reactions were the oximes. S ign i f i can t 
nuc leophi l ic catalysis by chlor ide , bromide, thiocyanate ions and 
thiourea was observed in a l l cases. Most of the k i n e t i c resul ts are 
consistent with a mechanism involv ing a rate l i m i t i n g reaction between 
H2N0 2

+ / N0+ or the NOX species ( i n presence of nucleophile X") and the 
enol.The general mechanistic features of the n i t ro sa t i on of the enols 
f i t t e d in wel l wi th the pattern now wel l established in n i t ro sa t i on at 
N, S, 0, and other C s i t es . 

The reactions of the enol form of ethylacetoacetate wi th the 
d i f f e r e n t n i t ro sa t ing species were not encounter cont ro l led ind ica t ing 
that the presence of the electron withdrawing group reduces the 
r e a c t i v i t y of the enol, r e l a t i ve t o that derived from acetone. 

Kinet ic studies on n i t ro sa t i on of dimedone and 
1,1 ,1- t r i f luoropentane 2-4-dione revealed that reactions proceeded not 
only v i a the neutral enol but also v i a the enolate ion. The reactions 
of the l a t t e r with a l l the n i t r o s a t i n g species occurred at the 
encounter ra te . The values of the rate constants suggest that the 
enolate ion i s one of the most react ive species studied i n 
n i t r o s a t i o n . I t s high r e a c t i v i t y therefore makes i t an excellent 
p o t e n t i a l n i t r i t e t rap . 

The mechanism of n i t rosa t ion of Meldrum's acid has not been 
completely elucidated. Some of the k ine t i c s are complicated by mixed 
order reactions involving rate l i m i t i n g enol isa t ion and n i t r o s a t i o n . 
However there is k ine t i c evidence which points to reactions proceeding 
v i a both neutral enol and enolate ion . 
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CHAPTER 1 

Species e f f e c t i n g n i t ro sa t i on 
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1.1 INTRODUCTION 

Ni t rosa t ion i s a. vast area of chemistry wi th reactions occurring 

at n i t rogen, carbon, oxygen, sulphur, halogen and meta l l ic s i t es . 

There has been a great deal of k i n e t i c inves t iga t ion in order to gain 

ins ight in to the detai led mechanisms of these reactions. The 

discovery that nitrosamines are powerful carcinogens has resulted i n a 

greater in teres t i n the study of some of the mechanistic aspects. 

These reactions are also very important from a synthetic viewpoint. 

Most of the early k i n e t i c studies of n i t ro sa t ion were concerned 

mainly wi th N-n i t rosa t ion , p a r t i c u l a r l y d iazo t i sa t ion reactions of 

aromatic primary amines. Later work has been extended to include 

n i t r o s a t i o n at oxygen, sulphur, carbon and other nitrogen s i t es . In 

the course of these invest igat ions , a number of species have been 

i d e n t i f i e d which can e f f e c t n i t r o s a t i o n . Most of these reactions i n 

aqueous media are carried out by the in situ generation of ni t rous 

acid by using sodium n i t r i t e in presence of mineral acid. In 

non-aqueous solvents where ni t rous acid cannot be used, n i t rosa t ion 

can be brought about by a l k y l n i t r i t e s . Molecular ni t rous acid i t s e l f 

i s not a n i t r o s a t i n g agent, but forms several n i t r o sa t i ng species 

depending upon the conditions i n so lu t i on . At low a c i d i t y , n i t rous 

anhydride (N2O3) is the e f f e c t i v e n i t r o s a t i n g agent. At higher 

a c i d i t y an equi l ibr ium is set up wi th e i the r H2N02 + or N0 + 

(nitrosonium i o n ) . At moderate a c i d i t i e s , in the presence of halide 

or pseudohalide ions (X") , NOX is formed in so lu t ion and t h i s acts as 

the n i t r o s a t i n g agent. 
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1.2 The n i t rous anhydride (N^Oa) mechanism 

In the course of t h e i r studies on d iazo t i sa t ion reactions of 

primary aromatic amines i n d i l u t e acid so lu t ion , Rantzsch and 

Schumann1 expressed t h e i r resul ts i n terms of a second order rate 

equation ( 1 . 1 ) . However, l a t e r work on n i t r o sa t i on reactions of 

ammonia2 and other a l i pha t i c amines3 and some deamination 2 reactions 

was found to be consistent with t h i r d order k ine t i c s as expressed in 

equation 1.2. There were i n the early l i t e r a t u r e 4 , many arguments 

and d i f f e r e n t mechanistic ideas put forward. The pos i t ion was 

ra t iona l i sed by Hammett5 who suggested that the t h i r d order k ine t ics 

could be a t t r i b u t e d to reactions occurring v i a ni t rous anhydride. His 

resul ts were interpreted i n terms of Scheme 1.1. Further experiments 

by Hughes 6 ' 7 and co-workers have provided support f o r the above 

Rate = k [Ar NH 3

+ ] [HN02] 1.1 

Rate = k [Amine] [HN0 2 ] 2 1.2 

K(fas t ) 
2HN02 N 2 0 3 + H20 

ArNH2 + N 2 0 3 

slow ArNH2N0 + N02" 

| f a s t 

ArN 2

 + 

+ 

Scheme 1.1 
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mechanism and have achieved rate l i m i t i n g N2O3 formation f o r very 

reactive amines at very low ac id i t i e s (0.002M), consistent with rate 

Rate = k [HN0 2 ] 2 1.3 

equation 1.3, 0 1 8 exchange8 between n i t rous acid and water has 

provided f u r t h e r support f o r intermediate N2O3 formation. 

U n t i l recent ly , the generally accepted value f o r the equil ibrium 

K | j 2 ) was 0.20 1 constant f o r ni t rous anhydride formation (K = 
9 10 

mol 1 in water at 25°C. I t has now been redetermined as 3.03 x 

10" 3 1 mol" 1 . Although both values have been measured 

spectrophotometrically, the ex t inc t ion c o e f f i c i e n t of N203 as 

determined by the la te r work is in agreement wi th that measured by 

pulse r a d i o l y s i s 1 2 . I t has been suggested that the large discrepancy 

i n the two equi l ibr ium constant values i s probably due to the f ac t 

that the e a r l i e r values were af fec ted by the high a c i d i t y of the 

medium used f o r the determinations. The new value has enabled the 

rede terminat ion 1 3 of the bimolecular rate constants f o r the reaction 

of a number of amines wi th N 203. The resu l t s show that the reaction 

of N203 wi th amines is d i f f u s i o n c o n t r o l l e d 1 4 and therefore explains 

the e a r l i e r observed constancy 1 5 in the k values (equation 1.2) over 

a wide range of bas ic i ty of these amines. I t also seems l i k e l y 1 6 that 

N2O3 is comparable in r e a c t i v i t y to n i t r o s y l hal ides. 

1.3 Ni t rosa t ion bv foNQ?* or NO* 

In f a i r l y strong acid solut ions, the act ive n i t ro sa t ing species 

i s believed to be H 2 N0 2

+ (ni t rous acidium ion) or N0+ (nitrosonium 

i o n ) . Early k ine t i c studies by Hughes17 and co-workers and 

Larkworthy 1 8 on the acid catalysed mechanism of d iazot i sa t ion 
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reactions was interpreted i n terms of scheme 1.2 wi th the formation 

of H2N02+ as the active n i t rosa t ing species. There is however no 

fa s t 
HN02 + H+ ' H2N02

 + 

ArNHo + H2N02

 + ÎfiS ArNH2N0+ ^ ArN2

 + 

Scheme 1.2 

spectroscopic evidence 1 9 f o r t h i s ion, in contrast to that f o r the 

nitrosonium ion which has been detected spectroscopically in very 

s t r o n g 1 9 ' 2 0 acid solut ions . Stedman21 et al. have argued against 

formation of N0+ in weak acidic solutions from t h e i r 0 1 8 exchange 

experiments between azide and n i t r i t e ions. However, l a t e r work 2 2 

on the n i t r o s a t i o n of hydrogen peroxide has provided some k i n e t i c 

evidence which was interpreted in terms of rate l i m i t i n g N0+ 

format ion. The experimental results were consistent with a mechanism 

as underlined in scheme 1.3. 

K 

H+ + HN02 . i a g t > H 2 N0 2

+ 

ki 
H 2 N0 2

+ • N0+ + HoO 
k - i 

N0+ + H 2 0 2

 k 2 . H00N0 + H+ 

Scheme 1.3 

At high [ H 2 0 2 ] , k 2 [ H 2 0 2 ] » k . t [H 20] and formation of N0+ is rate 

determining. Use of high concentration of hydrogen peroxide to e f f e c t 

t r a n s i t i o n from f i r s t to zero order k ine t i c s has been c r i t i c i s ed 1 4 * , 

since t h i s behaviour could also be a t t r i b u t e d to a medium e f f e c t . 
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Williams and c o - w o r k e r s 2 3 ' 2 4 have observed a s imi la r t r a n s i t i o n from 

f i r s t order to zero order k ine t i cs in the course of t h e i r studies on 

the n i t r o s a t i o n of alcohols (equation 1.4). 

ROH + HN0 2 RONO + H 20 1.4 

They have however argued against rate l i m i t i n g N0 + formation since 

d i f f e r e n t alcohols y i e l d d i f f e r e n t l i m i t i n g rates and have interpreted 

t h e i r resu l t s i n terms of a medium e f f e c t . Some recent theore t i ca l 

c a l c u l a t i o n s 2 5 ' 2 6 on the protonated form of ni trous ac id , support 

+ 

ON H2O (hydrated N0 + species) as the e f f e c t i v e n i t r o s a t i n g agent in 

weak acid solut ions . I t has also been recent ly repor ted 2 7 that i n 

d i l u t e ac id ic solutions of a c e t o n i t r i l e there is d i rec t evidence f o r 

rate l i m i t i n g formation of N0 + from both a l k y l n i t r i t e and ni t rous 

ac id . The authors have observed a zero order k ine t i c dependence of 

the react ion on the concentration of substrate (alcohols and 

t h i o g l y c o l i c acid) and k i n e t i c a l l y i d e n t i f i e d N0 + as the e f f e c t i v e 

n i t r o s a t i n g species i n t h i s solvent. 

Whatever the e f f e c t i v e n i t rosa t ing species, i t appears that 

protonation of ni t rous acid i s necessary f o r a l l n i t r o s a t i o n reactions 

and f o r a l l possible substrates (S), the general rate equation f o r 

react ion wi th H2N02 + or N0 + i s expressed by equation 1.5. 

Rate = k[S] [ H N 0 2 ] [H + ] 1.5 

A comprehensive account of a number of these reactions has been 

presented by W i l l i a m s 1 6 and by R i d d 1 4 in recent reviews. A k value 

(equation 1.5) of ca. 7 x 10 3 l 2 mol" 2 s"1 is considered 1 4 to be 

the d i f f u s i o n control led l i m i t f o r reactions of neutral substrates 

wi th H 2 N02 + / N 0 + . For anionic substrates the k values are much 

higher as expected from e lec t ros ta t i c considerations and has indeed 

been found so f o r the thiocyanate i o n 2 8 « 11700 l 2 mol" 2 s"1 , 
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18000 l 2 mc-r 2 s"1 and 11800 1 2 mol" 2 s"1 f o r th iosu lpha te 2 9 and 

benzenesulphinate 3 0 ions respectively and a 4 x 105 l 2 mol" 2 s"1 f o r 

enolate i o n s 3 1 . 

The f i r s t r epor ted 3 2 pK value f o r the dissociat ion of ni trous 

acid is 3.35 at 25°C which has been measured conductometrically. 

Later, many other values have been reported. However, the most 

r e l i a b l e one i s that measured thermodynamically by Lumme33 et al which 

i s 3.148 at zero ionic strength. 

1.4 N i t r o s v l chloride and Ni t rosv l bromide as n i t rosa t ing agents 

At moderate a c i d i t i e s (a 0.1M), solut ions of ni t rous acid when 

treated wi th halide ions (X") give r i se to formation of low 

equi l ib r ium concentrations of n i t r o s y l halides (NOX). F i r s t 

evidence 3 4 f o r involvement of n i t r o s y l halides in n i t rosa t ion 

reactions came from k i n e t i c studies of d i azo t i sa t ion . S c h m i d 3 5 ' 3 6 

elucidated the k ine t i c form of t h i s ca ta lys is f o r d iazot i sa t ion of 

amines wi th a rate expressed as i n equation 1.6. and Hammett5 

Rate = k[ArNH 2] [H + ] [HN02] [X"] 1.6 

X" = C I " , Br" 

pointed out that t h i s corresponds to equation 1.7 and proposed a 

mechanistic scheme (1 .4 ) . 

Rate = k[ArNH 2] [NOX] 1.7 

ki 
HN02 + X" + H+ . NOX + H20 

fas t k 2 

NOX + ArNH2 ArNH2N0+ ArN 2 

Scheme 1.4 
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The equ i l ib r ium constants (K^g^) f o r the formation of N0C1 and 

NOBr have been determined independently (by spectroscopic methods) in 

water at 25°C as 1.14 x 10" 3 3 7 and 5.1 x 10" 2 3 8 l 2 mol" 2 

respect ively. Iodide ions are also known 3 9 to catalyze n i t rosa t ion 

reactions, but iodine formation has prevented the determination of 

% 0 I * ^ using large concentrations of h ighly reactive substrates, i t 

has been possible to achieve conditions where the f i r s t stage of 

scheme 1.4 could be made rate determining, so that rate of formation 

of N0C1 4 0 (ki = 975 l 2 mol" 2 s"1 at 0°C f o r reaction wi th azide 

ions) and NOBr 3 9 (ki = 1170 l 2 mol" 2 s"1 f o r reaction with amines) 

could be measured. More recent ly, W i l l i a m s 4 1 et al have found that 

f o r react ive t h i o l s (N-acetyl cysteine, t h i o g l y c o l i c ac id , 

mercaptosuccinic acid) at s u f f i c i e n t l y high concentration of the 

substrate, n i t r o s a t i o n by NOX becomes so rap id as to allow the 

formation of NOX to be rate l i m i t i n g . They have derived rate 

constants f o r NOX formation and i t s hydrolysis (ki and k 2 

respectively i n scheme 1.4) which are in reasonable agreement with 

each other f o r the three substrates studied. Also, the calculated 

equi l ibr ium constants f o r NOX formation using the above determined 

ki and k 2 values, agree well with the l i t e r a t u r e values which were 

measured d i r e c t l y . 

The a c t i v a t i o n energies and rate c o e f f i c i e n t s f o r the reaction of 

n i t r o s y l halides with amines approach the values expected f o r an 

encounter con t ro l l ed r e a c t i o n 4 2 (k w 10 1 0 l 2 mol" 2 s"1 and E a c t « 20 

kJ mol" 1 ) . 

For d i azo t i sa t ion reactions of N0C1 and NOBr wi th an i l i ne 

der ivat ives i n methanol 4 3 , i t was found that p lots of the f i r s t order 

rate constant, ko (defined by d[ArN 2 ] / dt = ko[HN0 2]) against 
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[HC1] or [HBr] were curved. The k ine t i c measurements were 

in terpre ted in terms of scheme 1.5 where the i n i t i a l N-ni t rosat ion 

ArNH3 

I a 
1 

NOX ArNH ArNH2 NO 

|k 2 

NO + X-

HN02 + X" + H+ ArN 2 

Scheme 1.5 

step was revers ib le and ko was given by equation 1.8 where K is the 
a 

+ 

acid d i ssoc ia t ion constant f o r ArNH3 and [A]. j i s the t o t a l 

+ 

substrate concentration a [ArNH^]. 

k l k 2 KN0X K a t X " ] f % u * 
k 0 = 

k - i [X-] + k 2 

(ko) - 1 = (ki K N Q X K a [X-] [ A ] T ) " ' 1.9 

Plots of ( k o ) - 1 vs [ X ] ' 1 (equation 1.9) were found to be l inear and 

values of ki and ra t ios of k - i / k 2 could be obtained from these 

p l o t s . Similar i n i t i a l reversible N-ni t rosa t ion has also been 

observed f o r some diazot isa t ion reactions in w a t e r 4 4 . The rate 

constants ( k i ) show that as expected n i t r o s y l chlor ide is more 

react ive than n i t r o s y l bromide towards a l l subst i tuted ani l ines 

s tudied. With the more basic amines, the rate constants leve l o f f as 

they approach the d i f f u s i o n control led l i m i t . 

Catalysis by chloride and bromide has also been observed in a 

large number of reactions involving 0 1 6 ' 2 3 S \ 6 ? 4 5 and C 4 6 n i t rosa t ion 
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and very recent ly , molecular o r b i t a l c a l c u l a t i o n s 4 7 have enabled the 

i d e n t i f i c a t i o n of the s t ruc tu ra l features involved in NOClnitrosation 

1.5 Ni t rosa t ion by n i t r o s v l thiocvanate and S-nitrosothiouronium ion 

Thiocyanate and thiourea catalysis in n i t r o s a t i o n reactions has 

been observed 4 5 in a number of cases and as i n the case of chloride 

and bromide ion ca ta lys i s , is interpreted in terms of intermediate 

formation of n i t r o s y l thiocyanate and S-nitrosothiouronium ions. 

k i 
SCN" + H+ + HNOo . NOSCN + H20 1.10 

k 2 

k i 
(NH2)2CS + H+ + HN02 . (NH2)2CSN0 + H20 1.11 

k 2 

The equi l ibr ium constants f o r t h e i r formation have been measured as 

32 l 2 mol" 2 (at 2 0 ° C ) 4 8 and 5000 l 2 mol" 2 (at 2 5 ° C ) 4 9 respectively 

A l - M a l l a h 4 9 et al have also measured the rates of the forward (k t = 

6960 l 2 mol" 2 s"1 at 25°C) and reverse reactions of n i t rous acid 

wi th thiourea (equation 1.11). The larger values of the equi l ibr ium 

constants K^gg^ and ^(^NH2)2CSN0 * N C O M P a r i s o n t 0 %oci a n (^ 
^NOBr' m a k e s thiocyanate and thiourea ca ta lys is much more pronounced 

than that by chlor ide or bromide. Williams and co-workers have 

measured values of rate constants f o r reactions of a n i l i n e 2 4 and 

morpholine 5 0 w i th NOBr, NOSCN, and (NH 2 ) 2 CSNO. From t h e i r 

resul t s and also by taking in to account the reactions of a large 

number of other substrates with the above NOX species, a general 

trend i n r e a c t i v i t y is es tabl ished 1 6 as N0C1 > NOBr > NOSCN > 

+ 
(NH2)2CSN0 and cata lys is by thiourea > thiocyanate > bromide > 
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chlor ide . This r e a c t i v i t y order can be explained in terms of the 

e lec t ronega t iv i ty of the halogens. The NO-X bond in N0C1 w i l l be 

much more polar ised, hence more e l ec t roph i l i c than the corresponding 

NOBr or NOSCN bonds, owing to the greater e lec t ronega t iv i ty of the 

chlorine atom, thus making i t more react ive. However the overa l l 

c a t a l y t i c e f f i c i e n c y of the added nucleophile (X") is governed by the 

%0X v a ^ u e s a n d t n e greater ca t a ly t i c e f f e c t of thiocyanate in 

comparison to chlor ide or bromide ions is a t t r i b u t e d to the larger 

value of K N 0 S C N . 

For very react ive substrates (anil ine 8 , azide i o n t 0 hydrazoic 2 8 

acid , t h i o g l y c o l i c 4 1 acid) rate l i m i t i n g NOSCN formation 

consistent wi th a rate equation 1.12 has been observed. 

Rate = k [H +] [HN02] [SCN"] 1.12 

k values of » 1500 l 2 mol" 2 s"1 at 0°C f o r a n i l i n e and azide ion, 

and « 11000 l 2 mol" 2 s"1 at 25°C f o r hydrazoic and t h i o g l y c o l i c 

acids are close to those obtained f o r reactions at encounter between a 

p o s i t i v e l y charged n i t rosa t ing species and an anion. 

Thiocyanate 0 1 and th iourea 5 2 are also known to catalyse 

deni trosat ion reactions of nitrosamines. N i t r o s y l thiocyanate or the 

S-nitrosothiouronium ion i s formed respectively (equation 1.13) which 

i s removed by means of a n i t r i t e t rap . 

PhNH(Me)N0 + SCN' / ( N H 2 ) 2 CS 

(1.13) 

PhNHMe + N O S C N / (NH 2 ) 2 CSNO 

n i t r i t e 
t rap 

removed 
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2.1 INTRODUCTION: 

Ni t rosa t ion reactions of carbonyl compounds have been known since 

Vic tor Meyer performed the reaction of /?-keto esters with ni trous 

ac id . The react ion is qui te general f o r a l l carbonyl compounds and 

can be represented by equation 2 . 1 . The products are usually the 

H+ i f R'=H 
RCOCHR'R" • RCOCR'R" • R-COCR" 2.1 

HNOo I II 
NO NOH 

nitroso ketone oxime 

n i t roso ketones which tautomerize to the more stable oximes. These 

reactions are very useful synthe t ica l ly but u n t i l recently there had 

been l i t t l e inves t iga t ion in to t h e i r mechanisms. 

In acid so lu t ions , these reactions have been considered to 

involve the react ion of the n i t rosa t ing agent wi th the enol form of 

the carbonyl compounds. This is by analogy wi th other e l ec t roph i l i c 

addi t ion reactions l i k e halogenation, racemisation and isotope 

exchange. 

2.2 KETO-ENOL TAUTOMERISM 

Enol isat ion is an example of protot ropic rearrangement1 in which 

a proton is t ransfer red from a carbon to a hetero atom. This 

phenomenon which i s commonly observed with ketones, /?-keto esters and 

acids, diketones and malonic esters can be expressed by equation 2.2. 

C C = = 0 • C C OH 2.2 

I 
keto form enol form 



1 5 

In simple carbonyl compounds the equil ibrium is usually s h i f t e d 

towards the keto form. However, several fac tors influence the 

d i r e c t i o n of the equ i l ib r ium. For instance, hydrogen bonding in 

acetylacetone (equation 2.3) and e lec t ros ta t ic repulsion between the 

carbonyl groups i n the keto form of 1,2-diketones usually favour the 

equi l ibr ium towards the enol form. 

0 0 0 H - - - 0 

CH3—U CB2—H CH3 C H 3 — C = C H 1! — CH3 

(2.3) 

Keto . enol tautomerism has been extensively studied and has been 

the subject of a number of ea r l i e r r e v i e w s 2 ' 3 ' 4 which dealt p r imar i ly 

wi th fac tors which a f f e c t the equ i l ib ra t ion of the tautomers. 

However, since the attempts of Fuson 5 ' 6 to prepare exclusively the 

enol tautomer by introducing some bulky mesityl groups at one or both 

ends of the enolic C = = C double bond, there now exists a large 

number of k i n e t i c a l l y and thermodynamically stable enols. Hart 6 has 

presented a comprehensive rewiew of i so la t ion and characterisat ion of 

a number of such k i n e t i c a l l y stable enols. Most of the reactions f o r 

the generation of the enol involve methods that retard or prevent the 

proton t ransfer which convert i t to keto. Photochemical 7 and thermal* 

methods (used f o r the synthesis of v i n y l alcohol i n the gas phase) 

have been p a r t i c u l a r l y u se fu l . Some simple f l u o r i n a t e d enols l i k e 

pentafluoroacetone ( CF2=;C(0H)—CF3 ) have been prepared 6 and are 

very stable. Fusons work was l a t e r extended by Rappoport9 and 

co-workers who i so la ted the f i r s t stable a - s i l y l enol , 
MeN SiMe3 

C = C X . They have f u r t h e r synthesised and studied spectral 
Me OH 
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propert ies of a range of 1-aryl 2 ,2-dimesi tyl e thenols 1 0 prepared by 

the reaction of a Grignard reagent with dimesi tyl ketene (equation 

2 .4 ) . 

1. ArMgBr/THF 
Mes2 C = C = = 0 • Mes2 C = C ( 0 H ) A r 2.4 

2. B+ / H20 

They have found tha t in the aromatic series, the s t a b i l i t y of the enol 

increases with increase in the bulk of the o-ary l group whereas in the 

a - a l i pa t i c subst i tuted s e r i e s 1 1 , s t a b i l i t y decreases along the series 

H > Me > Et > i -Pr > t -Bu. From the resul ts of t h e i r extensive 

studies they conclude, that the greater s t a b i l i s a t i o n of the enol is 

mainly due to the des tab i l i sa t ion of the keto form by electron 

withdrawing a-aryl substi tuents. Also, a combination of polar, 

resonance and H-bonding e f f ec t s is not s u f f i c i e n t to account f o r the 

i n t r i n s i c s t a b i l i t y of some enols, but s t e r ic e f f e c t s also play an 

important ro le i n cont r ibu t ing to t h e i r s t a b i l i t y . The introduct ion 

of bulky groups t o s t a b i l i s e the enol has also found appl ica t ion i n 

the synthesis of the f i r s t k i n e t i c a l l y stable acid and ester enols 1 2 

from s i l y l a t e d ketene acetals (equation 2.5) by introducing a 

pentamethyl phenyl group. 

Ar 0SiMe3 Ar OH 
> = < » > = < 2.5 

A r ' N0SiMe 3 A r ' OH 

Ar = MesCe (2.3,4,5,6-pentamethyl phenyl^Enols have also been 

generated in aqueous solu t ion (under conditions where the k ine t ics of 

t h e i r reactions may be measured accurately) by f l a s h photolysis of the 

appropriate ketone precursors. Kresge 1 3 et al and Capon 1 4 have used 
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t h i s method to prepare enols of acetone, acetophenone and 

isobutyraldehyde, and more recently, v i n y l a l c o h o l 1 5 (equation 

2 .6 ) . Capon has characterised the enols by e i the r I . R . , N.M.R., U.V. 

spectroscopy or by C1DNP. The techniquehas also been used by Weedon16 

A / H OH 0 hi / 

A + 

to produce a series of dienolates of /?-alkyl a-0 unsaturated ketones 

and measure t h e i r rates of reketonization i n aqueous basic so lu t ion . 

Very recently Kresge and co-workers r e p o r t 1 7 the generation of an enol 

by another new method which involves photo-oxidation of alcohols by 

carbonyl compounds to produce ke ty l radicals which f u r t h e r 

disproportionate to the enol (equation 2 .7) . Flash photolysis of 

acetone and cyclohexanol produces two transients which decay at 

0 OH , OH OH OH 

X ' A ^ ' A - A ' A 2 7 

d i f f e r e n t rates and have been i d e n t i f i e d as t h e i r respective enols 

(equation 2 .8 ) . 

OH OH OH 0 

A 6 6 A 2.8 

\ 
OH OH + OH OH 

A 6 6 A 
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Some of the techniques which are used to prepare stable forms of 

enols have been used 6 to s t ab i l i s e the keto form of some compounds 

l i k e phenols, f o r which the enol form is usually the predominant 

tautomer. Complexation with metals has s t ab i l i s ed both enol and keto 

forms of phenols, as in the conjugated tautomer of phenol 1 8 which is 

s t ab i l i s ed as the i ron- t r i ca rbony l complex (equation 2 .9 ) . 

One of the most important aspects of the keto enol tautomerism has 

been the measurement of the enol content in the equ i l ib r ium. From as 

early as 1912, there have been at tempts 1 9 to measure the keto-enol 

methods. The halogen t i t r a t i o n 1 9 method was very much in use in early 

years. D i f f e r e n t groups 2 0 of workers have modified t h i s o r i g i n a l 

method of Meyer but t h e i r resul ts d i f f e r e d from each other and were 

not i n agreement wi th the l a t e r developed ind i rec t techniques. 

Detailed invest igat ions have been carr ied out by Guthrie using 

three d i f f e r e n t i nd i r ec t approaches. A thermodynamic 

approach 2 1 ' 2 2 based on the determination of Gibbs f r e e energy f o r enol 

ether formation, a k ine t i c approach 2 3 in which the enol content was 

estimated as the r a t i o of the rate constant f o r acid catalysed 

enol isa t ion of the carbonyl compound and acid-catalysed hydrolysis of 

the corresponding methyl enol ether, and the t h i r d 2 4 was based on 

0 0 

6 Fe(C0 5 

n-BuoO 

Fe C0) 3 

2.9 

equi l ibr ium constants (K g ) by physical , chemical, and spectroscopic 
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determination of d issocia t ion constants of the enol and keto forms. 

Although these methods led to concordant resul ts and also enabled 

determination of the equil ibr ium constant f o r a number of keto-enol 

systems, they have been c r i t i s i z e d by D u b o i s 2 5 ' 2 6 et al especially on 

the ground that i t was assumed that rate constants f o r enol 

ketonizat ion are equal to those f o r enol ether hydro lys i s . These 

authors have proposed another approach based on k i n e t i c measurements 

of acid catalysed halogenation of ketones at low halogen 

concentration, when the enol isat ion step is rate determining. The 

values of K g so obtained are much less than those obtained by halogen 

t i t r a t i o n methods and are in f a i r agreement with some resul ts obtained 

by Guthrie. 

The important drawback of t h i s method is that i t i s s t i l l an 

ind i rec t method and i s based on the assumption that halogenation 

occurs on encounter with molecular halogens. 

N.M.R. spectroscopy 2 7 is also a powerful t o o l i n measuring the K g 

values, but i t has l im i t a t i ons in detecting too high or low enol 

content. Recently, Moriyasu 2 8 et al have reported the measurement of 

K g values of some /2-dicarbonyl compounds by high performance l i q u i d 

chromatography. Kresge 2 9 and co-workers have developed a new and 

d i r ec t method which i s based on the k i n e t i c studies of base catalysed 

ketonizat ion of the enol (generated by f l a s h photolysis) t o the more 

react ive enolate ion (equation 2.10). From the analysis of the 
K 

RC(0H) = CH2 + OH" ; = ± RC(0-) = CH2 + H20 

| k 2 - 1 0 

RC(0)CH3 + 0H-

k i n e t i c data, the equi l ibr ium constant (K) and ra te contant (k) can 
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be determined which are related to the acid d issoc ia t ion constants of 
F K the enol (KQ ) and the keto form (K ) respectively by equations 2.11 a a 

F K 
and 2.12. The r a t i o K / K = the keto-enol equi l ib r ium constant (K ) 

K a

E = K x K „ 2.11 

K a K = kM K » / k 2 - 1 2 

K = se l f ionisa t ion constant of water w 

E 
kgjj = spec i f i c rate f o r hydroxide catalysed 

enol i sa t ion of the carbonyl compound. 

The authors have determined the K g values of acetone, acetophenone, 

butanone and a few other carbonyl compounds. K g values f o r s t e r i c a l l y 

crowded polyaryl subst i tu ted enols (Fuson enols) and acenaphthols have 

been measured i n non-aqueous solvents by Rappoports 3 0 l inear f r ee 

energy cor re la t ion between K g values f o r stable /?-./? d imesi ty l and 

unstable /?-/? unsubstituted o-enols. The p lo t is f o r measuring pK g 

values f o r simple enols which cannot be measured eas i ly . 

The keto form of carbonyl compounds can be in equ i l ib r ium with 

e i ther the enol or i t s corresponding enolate ion (scheme 2.1) 

S" 
depending on the value of the a c i d i t y constants f o r enols (Kgp)• 

/ SH (enol) 

(keto) HS 
M 
S" (enolate) 

Scheme 2.1 

I n i t i a l l y these values were determined 2 0 by halogen t i t r a t i o n methods, 

but the values are doub t fu l as the equi l ibr ium constants (K ) are 

questionable. A comprehensive account of a number of other methods 
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which have enabled measurement of the Kgjj values . has been 

presented by Tou l l ec 3 1 . Recently, Haspra 3 2 et al have developed a 

s t ra ightforward method in which the i n i t i a l absorbances of the 

t ransient enol (produced by the Norrish I I photoelimination of ketone 

precursors) i s dependent upon the pH, leading to a sigmoid t i t r a t i o n 

curve (when absorbance values are p lo t ted as a f u n c t i o n of pH). The 

i n f l e c t i o n point of the curve gives the pKg^ value. This method has 

S" 

also been used by Kresge 2 9 et al f o r determination of pKgjj of acetone 

and by f a r appears t o be the most e f f e c t i v e method. 
c -

Guth r i e 2 4 has also estimated values f o r pK^g ( i . e . d issociat ion 

constant f o r the keto form of the carbonyl compound as a carbon acid) 

by the help of equation 2.13. The method has been applied to a series 

of p-subst i tuted acetophenones. 

A comprehensive account of the thermodynamic and stereochemical 

aspects of t h i s tautomerism has been reviewed by T o u l l e c 3 1 . The 

generally accepted mechanism f o r acid-catalysed enol i sa t ion is g i v e n 3 3 

by equation 2.14, where there is an i n i t i a l rapid formation of 

the hydroxycarbonium ion fol lowed by a-H+ e l imina t ion i n presence of 

a base (water in a strong ac id ) . This is s imi la r to a Pedersen 3 4 type 

mechanism. Work on solvent and CH-CD k ine t i c isotope e f f ec t s by 

d i f f e r e n t groups of w o r k e r s 2 5 ' 3 5 ' 3 6 has independently supported the 

above mechanism. 

P K H S = P R S H " 1 O S K : 

S" 
HS 2.13 

H + H 3 0 + + H 3 0 + H + HoO 

1 H + 0 
(equation 2.14) 
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2.3 Halogenation of carbonyl compounds 

I t has been generally assumed37 u n t i l recently (without any 

evidence), that the mechanism of n i t rosa t ion of carbonyl compounds i s 

s imi l a r to that of halogenation. In contrast to the former, the 

mechanisms of halogenation reactions have been extensively studied 

since the pioneering work of Lapworth 3 8 who showed tha t the rate of 

halogenation of acetone was independent of the nature or concentration 

of the halogen, and was subject to catalysis by both acids and bases. 

He proposed schemes 2.2 and 2.3 f o r both reactions. 

Acid ca ta lys is : 

C H 3 — C — CH3 

0 

H+ 

C H 3 — C + — C H 3 
-H + 

_ T o _ C H 2 = ? C H 3 

OH 

}x2 

Scheme 2.2 

Base ca ta lys is : 

CH 3 —C CH3 ^ = 

XCH2 •C CH3 

B 
CH 2—C CH3 « • CHo=C CH3 

J -

X2 

Scheme 2.3 XCH2—C CH3 

I n acid catalysis the intermediate attacked i s the enol , which 

undergoes an Sg2' rearrangement to the product. I n base catalysis 

react ion occurs v i a the more reactive enolate ion . Later, detai led 

studies of these reactions involving a number of substrates were 



23 

performed by B e l l 4 0 and co-workers. Their work on acid catalysed 

reactions has shown that the most commonly observed k i n e t i c form f o r a 

react ion involv ing molecular halogen i s given by equation 2.15. 

-d[halogen] = k [ketone] [H + ] 2.15. 

dt 

For the ch lo r ina t ion of acetone, they proposed a scheme as i n 2.4. 

Their resul ts were consistent with an observed rate constant as 

ki 
SH + H+ = ± HS + H+ 

k - i 

k 2 

HS + c i 2 — > sci + r + c r 
Scheme 2.4 

(SH and HS are keto and enol forms respect ively, of the compound.) 

expressed in equation 2.16. 

k 2 k! [H + ] [ C l 2 ] 
k = 2.16 

k - i [H + ] + k 2 [ C l 2 ] 

At high halogen concentration, k = ki [ H + ] , and the reaction i s zero 

order in halogen ( i . e . i t becomes independent of the concentration 

and nature of the halogen, thus supporting the observation of 

Lapworth), implying that the slow rate l i m i t i n g step of the reaction 

i s the formation of the enol or the enolate ion , which then 

subsequently reacts with the halogen more rap id ly than rever t ing to 

ketone. However, at low halogen concentration, the k ine t i c form 

changes to equation 2.17. 

- d [halogen] 
^ = k [ketone] [X 2 ] 2.17 



24 

and, from equation 2.16 

k = k 2 K [ C l 2 ] (because K = k l ) 2.18 
k - i 

and the rate of react ion has a f i r s t order dependence on concentration 

of halogen (equation 2.18), and the reaction of the halogen with the 

enol form is the slow rate l i m i t i n g step. 

Using low halogen concentration and the values of the keto-enol 

equi l ibr ium constant ( K g ) , the actual rate constants f o r halogenation 

of a number of carbonyl compounds have been determined. However, the 

u n c e r t a i n t y 2 4 ' 2 5 in the K g values casts doubt on these rate 

c o e f f i c i e n t s , as reported ea r l i e r . In studying the c h l o r i n a t i o n 3 9 

and b r o m i n a t i o n 4 0 ' 4 1 of acetone i t was found that i n contrast to 

bromination, the ra te constant f o r ch lor ina t ion (k = 7.3 x 105 1 

mol" 1 s" 1) did not vary with concentration of ch lor ide ion, 

suggesting that C I 2 and C I 3 " react at s imi la r ra tes . 

For bromination, analysis of the va r i a t ion yielded rate constants f o r 

react ion of Br 2 (k = 1.03 x 107 1 mol ' 1 s" 1) and Br 3 " ion (k ' = 2.8 x 

106 1 mol" 1 s " 1 ) . I t was therefore concluded without any explanation 

that f o r halogenation, bromine is more reactive than chlor ine . Later 

work of Dubois and Toullec has shown on the contrary, that the 

r e a c t i v i t y of an enol to the halogens i s s im i l a r , suggesting that 

reactions occur at encounter and the previous work of Bel l and 

co-workers is i n e r ro r , because of the use of unnecessarily high 

halogen concentrations. Recently, the mechanisms of ch lor ina t ion of 

some a l i c y c l i c ketones i n carbon t e t r a c h l o r i d e 4 2 and that of acetone 

using t r i ch loro i socyanur ic acid as the ch lo r ina t ing agen t 4 3 , have been 

k i n e t i c a l l y examined. The zero order dependence of the reaction on 
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halogen concentration is again consistent wi th ra te l i m i t i n g 

enol isa t ion . 

Reactions of carbonyl compounds where the enol i s the bulk 

component, have also been s t u d i e d 4 4 . The rate constants obtained in 

these cases should be much more precise, as the uncertainty a r i s ing 

from the keto-enol equi l ibr ium constant values i s avoided. Compounds 

S" 

wi th known enol acid dissociat ion constant values (pKgjj) have been 

studied, and i t was found that f o r some enols the react ion rate was 

independent of a c i d i t y over the range pH 1-3, implying that the rate 

of halogenation i s independent of whether the bulk of substrate exists 

as enol or enolate. This i s interpreted i n terms of an encounter 

reaction of enol and enolate wi th the halogenating agent. However, 

the low values of the rate constants a 106 1 mol" 1 s"1 (much less than 

that f o r encounter) and the f ac t that f o r some compounds l i k e d i e thy l 

malonate 4 0 and methylmethanetricarboxylate 4 4 , halogenation reaction 

with the enolate ion occurs at encounter, but not wi th the enol, 

questions the v a l i d i t y of the above explanation. 

Base catalysed halogenation of a number of carbonyl compounds has 

also been s t u d i e d 4 5 ' 4 6 . The mechanism has been shown k i n e t i c a l l y 4 7 ' 4 8 

to involve attack by hypohalite ion on the enolate ion . Rate 

determining enolate formation has made possible the determination of 

rate constants f o r base catalysed enol isa t ion. 

2.4 Ni t rosa t ion of carbonvl compounds. 

In spite of the synthetic importance 4 9 of these reactions, u n t i l 

recent ly , the only reported mechanistic work on n i t r o s a t i o n of 

carbonyl compounds was that of acetone. This inves t iga t ion has argued 

against e l e c t r o p h i l i c attack of n i t rosa t ing agent on the enol form (as 
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in halogenation). I t was reported that the rate of n i t r o sa t i on of 

acetone i s ca. 7 times f a s t e r than rate of enol isa t ion under the same 

experimental condit ions, and a mechanism was proposed which involved 

attack of the carbonyl oxygen atom by the n i t r o s a t i n g agent, fol lowed 

by an in te rna l rearrangememt of the ni t roso group to the adjacent 

carbon atom (scheme 2 .5 ) . 

(CH 3 ) 2 CO + HN02 CH3 C CH3 

+ 0 NO 

CH3 C CH3 - i S S l , CH3 CO CH2 NO + H+ 

+ | NO j f a s t 

CH3 COCH=NOH 

scheme 2.5 

Wi l l i ams 5 1 ' 5 2 et a I have indicated that the above work i s i n 

error because a t h i r d order rate constant has been compared to a 

second order rate constant, leading to an incorrect estimation of the 

r e a c t i v i t y r a t i o (n i t r o sa t i on : eno l i sa t ion) . Their more recent 

experimental work has i n f a c t shown that n i t rosa t ion i s not f a s t e r 

than enolisat ion under conditions employed by Singer and Vamplew. 

Williams and co-workers have studied the mechanism of n i t ro sa t i on of 

acetone (Ac), ethylmethylketone (EMK), 1,3-dichloroacetone (DCA), and 

acetylacetone (AcAc). For t h e i r reactions with Ac, LMK, and DCA in 

presence of nucleophi l ic catalysts (Br", C I " , SCN") they observed a 

zero order dependence of the reaction on [HN02] when the nucleophile 

concentration was qu i te high. However, with very low [nucleophile] 

the reaction order changed from zero to f i r s t . They have interpreted 

t h e i r resul ts in terms of scheme 2.6 where n i t r o s a t i o n proceeds v i a 

the enol tautomer. 
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c—~CH + i r . • ' — C = C + H+ 

\ k - l I \ 
J H 

K N O X 
HN02 + X " + H + . N O X + H 2 0 

H W 
— C = C / + N O X — — C c ' ( N O ) 

I \ 1 \ I. m OH 

j f a s t 

— C C — 
II 
NOH B "-

scheme 2.6 

At high concentration of nucleophile ( X " ) , k 2 K ^ Q ^ [ H N O 2 ] [ X " ] [ H + ] > > 

k - i [ H + ] and the ra te which is governed by acid catalysed enol isat ion 

is expressed as i n equation 2.19. Whereas at low concentration of X " 

Rate = ki [ketone] [ H + ] 2.19 

the other l i m i t i n g condi t ion i s achieved, when attack of the 

n i t r o s a t i n g species ( N O X ) on the enol becomes rate l i m i t i n g (equation 

2.20). The s i t u a t i o n i s therefore analagous to the halogenation of 

carbonyl compounds. The rate constants f o r enol isa t ion 

Rate = k 2 [ketone] [ N O X ] 2.20 
= k 2 K N Q X [ H + ] [HN02] [X-] [ketone] 

%0X = ^ u i l i b r i u m constant f o r the formation of N O X . 

(equation 2.19). compare we l l wi th those obtained from halogenation 

and isotope exchange k i n e t i c s . 
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The k ine t i c behaviour of DCA in presence of high [nucleophile] 

was s imi la r to that of Ac and EMK, except that there was an i n i t i a l 

f a s t reaction which was not zero order i n [ H N O 2 ] . I t was however 

f i r s t order in [DCA] and was not acid catalysed. From the amount of 

n i t rous acid consumed f o r t h i s i n i t i a l part of the react ion, the 

authors have estimated the keto-enol equi l ibr ium constant (K g = 

3.2 x 10" 3 ) and the rate constant f o r enol isat ion ( k g = 3.2 x 10" 6 

s" 1 ) which compares wi th those derived by G u t h r i e 2 4 (K = 1 x 10" 2 ) 

and B e l l 4 0 (k = 3.2 x 10" 6 s" 1 ) respect ively. At lower 

concentration of X" i t was not possible to achieve a complete change 

from zero to f i r s t order k i n e t i c s . The authors have analysed the 

k i n e t i c data f o r mixed zero and f i r s t order reactions by using an 

approach suggested by Dubois 2 6 et al and have obtained rate constants 

f o r both enol isat ion (equation 2.19) and n i t r o sa t i on (equation 2.20). 

For AcAc there was no d i rec t evidence that the reaction occurred 

v i a the enol form as i t was not possible to achieve rate l i m i t i n g 

eno l i sa t ion , even in the presence of high nucleophi l ic catalyst 

concentration, but by analogy with the other ketones i t was proposed 

to proceed v ia the enol . For reactions in the absence of nucleophi l ic 

ca ta lys ts , f o r Ac and EMK the react ion rate was found to be 

proport ional to [ H N O 2 ] 2 which was interpreted in terms of reactions 

v i a N2O3. Whereas f o r AcAc and DCA the reactions were f i r s t order i n 

both [ H N 0 2 ] and [ketone], ind ica t ing n i t rosa t ion v i a H 2 N 0 2 + / N 0 + . 

This behaviour has been interpreted i n terms of the r e a c t i v i t y of the 

enol . Due to the presence of the addi t ional e lectron withdrawing 

groups -COMe and CI i n AcAc and DCA respect ively, t h e i r enols are 

much less reactive and hence react p r e f e r e n t i a l l y wi th the more 

react ive pos i t ive ly charged e lec t rophi le H 2 N O 2 V N I P , whi l s t f o r the 
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more react ive enols of Ac and EMK, N2O3 pathway i s favoured. The 

resu l t s of the derived rate rate constants f o r enol i sa t ion and f o r 

attack of NOX ( f o r reactions in the presence of X") and f^NlV/NO 4 or 

N2O3 ( f o r uncatalysed reactions) are presented in tab le 2 . 1 . Owing to 

the uncertainty over the K g values f o r Ac, where a number of values 

have been reported, the authors have based t h e i r r e su l t s on those 

presented by G u t h r i e 2 4 and more recently by Kresge 2 9 et al. I t is 

clear from the resu l t s that the trend in r e a c t i v i t y N0C1 > NOBr > 

NOSCN, now wel l established i n n i t r o sa t i on , i s fo l lowed and the 

r e a c t i v i t y trend of enols EMK a Ac > AcAc > DCA is much as expected. 

T f t 6 L £ " 2-[ 

Acetone Ethyl methyl Acetyl 1,3-dichloro 
ketone acetone acetone 

k g 3.8 x 1(T 5 4.9 x 10" 5 - 3.2 x 10" 6 

K m m 1.4 x 108 ? 4.6 x 109 1.0 x 105 1.2 x 10 4 J 
N 0 C 1 1 . 5 x l 0 9 b 3 . 8 x l 0 4 d 

K N f m . 7 - ° x !0 7 t 3.8 x 109 1.4 x 10 4 2.8 x 103 J 
N 0 B r 7.4 x 108 b 8.8 x 103 d 

KN0SCN - 3.0 x 10« 500 

k/j\^j - - 38 

KN n 1.2 x 109 \ 2.5 x 109 

N 2 ° 3 1.3 x 10 1 0 b 

K N 0 +

K N 0 + " - 3 6 L 2 M O L " 2 S L 2 . 4 J 

a Using K = 6.3 x 10~ 8. b Using K = 6.0 x 10" 9 . 

c Using K - 1.0 x 10" 2 . d Using K = 3.2 x 10" 3 . 
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CHAPTER 3 

Ni t rosa t ion of Ethylacetoacetate 
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3.1 INTRODUCTION 

Ethylacetoacetate (EAA) has been extensively s t ud i ed 1 , especially 

during the development of the concept of tautomerism. The equil ibrium 

(equation 3.1) in t h i s compound i s great ly in favour of the keto form 

( I ) as there are no fac tors cont r ibut ing to the s t a b i l i s a t i o n of the 

Ke 
CH3 CO CHo C 0 2 C 2B 5 , CH3 C = C H CO- C 2H 5 3 . 1 

i„ 
( I ) ( I I ) 

enol form ( I I ) . I t has however been possible to i so la te both the keto 

and enol fo rms 2 ' The equi l ibr ium constant f o r enol i sa t ion (K g ) has 

been measured in a number of solvents 1 . In water i t s value, 

determined 3 by spectroscopic methods is reported as 5.02 x 10" 3 . The 

n i t r o sa t i on reactions of 0-keto esters are wel l known4 and have been 

much used syn the t i ca l ly in the preparation of o-oximino acids, esters 

and ketones, since Victor Meyer f i r s t prepared 5 e thy l a-oximino 

acetate from e thyl acetoacetate. In view of the synthetic importance 

of these react ions, the mechanistic study of n i t r o s a t i o n 6 ' 7 of 

carbonyl compounds has been f u r t h e r extended i n t h i s work to esters 

l i k e ethylacetoacetate and the resul ts of the k i n e t i c invest igat ions 

in acidic solut ions and in presence of added nucleophiles (chlor ide , 

bromide and thiocyanate ions) are reported. 

The reaction was monitored spectrophotometrically at 25°C, at 

370nm wavelength, by fo l lowing the disappearance of the absorbance due 

to n i t rous acid. A l l the experimental runs were carr ied out in 207o 

dioxan - water mixture because of the very low s o l u b i l i t y of EAA in 

water and, i t s concentration was i n large excess over that of ni trous 

ac id . 
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3.2 Uncatalysed reactions 

Reactions were studied by varying concentrations of e i ther acid 

(HCIO4) or EAA, keeping that of the other constant. The k ine t i c runs 

showed good f i r s t order behaviour with respect to ni t rous acid and the 

va r i a t i on of the observed rate constant (ko) wi th acid and EAA 

concentrations i s given in table 3.1 and f i g u r e 3 . 1 . 

Table 3 . 1 : Dependence of k 0 upon [acid] and [EAA] 

[NaN02] = 0.01M 

10 [EAA] / M 10 2 [Acid] / M 
4.2 
9.4 

14.5 
19.7 
15.5 
15.5 
15.5 
15.5 

2.5 
2.5 
2.5 
2.5 
1.0 
2.0 
3.0 
4.0 

10 3 k 0 / s"1 

2.20 
4.88 
7.50 
9.96 
3.04 
5.80 
9.27 
11.6 

The p lo t s of ko vs [acid] and also of ko vs [EAA] show that the 

react ion has a f i r s t order dependence on the concentrations of both 

acid and EAA and the resul ts are consistent wi th a scheme (3.1) as 

ou t l ined below. 

CH3 CO CH2 C02 C 2H 5 J^=± CH3 C = C H C02 C 2H 5 

L 

(Scheme 3.1) 

H2N02

 + 

CH3 CO C C02 C 2H 5 

JoH 
oxime 
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F i gure 3. 1 

V a r i a t i o n o f k n w i t h C a c I d ] a n d C E A A ] 

12 T 

8 

<0 

0 

0. 0 0. 2 0. 4 

CX] / M 

V CEAA] 

A Cac(d] 
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The rate expression expected f o r scheme 3.1 (when the reaction of the 

enol is rate l i m i t i n g ) is given by equation 3.2 where ko i s the 

observed f i r s t order rate constant defined by equation 3.4. 

Rate = k [H + ] [HN02] [enol] 3.2 

= k 0 [HN02] 3.3 

- d l H N ° 2 ] = k 0 [HN02] 3.4 

dt 

The t o t a l concentration of EAA ([EAA]j) is the sum of the 

concentrations of enol and keto forms as expressed in equation 3.5. 

[EAA] j, = [enol] + [keto] 3.5 

[enol] 
but K 

[keto] 

Ke i s the equi l ibr ium constant f o r enol isa t ion . 

therefore [EAA]^ = [enol] (K +1 / K ) 3.6 

From equat ions^.3 and 3.6 

k 0 = k [H + ] [EAA]j (K e / 1 + K e ) 3.7 

The K g value f o r EAA in aqueous solut ion has been reported as 

5.02 x 10" 3 . We have t r i e d to measure t h i s value i n 207o dioxan-water 

mixture by N.M.R. spectroscopy, but only minute traces of enol could 

be detected. The enol content here is probably s imi la r to that in 

water (0.57. enol) which is also too low to be detected by N.M.R. and 

in our calculat ions we have used the K g value f o r aqueous so lu t i on . 
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So, from p lo t s of ko vs [acid] and [EAA] 

Slope = k[EAA] T (K / 1+K ) or k [H + ] (K / 1 + K ) respect ively. 

The k values so calculated and shown in table 3.2 are in very good 

agreement with each other. 

Table 3.2: Values of slopes and rate constants from plo ts of 

ko vs [acid] and [EAA] 

Var ia t ion of 102 slope / 1 m o l d s ' 1 k / ^ m o l ^ s " 1 

Acid concentration 4.96 40.0 

EAA concentration 2.93 38.0 

3.3 Nucleophile catalysed reactions 

Ni t rosa t ion of EAA appeared to be s i g n i f i c a n t l y catalysed by 

added chlor ide , bromide and thiocyanate (X") ions. The resu l t s of the 

k i n e t i c runs, a l l of which showed good f i r s t order behaviour wi th 

respect to n i t rous acid, are given in table 3.3 and f i g u r e 3.2. 

Table 3.3: Var ia t ion of k 0 with [X-] (X- = C I " , Br", SCN") 

[acid] - 0.211M, [EAA]j = 0.25M, [NaN02] = 4.5 x 10"3M 

10 2 [CI"] 10 4 k 0 102 [ B r ] 10 3k o 103[SCN"] 10 3 k 0 

(M) ( s " 1 ) (M) (s- 1 ) (M) ( s - 1 ) 

0 93 0 8.2 0 9 

5 152 5 52 5 60 

10 212 10 108 10 124 

15 245 15 157 15 164 

20 296 20 192 20 225 

25 352 25 246 
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F I g u r e 3. 2 

NucleophlLlc c a t a l y s i s for 
the n i t r o s a t i o n of EAA 
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A C C f ] 
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The pos i t ive intercept in f i g u r e 3.2 represents the uncatalysed 

reac t ion . The above resu l t s are readi ly interpreted i n terms of a 

mechanism as out l ined i n scheme 3.2 and the overa l l ra te constant 

expressed as i n equation 3.8. 

CH3 C = CH.C02C2B5 + NOX —£-» Product 

KN0X 

CH3 CO CH2 C02 C 2H 5 HN02 + H+ + X+ 

U = = U l . U U 2 l , 2 H 5 + HUA 

Scheme 3.2 

Rate = k 1 [enol] [NOX] + k[enol] [H + ] [HN02] = k 0 [HN0 2 ] 3.8 
catalysed uncatalysed 
reaction reaction 

but from equation 3.6, [enol] = [EAA]^ (K g / 1+K ) 

and [NOX] = K m [H + ] [HN02] [X"] 

Subs t i tu t ing the above in equation 3.8, the expression f o r ko is 

given by equation 3.9 

k 0 = (k + k ' K N Q X [X-] ) [H + ] [EAA] T (K e / 1 + K g ) 3.9 

and from the p lo t of ko vs [ X " ] , 

slope = k ' K N Q X [H + ] [EAA] T (K g / 1+K e) 

and intercept = k [H + ] [EAA] T (K e / 1+K e) 

Using the l i t e r a t u r e values of the rate constants (k and k 1 ) 
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calculated from the above expressions f o r slope and intercept are 

given i n table 3.4. 

Table 3.4: Values of slopes and intercepts of p lo ts of ko vs [X"] 
and the derived k and k 1 

X" 10 slope 10 3 intercept k k ' 
(1 m o l ' V 1 ) ( s" 1 ) ( P o i o l ' V 1 ) (1 m o l - V 1 

chlor ide 1.01 9.87 37.6 3.5 x 105 

bromide 9.63 8.47 32.3 7.1 x 10 4 

thiocyanate 107.20 9.20 35.0 1.27 x 10 

The values of the rate constant (k) i n table 3.4 obtained from the 

intercepts of p lo ts of ko vs [X"] are approximately constant and 

agree we l l with those obtained f o r the uncatalysed reactions (table 

3 .2 ) . 

The concentration of EAA was varied i n the presence of f i x e d 

concentration of nucleophiles (X") and acid . The resu l t s of the 

va r i a t i on in the presence of bromide ion are presented in table 3.5. 

Table 3.5: Variat ion of k 0 with [EAA] 

[acid] = 1.8 x 10"1 M 
[NaBr] = 1.5 x 10"1 M 
[NaN02] = 2 x 10" 3 M 

102 [EAA] / M 
6.30 

12.60 
18.90 
25.20 

102 k 0 / s"1 

2.30 
5.30 
7.50 
9.70 
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The p lo t of k 0 vs [EAA] is l inear , passing through the o r i g i n and 

from equation 3.9, the expression f o r the slope of the p lo t of 

k 0 vs [EAA] is given by equation 3.10. The value of the slope so 

calculated (4.9 x 10" 1 ) agrees wel l with that measured (4 .1 x 1 0 " 1 ) . 

slope = (k + k ' K N 0 X [X- ] ) [H + ] (K e / 1+Ke) 3.10 

This provides support f o r the consistency in the k and k ' values 

determined experimentally. 

3.4 Discussion 

From the k i n e t i c r e su l t s , there i s no d i rec t evidence that 

n i t ro sa t i on of EAA proceeds via i t s enol tautomer. This i s unl ike the 

s i t ua t i on encountered i n n i t r o s a t i o n 7 of some other carbonyl compounds 

l i k e acetone (Ac), e thy l methyl ketone (EMK) and 1,3-dichloroacetone 

(DCA), where in the presence of high nucleophile concentrations the 

rate of the reaction of the enol form with the NOX species became 

subs tan t ia l ly f a s t e r than the ketonisation of the enol , thus 

achieving rate l i m i t i n g enol isa t ion and providing d i rec t evidence f o r 

the involvement of the enol tautomer in n i t ro sa t i on . For EAA however, 

i t was not possible to achieve t h i s l i m i t experimentally, a s i t ua t ion 

resembling the n i t r o s a t i o n of acetylacetone (AcAc). This i s probably 

due to the f ac t that both of these enols have a reduced r e a c t i v i t y due 

to the presence of the electron withdrawing groups (-CO.Me / -CO^Et). 

For the uncatalysed react ion, the observed f i r s t order 

dependence of the react ion on the concentration of n i t rous acid 

implies that the react ion proceeds v i a H2NO2 / N0+ thus supporting the 
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observation by Wil l iams 7 and co-workers that the more react ive enols 

(Ac and EMK) react p r e f e r e n t i a l l y wi th N2O3 while f o r the less 

react ive enols, reaction v i a H2NO0 / N0+ i s p re fe r red . The value of 

the t h i r d order rate constant (k) as determined in t h i s experiment 

compares wi th that of AcAc (table 3.6) suggesting that the 

r e a c t i v i t i e s of the two enols is s im i l a r . 

Table 3.6: Values of the t h i r d order rate constants f o r 

n i t r o sa t i on of EAA and AcAc 

Ketone k / l 2 mol" 2 s"1 

EAA 39 
AcAc 36 

This can be explained by taking in to account the s t r u c t u r a l 

s i m i l a r i t i e s of t h e i r enols (EAA I I I , AcAc I V ) , the only d i f fe rence 

CH3 C = CH C02 C 2H 5 CH3 C = C H CO CH3 

ill (111 
( H I ) ( IV) 

being the nature of the electron withdrawing group ( - C O 2 C2H5 instead 

of -COMe) which however i s not expected to extend any s i g n i f i c a n t 

e f f e c t on t h e i r r e a c t i v i t i e s . These values of k are as predicted much 

below that expected f o r a d i f f u s i o n con t ro l l ed 8 react ion between H2NO2 

/ N0+ and neutral substrates. For the catalysed react ions , rate 

constants f o r attack of NOX on the enol form of EAA are in agreement 

wi th the established 9 r e a c t i v i t y sequence N0C1 > NOBr > NOSCN. Again 

the rate constants are very s imi la r to those obtained f o r AcAc and are 

ca. 10 times greater than those f o r DCA (table 2.1) but are much less 
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than the values f o r Ac and EMK whose reactions wi th NOX are d i f f u s i o n 

cont ro l led thus r e f l e c t i n g the ac t iva t ing e f f e c t of the -OH 

substituent i n these enols. A comparison of the ra te constants 

obtained f o r EAA, wi th those i n table 2.1 show that f o r each 

n i t ro sa t i ng agent the enol r e a c t i v i t y trend is 

EMK « Ac > EAA « AcAc > DCA (as shown in the sequence below) 

CH, C CH CH CH3 C CH 3 

L H 

> CH3 C = C H C02 C 2H 5 

Ethyl methyl ketone (EMK) Acetone (Ac) Ethyl acetoacetate (EAA) 

* CH3 C = C H CO CH3 > CICHa C = C H CI 

Acetyl acetone (AcAc) 1,3-dichloroacetone (DCA) 

The mechanism of the w e l l known n i t rosa t ion react ion of EAA has now 

been established. 
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CHAPTER 4 

Ni t rosa t ion of Dimedone (5,5-diraethyl cyclohexa-1,3-dione) 
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4.1 In t roduct ion 
o 

Dimedone and other 1,3-diketones are compounds which are wel l 

known to have a high enol content 1 . This has been a t t r i b u t e d to the 

greater s t a b i l i s a t i o n of the enolic structure r e l a t i v e to the diketo 

form, by the f ac t that the enols are held in a trans co-planar 

arrangement (4.1) in which the oxygen-oxygen repulsion i s at a 

i 

I 
H / 

minimum and resonance s t a b i l i s a t i o n is maximum. The equi l ibr ium 

constant f o r enol isa t ion of dimedone (equation 4.2) has been 

determined 2 as 13.3 i n aqueous so lu t ion . 

Me Me Me Me 
Ke y \ 4.2 

A study 3 of the acid dissocia t ion constants (pK„) of a series of 
a 

1,3-cyclohexanediones has shown that these compounds as a class are 

r e l a t i v e l y strong acids. The pK value of dimedone (equation 4.3) is 
a 

reported 4 as 5.2 (K = 6.3 x 10" 6 ) . 

Me Me Me Me 

Dimedone has been n i t rosa ted 5 ' 6 in 997. y i e l d by using potassium 

n i t r i t e and hydrochloric acid. The product i s the keto oxime 
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(equation 4.4) which i s very heat sensit ive and decomposes r ead i ly . 

The aim of the work described i n t h i s chapter was to invest igate the 

mechanism of n i t ro sa t ion of a carbonyl compound which existed 

overwhelmingly i n the enol form. 

A l l the k i n e t i c experiments were carr ied out at 25°C in water 

under pseudo f i r s t order conditions with a large excess of dimedone 

over HNO2• The react ion was fol lowed at 320 nm by f o l l o w i n g the 

increase i n absorbance due to product formation. In a l l k i n e t i c 

experiments [NaN02] was maintained as 1.74 x 10" 4 M. 

4.2 Uncatalvsed reactions 

A l l k ine t i c runs showed good f i r s t order behaviour wi th respect 

to n i t rous acid concentration. The va r i a t ion of the observed f i r s t 

order rate constant (ko) wi th [acid] and [dimedone] are shown i n table 

4 . 1 , f i g u r e 4 . 1 , and table 4.2 respect ively. A p lo t of k 0 vs 

[HCIO4] ( f i gu re 4.1) i s l inear wi th a s i g n i f i c a n t pos i t i ve in tercept . 

This behaviour can be explained i f i t is assumed that react ion occurs 

v i a both the neutral enol and the enolate ion as shown i n scheme 4 . 1 . 

The ove ra l l reaction ra te i s given by equation 4.5 where [E] and [E~] 

are concentrations of enol and enolate forms respect ively and k i , k 2 

are the rate constants f o r t h e i r attack respectively by H 2 N 0 2

+ / N 0 + . 

Me Me Me Me 

A A KNO 
HTJI 

HO 0 0 0 

4.4 
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Table 4 . 1 : Variat ion of k 0 wi th [HC104] 

[dimedone] = 9 x 10" 3 M 

102 [ H C I O 4 ] / M 

2.5 
5.1 
7.6 

10.0 
12.7 
15.2 
17.7 

102 k 0 / s ' 1 

5.8 
9.2 

12.4 
16.3 
20.5 
23.2 
27.1 

Table 4 .2 : Variat ion of ko wi th [dimedone] 

[ H C I O 4 ] = 5.2 x 10 ' 2 M 

103 [dimedone] / M 
2.95 
4.20 
5.90 
7.56 
9.20 

102 k 0 / s"1 

3.2 
4.6 
6.1 
7.7 
9.6 

Rate = kj [HN02] [B + ] [E] + k 2 [HN02] [H + ] [E~] 4.5 

Me Me Me Me Me Me 

HO 

+ H+ 

Scheme 4.1 
H 2 N0 2

+ / N0+ 

Product 



F t g u r e 4 . 1 

V a r i a t i o n of kn with CHC10/3 

30 

20 

10 

0 

0 10 15 20 

1 (T CHC 10, ] / M 
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By analogy with equation 3.7 of chapter 3. 

([E] + [E-]) = [dimedone]T (K g / 1 + K e ) 4.6 

[dimedone]j = t o t a l concentration of dimedone. 

and [E-] = ([E] K&) / [H + ] 

therefore , Rate = ki + ^ ] [E] [H + ] [HN02] 4.7 
L [H + ] J 

But from equation 4.6 [E] f l + — = [dimedone] T (K / 1+K ) 

and rate = k 0 [HN02] 

[dimedone]j [H + ] 

Therefore k 0 = (ki [H + ] + k 2 K ) (K p / 1+K ) 4.8 

( K a + [ H + ] ) 

K i s the acid dissociat ion constant of dimedone and K is i t s 
Si 6 

equi l ibr ium constant f o r enol isa t ion . When [H + ] >> K (a condit ion 
CL 

which applies throughout a l l the experiments done) the expression f o r 

ko (equation 4.8) reduces to equation 4.9. This equation predicts 

k 0 = [H + ] + k 2 K f t) [dimedone]T (K g / 1+K e) 4.9 

that a plot of ko vs [H +] should be l inear wi th a pos i t ive intercept 

and pos i t ive slope. Figure 4.1 i s an example of a t y p i c a l p l o t . In 

t h i s p lo t the slope represents {k i [dimedone]^ (K / 1 + K e ) } and the 

intercept { k 2 K a [dimedone]^ (K g / 1+K g )} . The values of ki and k 2 

calculated from the expressions f o r slope and intercept are as given 

below. 

k, = 168 l 2 m o r 2 s ' 1 

k 2 = 3.9 x 105 l 2 m o l ' 2 s ' 1 

For a p lo t of ko vs [dimedone]^ (equation 4.9) the slope i s given by 

equation 4.10. The calculated slope (10.3 1 m o l - 1 s" 1) from t h i s 
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expression (4.10) using the above determined ki and k2 values 

slope = (k! [H + ] + k 2 K a ) (K e / 1+Ke) 4.10 

agrees very wel l wi th that measured (10.45 1 mol" 1 s" 1 ) from a p lo t of 

ko vs [dimedone]^. This indicates that the values of ki and k2 

determined experimentally are in t e rna l ly consistent . 

4.3 Nucleophile catalysed reactions 

Reactions were studied in presence of added ch lo r ide , bromide and 

thiocyanate ions. The resul ts of the va r i a t ion of ko wi th 

[nucleophile] are presented in tables 4.3, 4.4, 4.5 respectively and 

i n f i g u r e 4.2. 

Table 4.3: Variat ion of ko with [ch lor ide] 

[HC104] = 1.01 x 10"1 M, [dimedone] = 3.2 x 1 0 ' 3 

[CI"] / M 102 k 0 / s"1 

0 5.3 
0.04 8.2 
0.1 11.7 

0.16 15.7 
0.22 19.6 

Table 4.4: Varia t ion of ko with [bromide] 
[ H C I O 4 ] = 5.1 x 10" 2 M, [dimedone] = 3.2 x 10" 3 M 

[Br"] / M 102 k 0 / s"1 

0 3.7 
0.02 14.0 
0.05 30.7 
0.08 46.4 
0.11 61.2 
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F i g u r e 4 . 2 

Nucleophi l i c c a t a l y s i s for 
n l t r o s a t l o n of dimedone 

0.0 0.2 

EX] / M 

0.4 

A X 

V x 
A x 

= 10 SCN" 

= Br" 

= c r 
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Table 4.5: Variat ion of ko wi th [thiocyanate] 

[ H C I O 4 ] = 5.1 x 10" 2 M, [dimedone] = 3.2 x 10" 3 M 
104[SCN"] / M 102 k 0 / s 

0 3.7 

8.4 33.8 

20 74.6 
32 117 
44 157 

As f o r the uncatalysed reactions, here also the reaction could 

proceed v i a both enol and enolate forms wi th a possible mechanism as 

out l ined i n scheme 4.2 . 

HN02 + H + + X" i NOX + V U O 

Me Me Me Me 

A A K 
+ H + 

HO 0 0 0 

y NO NOX 

Product 

scheme 4.2 

The overa l l ra te constant i s as expressed in equation 4.11 where k 3 

and k4 represent rate constants f o r attack of enol and enolate 

respectively by the NOX species. 

Rate = k 3 [E] [NOX] + k 4 [E - ] [NOX] + uncatalysed rate 4.11 

= k 0 [HN02] 

r K a ^ 
From equation 4.6, [E] 1 + — — ] = [dimedone] T (K / 1+K ) and 

[ H + ] > 1 E E 

[NOX] = KjyjQ^ [ H + ] [HN02] [ X ~ ] , where K ^ Q ^ i s the equi l ibr ium constant 

f o r formation of NOX. 
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Rate = 

(k 3 [H + ] + k 4 K a ) K N Q X [H + ] [HN0 2 ] [X"][dimedone] T (K e /1+K e ) ( 1 / K a + [ H + ] ) 

+ uncatalysed rate 

By combining rates f o r uncatalysed (equation 4.7) and catalysed 

reactions the expression f o r ko is given by equation 4.12. 

k 0 = { ( k i [ H ' ] + k 2 K a ) + ( k 3 [ H + ] + k 4 K a ) K N Q X [ X - ] } [dimedone]T (K e /1+K e ) 

when [H + ] » K f i 4.12 

So plots of ko vs [H + ] should be l inear w i th a 

slope = (ki + k 3 K N 0 X [ X - ] ) [dimedone]T (K g / 1+Kg) 4.13 

and intercept - (k 2 + k 4 [X"]) K& [dimedone]^ (K g / 1+K e) 4.14 

In order to measure the values of k 3 and k 4 using t h i s method, i t is 

necessary to measure the rate constants f o r n i t ro sa t i on of dimedone 

over a range of acid concentrations in presence of f i x e d 

concentrations of d i f f e r e n t nucleophiles. Tables 4.6, 4 .7 , 4.8 and 

f i g u r e 4.3 show the va r i a t ion of ko wi th [H + ] i n presence of C I " , Br" 

and SCN". 

Table 4.6: Var ia t ion of ko with [HC104] i n presence of chlor ide . 

[CI"] = 1 x 10"1 M, [dimedone] = 6 x 10" 3 M 

102 [HCIO4] / M 

5.1 
7.6 
10.1 
12.7 
15.2 

102 k 0 / s" 1 

12.6 
17.6 
23.3 
27.9 
33.2 



F i gure 4. 3 
V a r i a t i o n of kQ w i th Cac Id] I n p r e s e n c e of X 
(X = C l ~ , B r " , SCN") 

150 

100 

50 

0 
0.00 0.04 0.08 0.12 0. 

[ a c i d ] / M 

A In p r esence of S C N 

V In p r esence of Br~ 

A , n presence of C I -
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Table 4.7: Var ia t ion of ko with [HCIO4] i n presence of bromide. 

[ B r ] = 1 x 10"1 M, [dimedone] = 6 x 10" 3 M 

102 [ H C I O 4 ] / M 102 k 0 /s" 1 

I . 3 65.6 
3.8 94.6 
6.3 115 

8.9 138 
I I . 4 165 

Table 4.8 Var ia t ion of ko with [ H C I O 4 ] in presence of thiocyanate. 
[SCN-] = 3 x 10" 3 M, [dimedone] = 3.9 x 10" 3 M 

102 [ H C I O 4 ] / M 102 k 0 / s ' 1 

1.3 48.4 
2.7 78.1 
4.0 103 
5.3 125 

The measured slopes and intercepts from these plots and the calculated 
k3 and k 4 values are shown in table 4.9 

Table 4.9: Values f o r slopes and intercepts f o r p lo t of 
ko vs [H + ] and corresponding k3 and k 4 values f o r the 

reactions of N0C1, NOBr, and NOSCN wi th E and E". 

slope intercept k3 k4 
nucleophile 1 moT's" 1 s"1 1 m o l d s ' 1 1 m o l d s ' 1 

chlor ide 2.0 2.3 x 1 0 ' 2 1.8 x 106 2.3 x 109 

bromide 9.6 5.5 x 10" 1 3.0 x 105 3.0 x 109 

thiocyanate 20.2 2.3 x 10" 1 5.6 x 10 4 9.8 x 107 

The measured slopes and intercepts from plots of ko vs [X"] ( f i gu re 

4.2) are compared i n table 4.10 wi th those calculated from the 

expressions 4.15 and 4.16 (derived from equation 4 .12) , using the ki , 
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k2 , k.3 and k 4 values determined in t h i s work, 

slope = (k 3 [H + ] + k 4 K a ) K N Q X [dimedone]T (K g / 1+Ke) 4.15 

in tercept = (Id [H + ] + k 2 K J [dimedone]T (K / 1+KJ 4.16 
d J. " C 

Table 4.10: Calculated and observed slopes and intercepts 

f o r plots of k 0 vs [X"] 

X" slope / 1 moT's" 1 intercept / s"1 

c r 0.644 5 4 X io- 2 observed 

0.639 5 8 X 10"2 calculated 

Br" 5.26 3 8 X 10-2 observed 

5.19 3 3 X lO- 2 calculated 

SCN" 348 4 3 X 10-2 observed 

357 3 5 X lO- 2 calculated 

The agreement between the two sets of resul ts is excel lent , thus 

provid ing support f o r the consistency in the values of ki , k 2 , k 3 and 

k 4 . A f u r t h e r support f o r th i s consistency was obtained by varying 

the concentration of dimedone at f i x e d concentrations of bromide and 

ac id . The resul ts are presented in table 4.13. 

Table 4 .11 : Variat ion of ko with [dimedone] 
[HC104] = 7.6 x 10"2 M, [NaBr] = 5 x 10 ' 2 M 

103 [dimedone] / M 10 k 0 / s"1 

3.6 4.3 
6.0 7.3 
8.4 10.1 

10.8 12.9 
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From equation 4.12 the expression f o r the slope of p lo t of ko vs 

[dimedone] is given by equation 4.17 and the calculated value of the 

slope = { k ! [ H + ] + k 2 K a + k 3 K N 0 X [ H + ] [ X - ] + k 4 K a K N Q X [ X - ] } (K e / 1+Ke) 

(4.17) 

slope (122 1 m o l d s ' 1 ) agreed very we l l with that measured (120 1 

m o l d s ' 1 ) from p lo t of ko vs [dimedone]. 

4.4 Discussion 

The resul ts of the k ine t i c analysis are consistent wi th reaction 

v i a two forms, the neutral enol form and the enolate ion. The 

f r a c t i o n of the reaction proceeding v i a each form i s obviously 

dependent on the overa l l acid concentration. As expected, the 

enolate is the more reactive species. The values of the t h i r d order 

rate constants (Rate = k[S] [HNOo] [ H + ] , f o r any general substrate S) 

are 168 and 3.9 x 105 l 2 mol" 2 s"1 respectively f o r reaction v i a enol 

and enolate. The generally accepted upper l i m i t s f o r the rate 

constant (k) representing d i f f u s i o n cont ro l led reactions are ca 7 x 

103 l 2 mol" 2 s"1 ( f o r neutral substrates) 7 and ca 1.1 x 10 4 l 2 mol" 2 

s"1 ( f o r negatively charged s u b s t r a t e s ) 8 ' 9 . The resul ts obtained in 

t h i s study therefore suggest that the reaction of the enol is not 

d i f f u s i o n cont ro l led (although i t i s not f a r removed from the l i m i t ) . 

However, the value of the rate constant f o r reaction of the enolate 

ion (k2 = 3.9 x 105 l 2 mol" 2 s" 1) i s much greater than the predicted 

l i m i t (1 .1 x 10 4 l 2 mol" 2 s" 1) which has been observed f o r n i t ro sa t i on 

of thiocyanate 8 and benzenesulphinate anions 9 . From equation 4.8, i t 

i s c lear that the values of the rate constants are very much dependent 

on the pK and K values, both of which have been determined by a e 
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i n d i r e c t methods and any error i n them would be r e f l ec ted in the ra te 

constant values. For halogenation 1 0 of enolates also, the measured 

rate constants were 102 times greater than those predicted f o r 

encounter processes, the authors have however not o f fe red any 

explanation f o r t h i s . By analogy wi th halogenation reactions and 

tak ing in to consideration the uncertainty over the pK and K values, 

i t i s s t i l l reasonable to assume that the enolate ion i s very react ive 

towards n i t rosa t ion and i t s r e a c t i v i t y is comparable to thiocyanate 

and benzenesulphinate ions. 

For reactions in presence of nucleophi l ic catalysts the rate 

constants f o r reaction of enol (k3) and enolate ion (k4) wi th the NOX 

species show again that the enolate ion is the more reactive species 

by ca 103 - 10 4 . The wel l established r e a c t i v i t y trend 

N0C1 > NOBr > NOSCN also applies to n i t ro sa t i on of dimedone. For the 

more reactive enolate ion, the k4 values f o r attack by N0C1 and NOBr 

are very close together and also close to the calculated 7 encounter 

con t ro l l ed l i m i t (7 x 109 1 mol" 1 s" 1 ) f o r such processes, implying 

that the reactions occur at encounter. 

The high r e a c t i v i t y of the enol and enolate ion towards 

n i t r o s a t i o n , coupled with the i r r e v e r s i b i l i t y of the reactions 

suggest that dimedone and other such related enols have po ten t i a l use 

as n i t r i t e traps f o r deni trosat ion reactions to remove ni t rous acid 

quan t i t a t i ve ly and rap id ly . 
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CHAPTER 5 

Ni t rosa t ion of Trif luoroacetylacetone 

(1 ,1 ,1- t r i f luoropentane-2,4-dione) 
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5.1 INTRODUCTION 

/?-diketones and t h e i r f l u o r o der ivat ives have been much used 

syn the t i ca l l y 1 f o r the preparat ion 2 of a number of t r a n s i t i o n a l metal 

der iva t ives . The e f f e c t of the f l u o r i n e substituents on the chemical 

r e a c t i v i t y of f l u o r o /?-diketones has prompted many physical chemical 

studies. The compounds are also very good chelating agents 3 . 

However, most of t h e i r study 4 has been mainly concerned wi th the 

k ine t i c s and mechanism of t h e i r reactions wi th metal ions i n water and 

i n organic solvents. These compounds ex is t as keto and enol tautomers 

(equation 5.1) and the keto : enol r a t i o i s highly solvent dependent. 

I n polar media the keto form predominates, whi l s t in less polar 

solvents the enol form is the main component. 

K 
R CO CH2 COR1 . e ' R C C H = C R1 4- R C = C H C R' 

« i « I « 
keto ( I ) enol ( I I ) enol ( I I I ) 

(5.1) 

This tautomerism of /?-dicarbonyls has been studied by the conventional 

bromine t i t r a t i o n method5 and also by N.M.R. spectroscopy 6. In 

non-polar solvents, the e f f e c t of the highly electronegative 

perfluoromethyl group in compounds l i k e t r i f luorace ty lace tone (TFA) 

and hexafluoroacetylacetone (HFA) i s to increase the percentage of the 

enol tautomer. In these solvents i t i s form I I which predominates. 

Burdett and Rogers7 suggest that the high enol content i s a r e su l t of 

e lectron withdrawal from the region of the a-proton. Also, i n the 

enol tautomer the electronegative group in the a-posit ion i s f u r t h e r 
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from the carbonyl group thus reducing the e l ec t ros t a t i c repulsions. 

I n water however, i t i s not known what enol is formed or in what 

propor t ion . 

The k ine t ics and mechanistic aspects of the n i t rosa t ion of some 

,/?-dicarbonyl compounds have recently been investigated both i n 

aqueous8 and non-aqueous ( a c e t o n i t r i l e ) 9 media. I n t h i s chapter the 
c 

resu l t s f o r the n i t rosa t ion of t r i f luoroajjetylacetone (R = C F 3 , R1 = 

CH3) i n water are presented. The equi l ibr ium constant f o r enol isa t ion 

(K g ) of TFA i n water (equation 5.1) has been reported 5 as 0.011. The 

compound is more acidic than acetylacetone (AcAc), owing to the 

subs t i t u t ion by f l u o r i n e which i s highly electron withdrawing and 

increases the a c i d i t y of the methylene hydrogen. This i s s t rongly 

r e f l e c t e d in t h e i r pK values (AcAc = 9.8, TFA = 6 .7 ) . 
a 

A l l the k i n e t i c experiments were carr ied out at 25°C i n water 

wi th an excess of TFA over HNOo. The reaction was followed at 240 nm 

by f o l l o w i n g the increase in absorbance due to product format ion. 

Throughout the experiment the ionic strength was maintained as 1.0 

(NaC104) and [NaN02] = 3 x 10" 4 M. 

5.2 Uncatalysed reactions 

The k ine t i c runs were a l l f i r s t order wi th respect to n i t rous 

acid concentration. The react ion was studied by varying the 

concentration of both acid and TFA, keeping that of the other 

constant. The var ia t ion of ko (the observed f i r s t order rate 

constant) with [acid] and [TFA] i s shown in table 5 . 1 , f i g u r e 5.1 and 

table 5.2 respectively. 
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Table 5 .1 : Var ia t ion of k 0 wi th [HC104] 
[TFA] = 2 x 10" 2 M 

[HC104] / M 103 k 0 / s"1 

0.1 1.67 
0.2 2.85 
0.3 3.65 
0.4 4.66 
0.5 5.80 

Table 5.2: Var ia t ion of k 0 wi th [TFA] 

[ H C I O 4 ] = 0.5 H 

103 [TFA] / M 103 k 0 / s ' 1 

5.0 1.47 
10.0 2.85 
15.0 4.60 
20.0 5.80 
25.0 7.50 

The p lo t of k 0 vs [HC104] ( f i g u r e 5.1) is l inear and as in the case 

of dimedone (chapter 4, f i g u r e 4 . 1 ) , there i s a s i g n i f i c a n t pos i t ive 

in te rcept . This s i tua t ion is consistent wi th a s i tua t ion where 

reaction takes place via both neutral enol and the enolate ion . A 

reasonable scheme f o r such a react ion is shown in scheme 5 . 1 . I n TFA, 

both enol forms B and C are possible. However in water, i t i s form C 

which i s expected to predominate as, in the enol form B the influence 

of the highly electron withdrawing CF3 group i s l i k e l y to des tab i l i se 

the enol form by reducing the extent of intramolecular hydrogen 

bonding. However the enolate ion is more l i k e l y to arise from B, 

because of the proximity of the acid strengthening CF3 group. 
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F i qure 5. 1 
V a r i a t i o n of L . w i th EacldJ 

0 
0.0 0.2 0. 4 0. 6 

[add] / M 
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K' 

CF3 CO CH2 CO CH3 • e ' CF3 C = CH CO CH3 

(A) k W 

CF3 CO CH = C CH3 CF3 C = CH CO CH3 + H+ 

( C ) OH i " ( D ) 

' * 5 
H 2N0 2

+/NO + 

product 

Scheme 5.1 

The rate expression corresponding to scheme 5.1 can then be expressed 

in terms of equation 5.2 where ki and k 2 are rate constants f o r attack 

by H 2 N 0 2

+ / N0+ on enol and enolate respect ively 

Rate = k i [HN02] [H + ] [C] + k 2 [HN02] [H + ] [D] = k 0 [HN02] 5.2 

= f k , K e [A] + k 2 I?l V * ) [H + ] [HN02] = k 0 [HN02] 

[H + ] 

As K e i s small [A] ~ [ T F A ] T o t a l and [B] = [A] 

therefore k 0 = ( k i K g [H + ] + k 2 K^) [TFA] T 5.3 

= (k i K e [H + ] + k 2 K a ) [TFA] T 5.4 

K i s the apparent acid d issocia t ion constant of TFA 
a 

and K = K' K' = 3.16 x 10" 7 . 
<i a, G 

From equation 5.4, a p lo t of ko vs [H + ] should be l inear wi th a 

pos i t ive slope and in tercept , where the slope is ki K g [TFA]^> and 

intercept i s k 2 K f t [TFA]^. From these expressions the values of ki 
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and k 2 were determined as 

k i = 46 l 2 mol" 2 s"1 

k 2 = 1.1 x 105 l 2 m o l - 2 s ' 1 

A calculated value of 0.29 1 mol" 1 s"1 was obtained f o r the slope of 

ko vs [TFA],y using equation 5.4 and the above calculated values of k t 

and k 2 . This value compares very wel l with the measured value of 

slope (0.30 1 mol" 1 s" 1) obtained from the p lo t of ko vs [TFA]^. 

This indicates that the values of ki and k 2 determined experimentally 

are i n t e r n a l l y consistent. 

5.3 Nucleophile catalysed reactions 

The e f f e c t of added chlor ide , bromide and thiocyanate ions on the 

n i t r o sa t i on reaction of TFA was examined. The resul ts of the 

va r i a t i on of ko (the observed rate constant) wi th concentration of 

added nucleophile i s given i n tables 5.3, 5.4 and 5.5 respect ively and 

in f i g u r e 5.2. As f o r the uncatalysed reactions, there i s again the 

p o s s i b i l i t y of attack of both enol and enolate ion by the n i t r o s a t i n g 

species NOX. A possible mechanism is as out l ined i n scheme 5.2. 

Table 5.3: Varia t ion of k 0 with [CI"] 
[HC104] = 0.2 M, [TFA] - 2 x 10" 2 M 

[C1-] / M 
0 

103 k 0 / s 
2.40 

-1 

0.1 3.80 
0.2 5.26 
0.3 6.75 
0.4 7.77 

0.5 9.16 
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Table 5.4: Variat ion of ko wi th [Br"] 

[ H C I O 4 ] = 0.277 M, [TFA] = 2 x 10" 2 M 

1 0 2 [ B r ] / M 
0 

5.0 
10.0 
15.0 
20.0 

10 3 k 0 / s"1 

3.65 
25.9 
43.9 
64.9 
80.4 

Table 5.5: Variat ion of k 0 wi th [SCN-] 

[HCIO4] = 0.2 M, [TFA] = 1 x 10" 2 M 

104[SCN"] / M 
0 

4.20 
8.40 
12.60 
16.80 
21.0 

10 3 k 0 / s"1 

1.40 
8.00 
12.9 
18.4 
23.0 
30.1 

CF3 CO CH2 CO CH3 . E ' CF3 C = CH CO CH3 

(A) | H (B) 

11 
K 

CF3 CO CH = C CH3 

( C ) IH 
CF3 C = CH CO CH3 + H+ 

I - (» ) 
I 

NOX ; 
product 

Scheme 5.2 

HN02 + H+ + X" 
VNOX 



F i gure 5. 2 
N u c l e o p h l l i c c a t a l y s i s f o r n l t r o s a t l o n of TFA 

75 

50 

25 

0 
0.0 0.2 0.4 0.6 

CX ] / M 

V X = Br" 

A x = cr 
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The overa l l rate expression can be given by equation 5.5 where k3 and 

k 4 are the rate constants f o r attack of enol and enolate ion 

respectively by the NOX species. 

Rate = k , [ C ] [ N 0 X ] + k , [D] [NOX] + " ^ m e n f = k o [ B N 0 2 ] 5.5 

= (ka K e [A] • k 4 ™ K<) K N 0 X [X-] [ r ] [ H N 0 2 ] • " ^ l l t 
[ H ' ] 

= k 0 [HN02] 

but, [A] = [TFA] T and [B] = [A]K' also K' K' = K 

subs t i tu t ing the above i n equation 5.6 and combining both rates f o r 

uncatalysed (equation 5.2) and catalysed reactions, the expression 

f o r ko i s given by equation 5.7. where is the equi l ibr ium 

constant f o r formation of NOX. 

k 0 = ( k 3 K e [ H + ] + k 4 K a ) K N Q X [ X - ] [ T F A ] T + (ki K g [ H + ] + k 2 K a ) [TFA]^ 5.7 

So plots of ko vs [H + ] should be l inear wi th 

slope = (ki + k 3 K N Q X [X- ] ) K e [TFA] T 

and intercept = (k 2 + k 4 K^g^ [X"]) K& [TFA],p 

In order to measure the values of k 3 and k 4 , i t i s necessary to 

measure the rate constants f o r n i t rosa t ion of TFA over a range of acid 

concentrations i n presence of f i x e d nucleophile concentration. Tables 

5.6, 5.7 and 5.8 show the va r ia t ion of ko wi th [H 4 ] i n presence of 

C I - , Br" and SCN" respect ively . 
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T a b l e 5.6: V a r i a t i o n of k 0 w i t h [HC10 4] i n p r e s e n c e of C I " 
[ C I " ] = 0.4 M, [TFA] = 2 x 10" 2 M 

[HCIO4] / M 1 0 3 k 0 / s " 1 

0.1 5.86 
0.2 7.77 
0.3 8.93 
0.4 10.06 
0.5 11.80 

T a b l e 5.7: V a r i a t i o n of ko w i t h [HCIO4] i n p r e s e n c e of Br" 
[ B r " ] = 0.2 M, [TFA] = 2 x 10" 2 M 

10 2 [HCIO4] / M 10 2 k 0 / s " 1 

9.3 6.42 
18.5 7.21 
27.7 7.90 
37.0 8.43 

T a b l e 5.8: V a r i a t i o n o f ko w i t h [HCIO4] i n p r e s e n c e o f SCN" 
[SCN"] = 1.05 x 10" 3 M, [TFA] = 1 x 1 0 " 2 M 

[HCIO4] / M 10 2 k 0 / s " 1 

0.1 1.38 
0.2 1.55 
0.3 1.66 
0.4 1.88 
0.5 2.21 

The l i n e a r p l o t s of ko v s [ H + ] ( f i g u r e 5.3) w i t h s i g n i f i c a n t p o s i t i v e 
i n t e r c e p t s a r e a g a i n c o n s i s t e n t w i t h r e a c t i o n of NOX w i t h both t h e 
e n o l and t h e e n o l a t e i o n . The measured s l o p e s and i n t e r c e p t s o f t h e s e 
p l o t s and t h e c a l c u l a t e d k3 and k4 v a l u e s a r e shown i n t a b l e 5.9. 
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F I gure 5. 3 
V a r i a t i o n o f ICQ w i t h [ a c i d ] I n p r e s e n c e o f 
nuc l e o p h l Le 

CO 
\ 
o 

O 

0 
0. 0 0. 2 0. 4 

[ a c i d ] / M 

A In p r e s e n c e o f SCN~ 
V In p r e s e n c e o f B r ~ 
A In p r e s e n c e o f C I -



71 

T a b l e 5.9: V a l u e s f o r s l o p e s and i n t e r c e p t s f o r p l o t s of 
ko v s [ H + ] and c o r r e s p o n d i n g k3 and k4 v a l u e s f o r t h e 

r e a c t i o n s of N0C1, NOBr, and NOSCN w i t h e n o l and e n o l a t e . 

s l o p e i n t e r c e p t k3 k4 
n u c l e o p h i l e 1 m o l d s ' 1 s ' 1 1 m o l d s ' 1 1 m o l d s ' 1 

c h l o r i d e 1.53 x 1 ( T 2 4.5 x 10" 3 4.2 x 1 0 4 1.4 x 1 0 9 

bromide 6.3 x 10 " 2 6.0 x 10" 2 2.3 x 1 0 4 9.2 x 1 0 8 

t h i o c y a n a t e 1.54 x 1 0 ' 2 1.22 x 10' 2 3.1 x 1 0 3 1.2 x 1 0 8 

T a b l e 5.10 compares t h e v a l u e s o f t h e measured s l o p e s and i n t e r c e p t s 
o f p l o t s o f ko v s [ X - ] w i t h t h o s e c a l c u l a t e d from e x p r e s s i o n 5.7 
u s i n g t h e k i , k2, k3 and k4 v a l u e s a s d e t e r m i n e d i n t h i s work. 

T a b l e 5.10: C a l c u l a t e d and o b s e r v e d s l o p e s and i n t e r c e p t s 
f o r p l o t s of ko v s [X"] 

X' s l o p e / 1 m o l d s ' 1 i n t e r c e p t / s 

c i - 0 013 2 58 X 1 0 " 3 o b s e r v e d 
0 012 2 72 X 1 0 ' 3 c a l c u l a t e d 

B r 0 38 5 5 X 1 0 " 3 o b s e r v e d 
0 37 3 5 X 1 0 " 3 c a l c u l a t e d 

SCN" 13 23 1 83 X 1 0 " 3 o b s e r v e d 
14 30 1 36 X 1 0 " 3 c a l c u l a t e d 

The f a c t t h a t t h e c a l c u l a t e d and e x p e r i m e n t a l l y d e t e r m i n e d v a l u e s of 
s l o p e s and i n t e r c e p t s a r e so s i m i l a r , shows t h a t t h e v a l u e s of ki , 
k2, k3 and k4 d e t e r m i n e d a r e i n t e r n a l l y c o n s i s t e n t . 
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5.4 D i s c u s s i o n 
The r e s u l t s of t h e k i n e t i c e x p e r i m e n t s show, t h a t n i t r o s a t i o n of 

TFA p r o c e e d s v i a both n e u t r a l e n o l form and t h e e n o l a t e i o n . The 
s i t u a t i o n i s a n a l o g o u s t o t h a t e n c o u n t e r e d i n a c e t o n i t r i l e medium 9 

where i t h a s a l s o been e x p e r i m e n t a l l y shown t h a t both forms ( e n o l and 
e n o l a t e ) o f TFA p a r t i c i p a t e i n n i t r o s a t i o n . I n aqueous media i t i s 
t h e e n o l form I V which i s more l i k e l y t o be a t t a c k e d by t h e 

C F 3 C CH = C CH 3 C F 3 C = CH C CH 3 CH 3 C CH = C CH 3 

y i B L I I y L 
( I V ) (V) ( V I ) 

n i t r o s a t i n g agent ( i . e . undergo e l e c t r o p h i l i c a t t a c k ) , r a t h e r t h a n 
t h e e n o l form V where t h e e l e c t r o n w i t h d r a w i n g e f f e c t o f t h e C F 3 

group i s e x p e c t e d t o have a l a r g e d e a c t i v a t i n g e f f e c t on t h e e n o l 
t o w a r d s e l e c t r o p h i l i c s u s b t i t u t i o n . T h i s t h e n makes t h e e n o l form IV 
s t r u c t u r a l l y s i m i l a r t o t h a t of a c e t y l a c e t o n e VI and t h e i r 
r e a c t i v i t i e s a r e e x p e c t e d t o be r a t h e r s i m i l a r , a l t h o u g h i t i s 
e x p e c t e d t h a t TFA would be somewhat l e s s r e a c t i v e s i n c e t h e C F 3 CO 
group i s more e l e c t r o n w i t h d r a w i n g t h a n t h e CH 3 CO group. The r a t e 
c o n s t a n t s f o r t h e n i t r o s a t i o n of TFA by H2NO2V N0 + and NOX s p e c i e s 
(X" = CI",Br",SCN") a r e compared i n t a b l e 5.11 w i t h t h o s e of A c A c 8 . 
The r e a s o n f o r t h e s l i g h t d i s c r e p a n c y i n t h e r a t e c o n s t a n t v a l u e s i s 
not c l e a r , but i t i s worth p o i n t i n g out t h a t t h e s e v a l u e s a r e 
c r u c i a l l y dependent on t h e c o r r e s p o n d i n g K g v a l u e , w hich may be i n 
e r r o r . W h i l e t h e more a c i d i c t r i f l u o r o compound (pK 6.7) undergoes 
n i t r o s a t i o n v i a both n e u t r a l e n o l and e n o l a t e i o n , i n AcAc (pK 9.8) 
t h e e n o l i s t h e o n l y r e a c t i v e s p e c i e s . The s t r u c t u r a l s i m i l a r i t i e s 
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of t h e e n o l s a r e a l s o r e f l e c t e d i n t h e i r s i m i l a r r a t e c o n s t a n t v a l u e s 
( t a b l e 5 . 1 1 ) . I n t h e p r e s e n t s t u d y , a s e x p e c t e d , t h e e n o l a t e i s more 
r e a c t i v e t h a n t h e e n o l . I n p r e s e n c e o f n u c l e o p h i l i c c a t a l y s t s , t h e 
r e a c t i o n o f t h e e n o l a t e i o n w i t h N0C1, NOBr and NOSCN a r e c l o s e t o t h e 
e n c o u n t e r c o n t r o l l e d l i m i t 1 0 (7 x 1 0 9 1 mol" 1 s " 1 ) . F o r t h e e n o l , 
t h e e s t a b l i s h e d 1 1 r e a c t i v i t y t r e n d N0C1 > NOBr > NOSCN i s f o l l o w e d . 
F o r r e a c t i o n s of H2NO2V N0 + w i t h any g e n e r a l s u b s t r a t e S, ( r a t e = 
k [ H + ] [ H N 0 2 ] [ S ] ) r a t e c o n s t a n t v a l u e s 1 0 ' 1 2 1 1 3 of 7 x 1 0 3 and 1.1 x 1 0 4 

l 2 mol" 2 s " 1 a r e c o n s i d e r e d a s d i f f u s i o n l i m i t s f o r s u c h r e a c t i o n s 
w i t h n e u t r a l and n e g a t i v e l y charged s u b s t r a t e s r e s p e c t i v e l y . W h i l e 
t h e r e a c t i o n of t h e e n o l o f TFA ( k i = 46 l 2 mol" 2 s " 1 ) does not o c c u r 
a t e n c o u n t e r , t h e r a t e c o n s t a n t f o r a t t a c k of e n o l a t e (k? = 1.1 x 1 0 5 

l 2 mol" 2 s " 1 ) i s ca 10 t i m e s g r e a t e r t h a n t h e above p r e d i c t e d l i m i t . 
The v a l u e i s however comparable t o t h e r e a c t i o n of t h e e n o l a t e o f 
dimedone ( k 2 = 4 x 1 0 5 l 2 mol" 2 s " 1 ) . F o r both s u b s t r a t e s , t h e o n l y 
e x p l a n a t i o n t h a t c a n be o f f e r e d f o r t h i s i s t h e p r o b a b l e u n c e r t a i n t y 
o v e r t h e K and pK v a l u e s , which would a f f e c t t h e r a t e c o n s t a n t s . 
S i m i l a r v a l u e s , i n e x c e s s of t h e c a l c u l a t e d l i m i t have a l s o been 
no t e d f o r t h e h a l o g e n a t i o n r e a c t i o n of e n o l a t e s 1 4 . T a b l e 5.12 shows 
t h e e f f e c t o f f l u o r i n e s u b s t i t u t i o n on t h e t r e n d o f r e a c t i v i t y o f 
/ ? - d i c a r b o n y l compounds towards n i t r o s a t i o n i n aqueous and 
a c e t o n i t r i l e 9 media. 

T a b l e 5.12: R e a c t i v i t y t r e n d i n n i t r o s a t i o n of 
/ ? - d i c a r b o n y l compounds 

Compound pK a 
Reaction i n 
aqueous medium 

Reaction i n 
a c e t o n i t r i l e medium' 

AcAc 
TFA 6.7 

9.8 v i a e n o l o n l y 
v i a e n o l and 
e n o l a t e i o n 

v i a e n o l o n l y 
v i a e n o l and 
e n o l a t e i o n 

HFA 4.6 v i a e n o l a t e i o n o n l y 
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CHAPTER 6 

N i t r o s a t i o n o f Meldrum's A c i d 
, 2 - d i m e t h y l 1,3-dioxane 4 , 6 - d i o n e ) 
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6.1 I n t r o d u c t i o n 
S i n c e i t s d i s c o v e r y 1 i n 1908 Meldrums a c i d (M.acid) has been 

e x t e n s i v e l y s t u d i e d 2 and u s e d , e s p e c i a l l y i n o r g a n i c s y n t h e s i s . The 
p r o p e r t i e s o f t h i s compound ( I ) a r e r e l a t e d t o t h o s e of o t h e r c y c l i c 
1 , 3 - d i o n e s l i k e dimedone ( I I ) and b a r b i t u r i c a c i d ( I I I ) . M.acid i s 

0 
Me MewMe 

J \ A s n 

Me 
0 0 NH NH 

o A A n oAAn 
I I I I I I 

c h a r a c t e r i s e d by an u n u s u a l l y h i g h a c i d i t y (pK = 4 . 8 3 ) 3 which i s 
a 

c o m p a r a b l e t o t h a t o f a c e t i c a c i d . The e x p l a n a t i o n f o r t h i s f a c i l e 
p r o t o n l o s s l i e s i n t h e s t a b i l i t y of t h e r e s u l t a n t a n i o n i n w hich t h e 
i o r b i t a l s a r e r i g i d l y h e l d i n an i d e a l c o n f i g u r a t i o n f o r o v e r l a p . 
M .acid however d i f f e r s s i g n i f i c a n t l y from dimedone i n i t s t a u t o m e r i c 
p r o p e r t i e s . W h i l e t h e former e x i s t s p r e d o m i n a n t l y i n t h e k e t o form, 
dimedone i s h i g h l y e n o l i c . The e q u i l i b r i u m c o n s t a n t f o r e n o l i s a t i o n 
of M . a c i d i n aqueous s o l u t i o n ( e q u a t i o n 6.1) has been r e p o r t e d 4 a s 
4.05 x 1 0 - 3 . The c h e m i s t r y of t h i s compound i s dominated by i t s 

Me Me K 
30 01 0 0 6.1 OAAQ 

5 HO 
s u s c e p t i b i l i t y t o n u c l e o p h i l i c a t t a c k a t p o s i t i o n s 4 and 6 and 
e l e c t r o p h i l i c a t t a c k a t p o s i t i o n 5. Under a c i d i c o r b a s i c c o n d i t i o n s 
i t u n d e rgoes h y d r o l y s i s 1 t o m a l o n i c a c i d . The n i t r o s a t i o n o f M.acid 
by aqueous sodium n i t r i t e g i v e s t h e oxime ( e q u a t i o n 6.2) which has 
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MewMe MewMe 
0 0 0 0 

AAO 

been i s o l a t e d a s an u n s t a b l e y e l l o w s o l i d 5 ' 6 . I n t h i s c h a p t e r , t h e 
r e s u l t s of t h e d e t a i l e d k i n e t i c i n v e s t i g a t i o n i n t o t h e mechanism o f 
i t s n i t r o s a t i o n i n aqueous medium i n t h e absence and p r e s e n c e o f 
n u c l e o p h i l i c c a t a l y s t s (CI", B r " , SCN" and CS(NH2)2) a r e p r e s e n t e d . 

A l l t h e k i n e t i c e x p e r i m e n t s were c a r r i e d out a t 25°C i n w a t e r 
u n d e r pseudo f i r s t o r d e r c o n d i t i o n s w i t h e x c e s s of M.acid o v e r n i t r o u 
a c i d . The r e a c t i o n was f o l l o w e d s p e c t r o p h o t o m e t r i c a l l y a t 320 nm, b 
n o t i n g t h e i n c r e a s e i n a b s o r b a n c e due t o prod u c t f o r m a t i o n . The 
[NaNOo] was 1.14 x 10"3 M f o r a l l t h e k i n e t i c r u n s . 

6.2 U n c a t a l y s e d r e a c t i o n s 
The k i n e t i c s of t h e n i t r o s a t i o n o f M.acid was c o m p l i c a t e d by t h e 

f a c t t h a t d i f f e r e n t r a t e laws were o b t a i n e d i n d i f f e r e n t a c i d r a n g e s , 
( a ) I n t h e a c i d range 0.01 - 0.05 M, t h e r e a c t i o n was f i r s t o r d e r 
w i t h r e s p e c t t o n i t r o u s a c i d and was c a t a l y s e d by a c i d , a s can be 
see n from t h e v a r i a t i o n o f ko ( t h e o b s e r v e d r a t e c o n s t a n t ) w i t h 
[HC104] ( t a b l e 6.1 and f i g u r e 6.1). 

T a b l e 6.1: V a r i a t i o n o f k 0 w i t h [HC104] 
[M.acid] = 0.029 M 

102 [HCIO4] / M 
1.0 
3.0 
5.0 

103 k 0 / s " 1 

9.72 
11.70 
13.60 
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F i gure 6. 1 
V a r i a t i o n o f k n w i t h [ a d d ] 

15 T 

10 

CO 

0 4-

0 
1 H 
2 4 

10 2 [ a c i d ] / M 

6 
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( b ) At a c i d i t i e s above 0.05 M, t h e o v e r a l l r e a c t i o n had a mixed 
o r d e r dependence on [HNO2]. I n t h e r e g i o n o f a c i d i t y 0.06 - 1.5 M, 
t h e k i n e t i c r u n s showed an i n i t i a l z e r o o r d e r component f o l l o w e d by a 
f i r s t o r d e r r e a c t i o n and t h e r e was no s i g n i f i c a n t a c i d c a t a l y s i s . 

( c ) At v e r y h i g h a c i d i t i e s , > 2 M, t h e r e a c t i o n p a t t e r n changed 
f r o m mixed ( z e r o and f i r s t ) t o f i r s t o r d e r dependence on [HNO2]. 

6.3 N u c l e o p h i l e c a t a l y s e d r e a c t i o n s 
N i t r o s a t i o n of M.acid a p p e a r e d t o be s i g n i f i c a n t l y c a t a l y s e d by 

added c h l o r i d e , bromide, t h i o c y a n a t e i o n s and t h i o u r e a . The 
r e a c t i o n s were a l l f i r s t o r d e r i n [HNO2] and were q u i t e f a s t and 
f o l l o w e d by stopped f l o w s p e c t r o p h o t o m e t r y . T a b l e s and f i g u r e s 6.2 
and 6.3 show t h e v a r i a t i o n o f ko w i t h c o n c e n t r a t i o n of C I " , Br" and 
SCN", C S ( N H 2 ) 2 r e s p e c t i v e l y . 

T a b l e 6.2: V a r i a t i o n o f k 0 w i t h [ C I " ] and [ B r " ] 
[BCIO4] = 0.116 M, [M.acid] = 0.032 M 

1 0 2 [ C I " ] / M 1 0 2 k 0 / s " 1 10 2 [ B r ] / M k 0 / s " 1 

5.0 6.0 5.0 1.43 
10.0 9.2 10.0 2.61 
15.0 11.6 15.0 3.98 
20.0 13.6 20.0 5.23 
25.0 15.8 25.0 6.30 
30.0 18.2 
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T a b l e 6.3: V a r i a t i o n of k 0 w i t h [SCN'] and [ C S ( N H 2 ) 2 ] 
[HCIO4] = 0.116 M, [M.acid] = 0.0284 H 

1 0 3 [SCN"] / M k 0 / s ' 1 1 0 4 [ C S ( N H 2 ) 2 ] / M 10 k 0 / s " 1 

2.54 3.30 1.92 1.65 
5.10 5.85 4.80 3.85 
7.63 8.91 8.64 6.31 

10.0 11.80 12.50 8.78 
12.7 14.44 16.30 11.0 

20.20 14.5 

The p l o t s of ko v s [X'] ( f i g u r e s 6.2 and 6.3) a r e a l l l i n e a r w i t h 
p o s i t i v e i n t e r c e p t r e p r e s e n t i n g t h e u n c a t a l y s e d r e a c t i o n . 

The v a r i a t i o n of ko w i t h c o n c e n t r a t i o n o f a c i d i n p r e s e n c e o f 
n u c l e o p h i l e was a l s o examined. The r e s u l t s a r e p r e s e n t e d i n t a b l e s 
6.4, 6.5, 6.6 and 6.7. 

T a b l e 6.4: V a r i a t i o n of ko w i t h [ a c i d ] 
[ C I " ] = 0.25 M, [M.acid] = 0.032 M 

10 [HCIO4] / M 
1.16 
2.31 
3.45 

10 k 0 / s 
1.58 
1.56 
1.58 

-1 

T a b l e 6.5: V a r i a t i o n of ko w i t h [ a c i d ] 
[ B r ] = 0.15 M, [M.acid] = 0.015 M 

10 2 [ H C I O 4 ] / M k 0 / s " 1 

6.9 2.055 
11.6 2.018 
16.2 2.055 
20.8 2.099 
30.1 2.155 
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F i gure 6. 2 
V a r i a t i o n o f k Q w i t h [C IT ] a n d CBr" ] 

i 
0) 

0 

0 10 20 30 

10 2 CX ] / M 

V X = B r ~ 
A x = c r 



F l gure 6. 3 
V a r i a t i o n o f k Q w i t h [SCN"] and CCS (NH 2 L, ] 

15 

10 

0 

0 10 15 20 

10 J CX ] / M 

V X = 10 CS(NH2)2 

A X = SCN~ 
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T a b l e 6.6: V a r i a t i o n of ko w i t h [ a c i d ] 
[SON"] = 2.5 x 10" 3 M, [M.acid] = 0.0168 M 

10 2 [HC10 4] / M k 0 / s ' 1 

3 1.01 
6 1.62 
9 2.01 

12 2.43 
14 2.74 

T a b l e 6.7: V a r i a t i o n of ko w i t h [ a c i d ] 
[ C S ( N H 2 ) 2 ] = 4.8 x 1 0 ' 4 M, [M.acid] = 0.0254 M 

1 0 2 [ H C I O 4 ] / M 10 k 0 / s ' 1 

4.6 1.65 
8.1 2.89 

11.6 3.75 
18.5 5.56 
25.0 7.18 

T a b l e s 6.4 and 6.5 show t h a t t h e r e i s no v a r i a t i o n o f ko w i t h [ a c i d ] 
i n t h e a c i d i t y r e g i o n 0.07 - 0.35 M. T h i s i n d i c a t e s t h a t t h e r e i s 
r e a c t i o n o n l y v i a t h e a n i o n a s i n t e r p r e t e d i n scheme 6.1. The r a t e 

Me^Me ^ Me^/Me 
+ H + 0' 0 a . 0' 0 

M M" 

k INOX ^ HN0 2 + H + +X" 
Pr o d u c t 

Scheme 6.1 
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e x p r e s s i o n f o r s u c h a scheme i s g i v e n by e q u a t i o n 6.3. 

R a t e = k [ I T ] [NOX] = k 0 [HN0 2] 6.3 
[M] [K J 

b u t [M-] = 2 - and [NOX] = K N 0 X [ H + ] [ H N 0 2 ] [ X - ] 
[ H + ] 

K 
t h e r e f o r e R a t e = k K N Q X [ X * ] [ H + ] [HN0 2] [M] —^- = k 0 [HN0 2] 6.4 

[ H + ] 
a n d k 0 = k K N Q X [ X " ] [ M ] K & 6.5 

From e q u a t i o n 6.5, f o r a p l o t o f k 0 v s [ X " ] s l o p e = k K ^ q X [ M ] K . 

T h e v a l u e s o f s l o p e s f o r a p l o t o f ko v s [ X " ] ( X " = C I " and B r " ) and 
t h e c o r r e s p o n d i n g k v a l u e s a r e g i v e n i n t a b l e 6.8 

T a b l e 6.8: V a l u e s o f t h e s l o p e s f o r ko v s [ X " ] and 
c o r r e s p o n d i n g k v a l u e s 

X " s l o p e k 
(1 m o l ^ s " 1 ) (1 m o l ' V 1 ) 

C I " 0.47 9.1 x 1 0 8 

B r " 24.6 1.0 x 1 0 9 

T a b l e 6.9 g i v e s t h e v a l u e s o f ko a s o b t a i n e d f r o m t h e c o n s t a n c y w i t h 
[ a c i d ] and t h e c o r r e s p o n d i n g k v a l u e s c a l c u l a t e d f r o m e q u a t i o n 6.5. 

T a b l e 6.9: V a l u e s o f ko and k ( f o r v a r i a t i o n o f ko w i t h a c i d 
i n p r e s e n c e o f X " ) 

X " k 0 k 
( s " 1 ) ( 1 m o l - V 1 ) 

C I " 0.158 1.2 x 1 0 9 

B r " 2.05 1.2 x 1 0 9 
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T h e v a r i a t i o n o f [ M . a c i d ] i n p r e s e n c e o f B r " i s g i v e n i n t a b l e 6.10. 
From t h e p l o t o f ko v s [ M . a c i d ] , s l o p e = k [ X " ] K a > The 
c a l c u l a t e d v a l u e o f t h e r a t e c o n s t a n t , k = 1.13 x 1 0 9 1 m o l d s ' 1 

a g r e e s v e r y w e l l w i t h t h o s e c a l c u l a t e d f r o m p l o t s o f ko v s [ X " ] and 
f r o m t h e c o n s t a n c y w i t h a c i d . T h i s p r o v i d e s s u p p o r t f o r t h e p r o p o s e d 
m e c h a n i s t i c scheme ( s c h e m e 6 . 1 ) . 

T a b l e 6.10: V a r i a t i o n o f ko w i t h [ M . a c i d ] 
[ B r ] = 0.1 M, [ H C 1 0 4 ] = 0.125 M 

1 0 3 [ M . a c i d ] / M 
9.4 

18.8 
28.2 
37.6 

ko / s " 1 

0.710 
1.67 
2.55 
3.34 

R e a c t i o n s i n p r e s e n c e o f SCN" and CS(NH2)2 show t h a t t h e r e a c t i o n s 
a r e a c i d c a t a l y s e d , a s s e e n from t h e v a r i a t i o n o f ko w i t h [ a c i d ] 
( t a b l e s 6.6 and 6.7 r e s p e c t i v e l y and f i g u r e 6 . 4 ) . T h i s s i t u a t i o n may 
a g a i n r e p r e s e n t r e a c t i o n v i a b o t h e n o l and e n o l a t e i o n ( s c heme 6 . 2 ) , 
w h e r e M, E , M" r e p r e s e n t M . a c i d , i t s e n o l f o r m and t h e e n o l a t e i o n 
r e s p e c t i v e l y . 

M -

NOX 

Scheme 6.2 

P r o d u c t 

T h e o v e r a l l r a t e c o n s t a n t c a n be e x p r e s s e d i n t e r m s o f e q u a t i o n 6.6 
and ko by e q u a t i o n 6.7 ( b y a n a l o g y t o r e a c t i o n s o f 
t r i f l u o r o a c e t y l a c e t o n e r e p r e s e n t i n g a s i m i l a r s i t u a t i o n ) . 
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F l g u r e 6. 4 
V a r i a t i o n o f k Q w i t h [ a c i d ] In p r e s e n c e 
o f SCNT and C S ( N H J 0 

2. 0 

1.5 
T 
0) 

1.0 

0.5 

0.0 -I 1 1 i i , 

0 5 10 15 20 25 

10 2 [ a c i d ] / M 

V In p r e s e n c e o f CSfNH^). 
A In p r e s e n c e o f S C N -
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R a t e = k 3 [ E ] [ N O X ] + k 4 [M"] [NOX] + u n c a t a l y s e d r e a c t i o n 
= k 0 [HN0 2] 6.6 

k 0 = ( k 3 K e [ H + ] + k 4 K a ) K N 0 X [ X - ] [ M . a c i d ] T + ( k i K J H * ] + k 2 K a ) [ M . a c i d ] T 

( 6 . 7 ) 

I n o r d e r t o m e a s u r e t h e v a l u e s o f k 3 and k 4 ( t h e r a t e c o n s t a n t s f o r 
a t t a c k o f NOX on t h e e n o l and e n o l a t e i o n r e s e c t i v e l y ) , i t i s 
n e c e s s a r y t o know t h e v a l u e s o f k i and k 2 ( t h e c o r r e s p o n d i n g r a t e 
c o n s t a n t s f o r t h e u n c a t a l y s e d r e a c t i o n s ) . However, t h e c o m p l i c a t e d 
k i n e t i c s f o r t h e u n c a t a l y s e d r e a c t i o n s p r e v e n t s t h e measurement o f k i 
a n d k 2 and h e n c e t h e k 3 and k 4 v a l u e s . 

6.4 D i s c u s s i o n 
The k i n e t i c r e s u l t s o f t h e n i t r o s a t i o n o f M . a c i d a r e c o n s i s t e n t 

w i t h r e a c t i o n i n v o l v i n g e i t h e r t h e n e u t r a l e n o l o r t h e e n o l a t e i o n o r 
a c o m b i n a t i o n o f b o t h r e a c t i o n s . M . a c i d i s a v e r y s t r o n g a c i d (pK 

ci 
4 . 7 6) and i t s a n i o n i s t h e r e f o r e e x p e c t e d t o be v e r y r e a c t i v e t o w a r d s 
e l e c t r o p h i l i c a t t a c k . W i l l i a m s et al7 h a v e e s t a b l i s h e d t h a t 
n i t r o s a t i o n o f m a l o n o n i t r i l e i n a c i d s o l u t i o n p r o c e e d s v i a t h e 
c a r b a n i o n . The m a l o n o n i t r i l e c a r b a n i o n i s a v e r y r e a c t i v e s p e c i e s and 
i t s r e a c t i o n w i t h NOX (X" = C I " , B r , SCN" and C S ( N H 2 ) 2 ) a r e a l l 
e n c o u n t e r c o n t r o l l e d . From o u r e x p e r i m e n t a l d a t a t h e r e i s e v i d e n c e 
t h a t r e a c t i o n s i n p r e s e n c e o f C I " and B r " p r o c e e d e d v i a t h e a n i o n 
o n l y . I t was p o s s i b l e t o a n a l y s e t h e k i n e t i c d a t a a n d d e t e r m i n e t h e 
r a t e c o n s t a n t s f o r a t t a c k o f t h e NOX s p e c i e s on t h e a n i o n . The 
r e a c t i o n s were f o u n d t o be d i f f u s i o n c o n t r o l l e d . 
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N u c l e o p h i l i c c a t a l y s i s by SCN" and CS(NH2)2 was a l s o v e r y 
p r o n o u n c e d . I n t h i s c a s e h o w e v e r , The r e a c t i o n a p p e a r e d t o i n v o l v e 
a t t a c k on b o t h e n o l a n d e n o l a t e i o n . T h e i n d i v i d u a l r a t e c o n s t a n t s 
f o r t h e r e a c t i o n s c o u l d n o t be d e t e r m i n e d and h e n c e i t i s n o t p o s s i b l e 
t o comment on t h e g e n e r a l m e c h a n i s t i c f e a t u r e s o f t h e r e a c t i o n s 
i n v o l v i n g t h e s e NOX s p e c i e s . I t may w e l l be t h a t t h e s e l e c t i v i t y may 

+ 

be r e l a t e d t o t h e w e l l known 8 l o w e r r e a c t i v i t y o f NOSCN and N0SC(NH 2 )2 

t h a n NOBr and N0C1. 

F o r t h e u n c a t a l y s e d r e a c t i o n s , t h e r e s u l t s may be i n t e r p r e t e d i n 
t e r m s o f scheme 6 .3 

E k E 

1 H 2 N 0 2 M 

M 

P r o d u c t 

Scheme 6 . 3 

M . a c i d c a n e x i s t e i t h e r a s i t s e n o l ( E ) o r i t s a n i o n ( M ~ ) . At l o w e r 
a c i d i t i e s , t h e l i n e a r p l o t o f ko v s [ a c i d ] w i t h a s i g n i f i c a n t 
p o s i t i v e i n t e r c e p t c l e a r l y i n d i c a t e s r e a c t i o n v i a b o t h E and M" w i t h 
r a t e l i m i t i n g a t t a c k o f t h e s e s p e c i e s by H2N024 ( a s r e a c t i o n i s f i r s t 
o r d e r i n [HNO2]). T h e o v e r a l l r a t e c a n be e x p r e s s e d i n t e r m s o f t h e 
r a t e c o n s t a n t s k i and k 2 f o r a t t a c k o f H2N0 2

+ on E and M" r e s p e c t i v e l y 
by e q u a t i o n 6 . 8 . 

R a t e = k i [ E ] [ H + ] [HN0 2 ] + k 2 [M" ] [ H + ] [HN02 ] = k 0 [HN0 2 ] 6 . 8 

b u t [ E ] = K e [ M . a c i d ] T and [M"] = (K [ M . a c i d ] T ) / [ H + ] 
t h e r e f o r e k 0 = ( k i K g [ H + ] + k 2 K ) [ M . a c i d ] T 6 . 9 
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At h i g h a c i d i t i e s (>2 M). t h e e q u i l i b r i u m (M M" + H + ) p r o b a b l y 
s h i f t s t o w a r d s M and h e n c e t o w a r d s E and t h e r e a c t i o n i n v o l v e s r a t e 
l i m i t i n g a t t a c k by H2N02 + on e n o l o n l y . 

At i n t e r m e d i a t e a c i d i t i e s , t h e t e n d e n c y t o w a r d s a z e r o o r d e r 
r e a c t i o n ( a l t h o u g h n o t f u l l y z e r o o r d e r ) s t r o n g l y s u g g e s t s t h a t 
e n o l i s a t i o n (M — • M- o r M — • E ) i s r a t e l i m i t i n g t o some e x t e n t . 
T h e a b s e n c e o f a n y s i g n i f i c a n t a c i d c a t a l y s i s i m p l i e s t h a t e n o l i s a t i o n 
i s n o t a c i d c a t a l y s e d . The s i t u a t i o n i s a n a l a g o u s t o t h a t e n c o u n t e r e d 
i n t h e n i t r o s a t i o n 1 , 3 - d i c h l o r o a c e t o n e 9 where e n o l i s a t i o n i s n o t a c i d 
c a t a l y s e d and a l s o , t h e r e a c t i o n i s m i x e d z e r o and f i r s t o r d e r . The 
m e c h a n i s m o f e n o l i s a t i o n i s b e l i e v e d t o i n v o l v e p r o t o n a b s t r a c t i o n by 
a w a t e r m o l e c u l e f r o m t h e n o n - p r o t o n a t e d f o r m o f t h e k e t o n e . However, 
t h e s i m p l e scheme ( s c h e m e 6.3) d o e s n o t q u a n t i t a t i v e l y e x p l a i n t h e 
t h r e e d i f f e r e n t m e c h a n i s t i c p a t t e r n s . I t must be a l i t t l e more 
c o m p l i c a t e d and f u r t h e r work may be h e l p f u l . A l t h o u g h o u r k i n e t i c 
e x p e r i m e n t s do n o t p r o v i d e a c o m p l e t e e x p l a n a t i o n o f t h e m e c h a n i s t i c 
d e t a i l s o f t h e n i t r o s a t i o n o f M . a c i d t h e g r o s s f e a t u r e s a p p e a r t o be 
q u i t e c l e a r . F u r t h e r work i n t h i s a r e a i s d e s i r a b l e . 
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CHAPTER 7 

E x p e r i m e n t a l D e t a i l s 
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7.1 E x p e r i m e n t a l t e c h n i q u e s u s e d . 
B o t h U V - V i s i b l e and s t o p p e d f l o w s p e c t r o p h o t o m e t r y w e r e u s e d f o r 

t h e d e t e r m i n a t i o n o f r a t e c o n s t a n t s i n t h i s s t u d y . 

7.1.1 U V - V i s i b l e s p e c t r o p h o t o m e t r y 
R a t e m easurements f o r n i t r o s a t i o n o f e t h y l a c e t o a c e t a t e , 

l , l , l - t r i f l u o r o p e n t a n e - 2 , 4 - d i o n e , and Meldrum's a c i d w e r e c a r r i e d o u t 
by t h i s t e c h n i q u e u s i n g e i t h e r P e r k i n E l m e r Lambda 3 o r P h i l i p s PU8720 
s p e c t r o p h o t o m e t e r s . 

S t o c k s o l u t i o n s w e r e made up i n w a t e r (207. d i o x a n f o r 
e t h y l a c e t o a c e t a t e ) f r o m w h i c h two s o l u t i o n s , one c o n t a i n i n g s odium 
n i t r i t e and t h e o t h e r c o n t a i n i n g t h e s u b s t r a t e , a c i d a n d a p p r o p r i a t e 
n u c l e o p h i l e ( w h e r e n e c e s s a r y ) were t h e r m o s t a t t e d i n a w a t e r b a t h a t 
25°C. The r e q u i r e d amount o f NaN02 s o l u t i o n was added t o a s o l u t i o n 
c o n t a i n i n g a l l t h e o t h e r r e a g e n t s ( t o t a l volume ca 25 m l ) and a f t e r 
r a p i d m i x i n g , a p o r t i o n o f t h e r e a c t i o n m i x t u r e was t r a n s f e r r e d t o a 
1 cm p a t h l e n g t h q u a r t z c e l l a nd p l a c e d i n a t h e r m o s t a t t e d c e l l h o l d e r 
o f t h e s p e c t r o p h o t o m e t e r . An i d e n t i c a l c e l l c o n t a i n i n g t h e s o l v e n t 
was u s e d a s t h e r e f e r e n c e . The r e a c t i o n was m o n i t o r e d by f o l l o w i n g 
t h e c h a n g e i n a b s o r b a n c e a t a p a r t i c u l a r w a v e l e n g t h a s a f u n c t i o n o f 
t i m e . 

7.1.2 S t o p p e d - f l o w s p e c t r o p h o t o m e t r y 
C o n v e n t i o n a l U V - V i s i b l e s p e c t r o p h o t o m e t r y i s n o t s u i t a b l e f o r 

m e a s u r i n g r e a c t i o n r a t e s when t h e h a l f - l i f e o f t h e r e a c t i o n i s l e s s 
t h a n 5-10 s e c o n d s . I n s t e a d s t o p p e d - f l o w s p e c t r o p h o t o m e t r y may be 
u s e d . T h i s t e c h n i q u e e n a b l e s measurement o f r e a c t i o n r a t e s w i t h 
h a l f - l i v e s between one m i l l i s e c o n d and s e v e r a l s e c o n d s . T h e 
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n i t r o s a t i o n o f dime-done and c a t a l y s e d r e a c t i o n s o f e t h y l a c e t o a c e t a t e 
and Meldrum's a c i d w e r e s t u d i e d by t h i s method. 

I n t h i s t e c h n i q u e , two s o l u t i o n s ( o n e n o r m a l l y b e i n g s o dium 
n i t r i t e and t h e o t h e r c o n t a i n g a l l t h e o t h e r components o f t h e 
r e a c t i o n ) a r e s t o r e d i n r e s e r v o i r s and f r o m t h e r e e n t e r two i d e n t i c a l 
s y r i n g e s . A s i n g l e p i s t o n d r i v e s t h e two s y r i n g e s s o t h a t e q u a l 
v o l u m e s o f e a c h s o l u t i o n a r e mixed. On m i x i n g , t h e c o n c e n t r a t i o n o f 
e a c h r e a c t a n t p r e s e n t i s h a l v e d . T h e r e a c t i o n s o l u t i o n t h e n f l o w s 
i n t o a t h i r d s y r i n g e . On f i l l i n g , t h e p l u n g e r o f t h i s s y r i n g e i s 
f o r c e d a g a i n s t a s t o p w h i c h h a l t s t h e f l o w and a t t h e same t i m e 
p r e s s e s t h e t r i g g e r w h i c h s t a r t s t h e m o n i t o r i n g o f t h e r e a c t i o n 
( f i g u r e 7 . 1 ) . 

T h e r e a c t i o n i s f o l l o w e d by a beam o f m o n o c h r o m a t i c l i g h t w h i c h 
p a s s e s t h r o u g h t h e c e l l . T he i n t e n s i t y o f t h e beam i s c o n v e r t e d t o a n 
e l e c t r i c a l s i g n a l and a m p l i f i e d by a p h o t o m u l t i p l i e r , g i v i n g 
t y p i c a l l y minus f i v e t o m i n u s e i g h t v o l t s f o r t h e l i g h t i n t e n s i t y w i t h 
no a b s o r b i n g s p e c i e s i n t h e c e l l . I f t h i s s i g n a l w e r e t o be u s e d , 
t h e c h a n g e i n v o l t a g e due t o t h e r e a c t i o n p r o c e e d i n g w o u l d a p p e a r a s a 
v e r y s m a l l v o l t a g e c h a n g e s u p e r i m p o s e d on t h e p h o t o m u l t i p l i e r ' s 
s t a n d i n g o u t p u t v o l t a g e , s o an e q u a l b u t o p p o s i t e v o l t a g e i s added t o 
t h i s s t a n d i n g v o l t a g e ( b i a s i n g ) a l l o w i n g a m p l i f i c a t i o n by t h e 
r e c o r d i n g e q u i p m e n t o f t h e v o l t a g e c h a n g e o n l y . W i t h n o n - a b s o r b i n g 
s o l u t i o n a t t h e o b s e r v a t i o n p o i n t t h e f i n a l v o l t a g e i s z e r o and any 
v o l t a g e c h a n g e o b s e r v e d r e s u l t s f r o m t h e p r o g r e s s i o n o f t h e r e a c t i o n . 
The v o l t a g e c h a n g e s w e r e r e c o r d e d and a n a l y s e d ( t o g i v e t h e r a t e 
c o n s t a n t s ) by a n A p p l e H e m i c r o c o m p u t e r , f i t t e d w i t h a f a s t a n a l o g u e 
t o d i g i t a l c o n v e r t e r , a n d r u n n i n g a k i n e t i c s a n a l y s i s p r o g r a m s u p p l i e d 
by "HITECH". 
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7.2 C h e m i c a l r e a g e n t s u s e d 
A l l t h e c a r b o n y l compounds s t u d i e d w e r e c o m m e r c i a l l y a v a i l a b l e . 

E t h y l a c e t o a c e t a t e was d i s t i l l e d u n d e r r e d u c e d p r e s s u r e and t h e m i d d l e 
f r a c t i o n o f t h e d i s t i l l a t e was u s e d . Dimedone and Meldrum's a c i d w e r e 
f u r t h e r p u r i f i e d by r e c r y s t a l l i s a t i o n f r o m w a t e r . 
1 , 1 . 1 - t r i f l u o r o p e n t a n e - 2 , 4 - d i o n e was o f an a n a l y t i c a l g r a d e and was 
n o t p u r i f i e d f u r t h e r . C o m m e r c i a l l y a v a i l a b l e d i o x a n was u s e d . T h e 
i n o r g a n i c r e a g e n t s NaN0 2, N a C l , NaBr, NaSCN.2H 20, C S ( N H 2 ) 2 and N a C 1 0 4 

w e r e a l l o f AR g r a d e and were u s e d a s s u p p l i e d c o m m e r c i a l l y . 
P e r c h l o r i c a c i d s o l u t i o n s were p r e p a r e d by d i l u t i o n o f 60-627. HCIO4 

a n d s t a n d a r d i s e d a g a i n s t s t a n d a r d s o d i u m h y d r o x i d e s o l u t i o n s u s i n g 
p h e n o l p h t h a l e i n i n d i c a t o r . S t o c k s o l u t i o n s o f NaN0 2 were p r e p a r e d 
f r e s h d a i l y . 

7.3 D e t e r m i n a t i o n o f t h e o b s e r v e d r a t e c o n s t a n t s . 
As s t a t e d p r e v i o u s l y , a l l t h e e x p e r i m e n t s w e r e p e r f o r m e d u n d e r 

f i r s t o r d e r c o n d i t i o n s , and t h e r e a c t i o n s w e r e f o l l o w e d by m o n i t o r i n g 
t h e r a t e o f d i s a p p e a r a n c e o f t h e r e a c t a n t p r e s e n t i n t h e l o w e s t 
c o n c e n t r a t i o n , o r a p p e a r a n c e o f t h e p r o d u c t , w i t h t i m e . The 
r e l a t i o n s h i p b e t w e e n c o n c e n t r a t i o n and a b s o r b a n c e i s g i v e n by t h e 
B e e r - L a m b e r t l a w and i s s i m p l y : A = e C l , w h e r e A i s t h e a b s o r b a n c e , 
e t h e m o l a r e x t i n c t i o n c o e f f i c i e n t . C t h e c o n c e n t r a t i o n and 1 t h e 
p a t h l e n g t h . F o r a f i r s t o r d e r r e a c t i o n R • P, where R = 
r e a c t a n t and P = p r o d u c t , [ P ] t = [ R ] Q - [ R ] t , whe r e [ P ] t i s t h e 
c o n c e n t r a t i o n o f P a t t i m e t = t a n d [ R ] Q i s t h e c o n c e n t r a t i o n o f R 
a t t i m e t = 0. T h e e x p r e s s i o n f o r t h e o b s e r v e d f i r s t o r d e r r a t e 
c o n s t a n t ko i s g i v e n by e q u a t i o n 7.1 
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k 0 . i 1. ™ 2 7.1 
1 Wt 

U s i n g t h e B e e r - L a m b e r t law t h e a b o r b a n c e a t t i m e t = 0 may be d e f i n e d 
a s Ao = G^ [ R ] Q , i f t h e p a t h l e n g t h o f t h e c e l l i s a s s u m e d t o be 1 cm. 

S i m i l a r l y , A t = € R [ R ] t + e p [ P ] t 

s u b s t i t u t i n g f o r [P] 

A „ = e P [ pl« = e P t R]o s i » c e [ pl„ = Wo 
s u b t r a c t i n g 

< A t • V = e R Mt • 6 P Mt 

(*, • A ) 

Wt = 7 ^ — T 
( e R - e p ) 

s i m i l a r l y , 

<Ao - A J • e R M„ " s , [ » ] 0 

(A„ - A ) 
[R] = - 2 5 i 

S u b s t i t u t i n g i n t o e q u a t i o n 7.1 
1 (A - A ) 

ko = r I n 7.2 
<At - U 

T h u s a n i n s t a n t a n e o u s v a l u e o f ko a t t i m e t = t may be o b t a i n e d f r o m 
e q u a t i o n 7.2. 

S i n c e l n ( A ^ - A^) = -ko t + l n ( A Q - A ) , f r o m e q u a t i o n 7.2, a 
p l o t o f l n ( A t - A ) v s t s h o u l d be l i n e a r w i t h a s l o p e o f -ko. The 
i n f i n i t y v a l u e A , was d e t e r m i n e d a f t e r a p e r i o d o f t e n h a l f - l i v e s . 
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The d i s a p p e a r a n c e o r a p p e a r a n c e o f a b s o r b a n c e , d e p e n d i n g on t h e 
r e a c t i o n , was g e n e r a l l y f o l l o w e d f o r a t l e a s t two h a l f - l i v e s . 

F o r e x p e r i m e n t s c a r r i e d o u t u s i n g t h e s t o p p e d - f l o w t e c h n i q u e t h e 
v a l u e o f ko was d e t e r m i n e d u s i n g t h e "HITECH" k i n e t i c s p r o g r a m . T h i s 
p r o g r a m i n i t i a l l y c a l c u l a t e s a v a l u e f o r ko f r o m t h e s l o p e o f a 
c a l c u l a t e d p l o t o f l n ( V t - V ) v s t i m e , t h e n o p t i m i s e s t h i s v a l u e 
i t e r a t i v e l y , u s i n g a n o n - l i n e a r r e g r e s s i o n a n a l y s i s t h u s r e m o v i n g some 
o f t h e e r r o r i n h e r e n t i n u s i n g l i n e a r r e g r e s s i o n methods. Owing t o 
t h e e r r o r s i n m e a s u r i n g f a s t r e a c t i o n s , t h e v a l u e o f ko q u o t e d f o r 
t h e s e r e a c t i o n s i s t h e mean o f a t l e a s t f i v e s e p a r a t e d e t e r m i n a t i o n s . 
Some e x a m p l e s f r o m a c t u a l k i n e t i c r u n s a r e g i v e n b e l o w : 

E x a m p l e 1: N i t r o s a t i o n o f e t h y l a c e t o a c e t a t e ( E A A ) : 
The r a t e m e a s u r e m e n t s w e r e made on t h e P e r k i n E l m e r Lambda 3 

s p e c t r o p h o t o m e t e r a t 25°C by f o l l o w i n g t h e a b s o r b a n c e due t o t h e 
d i s a p p e a r a n c e o f n i t r o u s a c i d . A t y p i c a l k i n e t i c r u n i s shown i n 
t a b l e 7.1. 

T a b l e 7.1: T y p i c a l k i n e t i c r u n f o r n i t r o s a t i o n o f EAA 
0.2 M, [ NaN0 2] = 0.01 M, [ H C 1 0 4 ] = 

A t t / s 1 0 3 k 0 / 
0.523 0 -

0.425 40 5.95 
0.350 80 5.85 
0.293 120 5.72 
0.245 160 5.73 
0.205 200 5.80 
0.175 240 5.80 
0.156 280 5.62 
0.06 00 -

k 0 = 5.78 x 1 0 " 3 ± 9.73 x 1 0 ' 5 s ' 1 
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T h e i n d i v i d u a l r a t e c o n s t a n t s a t e a c h t i m e i n t e r v a l h a v e b e e n 
c a l c u l a t e d by u s i n g e q u a t i o n 7.2. T h e s e v a l u e s a r e n o t n o r m a l l y 
c a l c u l a t e d b u t h a v e been shown h e r e t o g i v e a n i m p r e s s i o n o f t h e e r r o r 
i n v o l v e d i n a k i n e t i c r u n . 

E x a m p l e 2: N i t r o s a t i o n o f l , l , l - t r i f l u o r o p e n t a n e - 2 , 4 , - d i o n e ( T F A ) 
R a t e m e a s u r e m e n t s w e r e c a r r i e d o u t a t 25°C u s i n g a P h i l i p s PU8720 

s p e c t r o p h o t o m e t e r . The a b s o r b a n c e c h a n g e due t o f o r m a t i o n o f t h e 
p r o d u c t was m o n i t o r e d a t 240 nm w a v e l e n g t h . T a b l e 7.2 shows a t y p i c a l 
k i n e t i c r u n . 

T a b l e 7.2: A t y p i c a l k i n e t i c r u n f o r c h l o r i d e i o n c a t a l y s i s 
o f TFA 

[ c h l o r i d e ] = 0.4 M [TFA] = 2 x 1 0 " 2 M 
[ H C 1 0 4 ] = 0.2 M [NaN0 2] = 3 x 1 0 " 4 M 

A t t / s 1 0 3 k 0 / s " 1 

0.630 0 
0.729 30 7.40 
0.811 60 7.55 
0.873 90 7.55 
0.923 120 7.42 
0.962 150 7.35 
0.994 180 7.32 
1.020 210 7.32 
1.041 240 7.31 
1.127 00 

k 0 = 7.4 x 1 0 " 3 ± 9.91 x 1 0 " 5 s " 1 



98 

E x a m p l e 3: N i t r o s a t i o n o f Meldrum's a c i d ( M . a c i d ) 
R a t e m e a s u r e m e n t s w e r e made e i t h e r on t h e P e r k i n E l m e r Lambda 3 

o r t h e s t o p p e d - f l o w s p e c t r o p h o t o m e t e r ( f o r r e a c t i o n s i n p r e s e n c e o f 
n u c l e o p h i l i c c a t a l y s t s ) . A t y p i c a l f i r s t o r d e r r u n on t h e Lambda 3 
shown i n t a b l e 7.3. 

T a b l e 7.3: T y p i c a l k i n e t i c r u n f o r n i t r o s a t i o n o f M . a c i d 
[ M . a c i d ] = 0.029 M, [ N a N 0 2 ] = 1.14 x 1 0 " 3 M, [ H C 1 0 4 ] = 0.01 M 

A t t / s 1 0 3 k 0 / s " 1 

0.072 0 
0.106 20 9.30 
0.135 40 9.46 
0.158 60 9.37 
0.178 80 9.44 
0.194 100 9.42 
0.208 120 9.50 
0.272 oo 

k 0 = 9.42 x 1 0 " 3 ± 7.09 x 1 0 " 5 s ' 1 
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APPENDIX 
C o l l o q u i a , l e c t u r e s and seminars organised by the Department of 
Chemistry and Durham U n i v e r s i t y Chemical S o c i e t y during the p e r i o d 
1987-1988 (* denotes l e c t u r e s a t t ended). 

P r o f . R.fl. O t t e w i l l ( B r i s t o l ) January 22, 1987 
Colloid Science, A Challenging Subject * 

Dr. W. Clegg (Newcastle upon Tyne) January 28, 1987 
Carboxylate Complexes of Zinc; Charting a Structural Jungle 

P r o f . A. Thomson ( E a s t A nglia) February 4, 1987 
Metal Io Proteins and Magneto Optics 

Dr. P. Hubberstey (Nottingham) February 5, 1987 
Demonstration lecture on various aspects of Alkali Metal Chemistr * 

Dr. T. Shepherd (Durham) February 11, 1987 
Fteridine Natural Products; Synthesis and Use in Chemotherapy 

Dr. P.J. Rodgers f l C I B i l l i n g h a m ) February 12, 1987 
Industrial Polymers from Bacteria * 

P r o f . E.H. Wong (New Hampshire, USA) February 17, 1987 
Symmetrical Shapes from Molecules to Art and Nature 

Dr. M. Jarman ( I n s t i t u t e of Cancer Research) February 19, 1987 
The Design of Anti-Cancer Drugs * 

Dr. R. Newman (Oxford) March 4, 1987 
Change and Decay: A Carbon-13 CP/MAS NMR Study of Eumification 
and Coal ification Processes 

P r o f . S.V. Ley ( I m p e r i a l C o l l e g e ) March 5, 1987 
Fact and Fantasy in Organic Synthesis * 

P r o f . G.G. Bordwell (N.E. U n i v e r s i t y , USA) March 9, 1987 
Carbon Anions, Radicals, Radical Anions and Radical Cations 

Dr. R.D. Cannon ( E a s t A nglia) March 11, 1987 
Electron Transfer in Polynuclear Complexes * 

Dr. E.M. Goodger ( C r a n f i e l d I n s t , of Tech.) March 12, 1987 
Alternative Fuels for Transport * 

P r o f . R.F. Hudson (Kent) March 17, 1987 
Aspects of Organophosphorus Chemistry 

P r o f . R.F. Hudson (Kent) March 18, 1987 
Homolytic Rearrangements of Free Radical Stability 

Dr. R. B a r t s c h (Sussex) May 6, 1987 
Low Coordinated Phosphorus Compounds 
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Dr. M. Harmer ( I C I Chem. k Polymer Group) May 7, 1987 
The Role of Organometallics in Advanced Materials 

P r o f . S. Pasynkiewicz (Tech. Univ., Warsaw) May 11, 1987 
Thermal Decomposition of Methyl Copper and its Reactions with 
Tri-alkyl Aluminium 

Dr. M. Blackburn ( S h e f f i e l d ) May 17, 1987 
Phosphonates as Analogues of Biological Phosphate Esters 

Prof. S.M. Roberts ( E x e t e r ) 
Synthesis of Novel Antiviral Agents * 

June 24, 1987 

Dr. C. Krespan ( E . I . DuPont de Nemours) June 26, 1987 
Nickel (0) and Iron (0) as Reagents in Organofluorine Chemistry 

Dr. M.J. Winter ( S h e f f i e l d ) 
Pyrotechnics (Demonstration Lecture) * 

Prof. J.W. Gray ( H u l l ) 
Liquid Crystals and their Applications * 

Mrs. S. van Rose ( G e o l o g i c a l Museum) 
Chemistry of Volcanoes * 

Dr. A.R. B u t l e r ( S t . Andrews) 
Chinese Alchemy * 

Prof. D. Seebach (E.T.H. Z u r i c h ) 
From Synthetic Methods to Mechanistic Insight 

Dr. D.H. Williams (Cambridge) 
Molecular Recognition 

Dr. J . Howard ( I C I Wilton) 
Chemistry of Non-equilibrium Processes * 

Dr. C.J. Ludman (Durham) 
Explosives 

Mr. R.M. Swart ( I C I ) 

October 15, 1987 

October 22, 1987 

October 12, 1987 

November 5, 1987 

November 12, 1987 

November 26, 1987 

December 3, 1987 

December 10, 1987 

December 16, 1987 
The Interaction of Chemicals with Lipid Bilayers 

December 19, 1987 Prof. P.G. Sammes (Smith, K l i n e and French) 
Chemical Aspects of Drug Development * 

Dr. F. Palmer (Nottingham) 
Luminescence (Demonstation Lecture) * 

Dr. A. Cairns-Smith (Glasgow) 
Clay Minerals and the Origin of Life * 

Prof. J . J . Turner (Nottingham) 
Catching Organometallic Intermediates 

Dr. K. Borer (Durham, UDIRL) 
The Brighton Bomb - A Forensic Science View * 

January 21, 1988 

January 28, 1988 

February 11, 1988 

February 18, 1988 



P r o f . A. U n d e r b i l l (Bangor) February 25, 1988 
Molecular Electronics 

P r o f . W.A.G. Graham ( A l b e r t a , Canada) March 3, 1988 
Rh and Ir Complexes in the Activation of C-H Bonds 

P r o f . H.F. Koch ( I t h a c a C o l l e g e . USA) March 7, 1988 
Does the E2 Mechanism Occur in Solution * 

P r o f . M.P. Hartshorn (Canterbury, New Zealand) A p r i l 7, 1988 
Aspects of Ipso Nitration 

P r o f . C.A. Nieto de Castro ( L i s b o n Univ. k I m p e r i a l C o l l e g e ) 
A p r i l 18, 1988 

Transport Properties of Non-polar Fluids 

Graduate Chemists (N.E. Poly & U n i v e r s i t i e s ) A p r i l 19, 1988 
R.S.C. Graduate Symposium * 

P r o f . D. B i r c h a l l ( I C I ) A p r i l 25, 1988 
Environmental Chemistry of Aluminium 

Dr. R. Richardson ( B r i s t o l ) A p r i l 27, 1988 
X-ray Diffraction From Spread Monolayers 

Dr. J.A. Robinson (Southampton) A p r i l 27, 1988 
Aspects of Antibiotic Biosynthesis 

P r o f . A. Pines ( C a l i f o r n i a , USA) A p r i l 28, 1988 
Some Magnetic Moments * 

Dr. W.A. McDonald ( I C I Wilton) May 11, 1988 
Liquid Crystal Polymers 

Dr. J.P. Majoral (Univ. Paul S a b a t i e r ) June 8, 1988 
Stabilisation by Complexation of Short-lived Phosphorus Species 

P r o f . G.A. Olah (S. C a l i f o r n i a , USA) June 29, 1988 
New Aspects of Hydrocarbon Chemistry 


