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ABSTRACT 

Some Kinetic and Equilibrium Studies of a-Adduct Formation 

and Proton Transfer in the Reactions of Aromatic Nitro-

compounds with Bases. 

by Paul James Routledge. 

Comparison of kinetic and equilibrium data for the 

cyclisation of 1-(2,2-dimethyl-3-hydroxypropoxy)-2,4-dinitro­

naphthalene in alkaline m~dia with those for the cyclisation 

of 1-(3-hydroxypropoxy)-2,4-dinitronaphthalene indicates the 

absence of a marked gem-dimethyl effect • 

. 1H n.m·. r. and visible spectral measurements show that 

alkoxide ·addition to 2,2 .. ,4,4 .. ,6;6 .. -hexanitrobil;>enzyl (HNBB) 

and 2,2 .. ,4,4 .. ,6;6'-hexanitrostilbene (HNS) gives a-adducts. 

Formation of the 3-(3'-) adduct is kinetically preferred but 

the 1-(1 .. -) adduct is thermodynamically more stable. In media 

of high basicity the 1:2 adduct,with alkoxide addition at the 

1- and 1'~ positions is observed. For HNS a third interaction 

occurs which may be alkoxide addition at the olefinic bond. 

Kinetic and equilibrium data ·are repo~ted for the reactions 

with methoxide ions in methanol and ethoxide ions in ethanol. 

and compared with Q.at.a for relat~~d compounds. 

The interactions of aliphatic amines with 2,4,6-trinitro­

benzyl chloride (TNBCl) ,. HNBB, H~S and 2,4,6-trinitrophenetole 

(TNP) in dimethyl sulphoxide have been investigated using vis-

ible and 1H n .m. r .. SJ?ectroscopic methods. Kinetic and equil-

ibrium data are reported for the various processes observed. 

The reversible reactions ofTNBCl with.primary amines are 

found to be.: rapid formation of the 3-adduct, followed by isq-. 

merisation to the thermodynamically more stable 1-adduct, follo~ 
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by equilib~ation with the. conjugate base formed by transfer of 

a side-chain proton. With the secondary amines piperidine 

and pyrrolidin~ a-adduct formation at the l~position is not 

observedbecause the presence of two bulky groups at the 1-

position is sterically urifavourable. The a-adduct forming 

reactions occur via zwitterionic intermediates and it is shown 

that proton transfers between these species and amines may be 

kinetically significant. 

The reactions of HNBB and HNS with amine .;ilso involve 

the initial formation of 3-adducts and 1-adducts. At high 

amine concentrations di-adducts may be formed·by reaction of 

the 1- and 1'- or 3- and 3'- positions. A slow reaction of 

HNBB with amines giv~s a blue species which is shown tobe·a.· 

dianion formed by loss of two methylene protons. The slow step 

in this reaction is shown to be rate'limiting proton transfer 

from the substrate or from l:la-adducts. 

TNP reacts with primary and secondary amines to give 

isomeric a-adducts a:t the 3-position and 1-position. Nucleo­

·philic substitution involves general acid catalysed expulsion 

of .the ethoxy group ~nd yields N-substituted picramides. 

Data are also reported· for th~ rea.ctions of TNBCi ~ith · 

hydroxide ions in water and 30:70 (v/v) DM~o-·water, of TNBCl 

with hydroxide ions in 'mixed· (methanol-water..;tetrahydrofuran) 

solvents, of HN~B with. sulphite ions and of 1,3,5-trinitfo­

benzene with thioglycollic acid in water. 
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PREFACE 

The work reported in this thesi~ was instigated by 

the Propellants, Explosives and Rocket Motor Establishment 

(P.E.R.M.E.), Waltham Abbey, which is part of the Ministry 

of Defence. Using a continuous production process based 

on the Shipp-Kaplan reaction 2 , they are commercially pro­

ducing the heat resistant explosive 2,2~,4,4~,6,6~-hexani~ro-

stilbene (HNS) from 2,4,6-trinitrotoluene (TNT). The complete 

reaction mechanism by which the Shipp-Kaplan reaction proceeds 

is unknown. However, because intense colours are observed 

during the reaction one possibility is that Meisenheimer com-

plexes are involved as intermediates. In the hope of elucid-

ating the Shipp-Kaplan reaction mechanism it was therefore 

of interest to study the mode or modes of interaction of base$ 

with HNS and also with 2,2~,4,4~,6,6~-hexanitrobibenzyl (HNBB), 

a major by-product of the Shipp-Kaplan reaction. (The inter-

action of bases with TNT have already been studied82 , 83). 

This is one reason why the study of the compounds HNS and HNBB 

forms such a prominent part in this thesis. 

The other aromatic nitro-compounds, reported in this thes-i_::;, 

have been studied because their interactions with base can be 

directly compared with those of HNS and HNBB to give a more 

complete understanding of the processes involved, or because 

they are of interest in other areas of Meisenheimer complex 

chemistry, or for both the abov~ reasons. 

It should be noted that the introduction consists of 

two·unequal parts. The first part will give some background 

information on the Shipp-Kaplan reaction and the second part 



should provide the reader with a basic knowledge of 

Meisenheimer complex chemistry, which will help in the 

understanding of the experimental data reported in the 

rest of the thesis. 

X 
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CHAPTER ONE 

INTRODUCTION 
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1.1 The Shipp-Kaplan Reaction 

Shipp1 first unequivocally synthesised 2,2~,4,4',6,6~-

hexanitrostilbene (HNS) from 2,4,6-trinitrotoluene (TNT) and 

m-hydroxybenzaldehyde using a five stage process. The Shipp-

Kaplan reaction2 is a continuous process used commercially to 

synthesise HNS from TNT using aqueous sodium hypochlorite in 
. 0 

a 2:1:2 tetrahydrofuran/methanol/water solvent at 0-15 C. 

The yield of HNS obtained by this process is limited to about 

50% due to several concurrent reactions producing a large 

number of by-products in the complex reaction mixture. The 

major by-product is 2,2~,4,4~,6,6~-hexanitrobibenzyl (HNBB) 

which, in the appropriate conditions, can become the principle 

product. 

HNS has two important properties. It is a h~at resistant 

explosive, used by the aerospace industry for the explosive 

components of high speed aircraft and spacecraft, and it is a 

crystal modifying agent used in melt cast TNT-based explosive 

. t. 3 compos.l. 1ons. The Apollo 17 Lunar Seismic Profiling Experi-

4 
ment used HNS for its explosive charges. 

2 
The reaction mechanism postulated by Shipp and Kaplan 

for the formation of HNS from TNT by alkaline hypochlorite is 

shown in Scheme 1.1. The first stage is the formation of 

2,4,6-trinitrobenzyl chloride (TNBCl) from TNT. This has been 

shown by quenching the reaction mixture after 90 seconds with 

acid and obtaining yields of TNBCL of 85%. 68 The second stage 

is the formation of HNS from TNBCl. This involves postulating 

the formation of the TNBCl anion which then undergoes a nucleo-

philic displa9ement-elimination reaction with a molecule of 

TNBCl to form HNS. Scheme 1.2 shows this part of the reaction 
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more clearly. The TNBCl anion displaces a molecule of TNBCl 

to form a-chlorohexanitrobibenzyl. This then immediately 

eliminates hydrogen chloride to produce HNS. Also present 

in th~ reaction mixture are TNT anions and other nucleophiles 

such as hydroxide ions. These can also undergo displacement 

reactions with a molecule of TNBCl to produce HNS and trinitro-

benzyl alcohol respectively, and thereby reduce the yield of 

HNS. 

To support the nucleophilic displacement~elimination re­

action Shipp and Kaplan presented evidence 2 that the yield of 

HNS was dependent on the mole ratio of alkali to trinitrobenzyl 

chloride while all other conditions were maintained constant. 

They also showed HNS could be made by adding base to TNBCL but 

could not isolate any a-chlorohexani trobibenz.yl. a-Chloro-

hexanitrobibenzyl would be expected to be very unstable as even 

unnitrated a-chlorobibenzyl readily eliminates hydrogen chloride 

to form the stilbene.
5 

A free radical mechanism has been suggested as was found 

for the synthesis of 4,4'-dinitrostilbene from 4-nitrobenzyl 

chloride. 6 However, free radical interme.diates of aromatic 

trinitro-compounds are rare as they prefer to form anions. 
7 

Kinetic evidence for a nucleophilic displacement-elimination 

. 8 
mechanism has been reported but the study was carried out in 

a 50/50 dioxalan-water solvent with hydroxide as the base. 

Below it will be shown that by changing the solvent the type 

of reaction can be changed and also it is known that it is 

critical for an alc6hol to be present in the Shipp-Kaplan re-

t
. 9 ac 10n. 
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~Further study of the Shipp-Kaplan reaction has shown 

the yield of HNS is profoundly effected by changing the pH 

and water content of the reaction mixture,and to a lesser 

extent by changing the temperature and time of the reaction . 

. Maximum yields of HNS are achieved at a pH of 10.2. 10 

· It has also been found11 yields of HNS are maximised by the 

presence of organic amine bases, with pKa values of 10 to 11, 

in the reaction mixture, irrespective of their steric structure. 

Sollot12 believes the reason why these organic amine bases are 

' good at maximising yields is that they regulate the concentration 

of hydroxide ions in a constant and controlled manner. 

If the initial temperature of the exothermic reaction is 

kept below S0 c for the first minute and then allowed to rise 

to 1S-20°C maximum yields of HNS are obtained. 9 If kept 

below S
0 c for the whole reaction the yields of HNS are usually 

low. 

9 
A study of HNS yield versus time has shown the yield 

of HNS increases with time up to 120 minutes and thereafter 

falls steadily. 

The concentration of water present in the reaction mixture 

has a profound effect on the yield of HNS. 9 Shipp patented 

her reaction with what was later found to be the preferred 

water content. 2 

Th dd 't' f lk 1' 'd 13 . . 1 1 . e a 1 1on o a a 1ne ox1 es, 1n part1cu ar ca c1um 

oxide, may slow down the Shipp-Kaplan reaction considerably 

but pure HNS is produced, the formation of which increases with 

time. The need for critical pH control is also removed. It 

i~ postulated that the ftinction of calcium oxide is in stabil-

±siH~ R~~ irit~fm~ciiates by ~~~~ie~atit1H~ 
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1.2 A Survey of Meisenheimer Complex Chemistry 

1.2.1 A Short History 

Hepp
14 

over one hundred years ago observed that 

intense colours are produced on the addition of base to 

solutions of aromatic trinitro-compounds. A little later 

15-18 . it was found that 1n favourable cases highly coloured 

solids could be isolated. 19 By 1900 Jackson and Gazzolo had 

postulated that the quinonoid structure (1.1) was responsible 

for the coloured species. But it was Meisenheimer, 2Q in 1902, 

who· first ;p_£_odu"Q~d~- .· strong chemical evidence which supported 

the quinonoid structure for the complex (1.1; R =Me, R~= Et), 

(L 1) ( 1. 2) 

21 followed a year later by Jackson and Earle when they prepared 

(1.1; R = Et, R ... = Isonyl). Since then modern spectroscopic 

and crystallographic methods (see later) have confirmed this 

general structure for the coloured complexes, although today 

they are usually represented as having the negative charge de-

. localised around the ring, as shown by (1.2). 

It is chemically correct to refer to a species such as 

(1.2)· as an anionic a-adduct, but they are popularly referred 
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to in the literature as Meisenheimer complexes in deference 

t M • h • I • • 1 • d 20 o e~sen e~mer s or~g~na ev~ ence. However, over the 

years they have also been called Jackson-Meisenheimer complexes, 

cyclohexadienate ions, o-adducts, and for o-adducts such as 

(1.4), where nucleophilic attack has occurred at an unsubstituted 

ring poSition, Servis complexes. 

After Meisenheimer and Jackson there was little interest 

in Meisenheimer complexes until· the ninteen fifties when 

22 23 
Bunnett ' proposed that most nucleophilic aromatic sub-

stitution (SNAr) reactions involving activated substratesoand 

good leaving groups should proceed by a two step mechanism.via 

an intermediate analogous to ( 1. 2) • . This stimulated interest 

in Meisenheimer complexes again and from the mid-nineteen fifties 

techniques were developed, or invented, to allow investigations 

into the structures, the stabilities and·the kinetics of 

Meisenheimer complexes. Since the early nineteen sixties there 

has been an accelerating.growth in the reports of kinetic and 

thermodynamic studies of Meisenheimer complexes. 

All the complexes in Figure 1.1 have now been reported 

for benzene derivatives containing three electron withdrawing 

·groups (EWG);. their formation and stability depending on the 

following factors: 

( i) The type of nucleophile 

e.g. Nu - 2-= MeO , so
3 

, or RR'NH
2 

(ii) The concentration of nucleophiles. 

(iii) The type of solvent used 

e:g· aprotic, protic or aprotic/protic mixtures 
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(iv) Th~ type of substituent on the benzene ring 

e.g. X= H, Me, or MeO-. 

(v) The type of electron withdrawing group 

e.g. E.W.G. = No2 , C'E' 3so
2

, CN or various combinations. 

The Meisenheimer complexes in Figure 1.2 are known as 

spiro-complexes. They are formed by intramolecular nucleo-

philic attack. Z and Y may consist of 0, S or NR groups. 

Again their formation and stability is dependent on the factors 

(iii), (iv) and (v) given above, and the concentration of base. 

The rest of this chapter will be mainly concerned with 

the Meisenheimer complexes formed between aromatic trinitro-

compounds and nucleophiles. A fuller description of the 

numerous Meisenheimer complexes that are formed, by the re-

action of nucleophiles with a variety of activated homoaromatic 

and heteroaromatic substrates, is contained in several excellent 

. 24-28 rev1ews on Meisenheimer complexes, the most recent of 

h . h b T . 27 d 1 k 7 28 1 t b w 1c are y err1er an Be ets aya et a~. A so o e 

published shortly is a book 29 on Meisenheimer complexes by 

some of the most distinguished workers in this area of chemistry 

today. 

Figure 1.2 

z z z y 

<i. 8) (1.9) 
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1.2.2 Nomenclature 

To differentiate between isomeric o-adducts 

the position of nucleophilic addition to the substrate is 

used. The .aromatic carbons of the substrate are numbered 

in the conventional way (see (1.3)) with the substituent X 

at the !-position. For example, if Nu = OR then (1.3) is the 

1-alkoxy adduct while its isomer (1.4) is the 3-alkoxy adduct. 

Because the complexes (1.3) and (1.4) are formed from the 

addition of one molecular equivalent of nucleophile to substrate 

they are also referred to as 1:1 or mono-adducts. Where com-

plexes are formed from the addition of two or three equivalents 

of nucleophile they are referred to as 1:2 or di-adducts and 

1:3 or tri-adducts respectively. It is also possible for di-

adducts such as (1.5) and (1.6) to exhibit cis/trans isomerism 

while there are four possible steroisomers for the tri-adduct . 

(1. 7) • 

In this thesis substrates where two picryl rings 

are separated by a hydrocarbon link have been studied. Here 

it is possible to ~ave a 1:2 or di-adduct such as (1.1~ or 
.. 

(1.11) where there is one equivalent of nucleophile per ring 

of the substrate. The complex (1.10) will be referred to as 

a 1,1~-di-adduct and (1.11) as the 3,3~-di-adduct, and it is 

possible for both to exhibit cis/trans isomer{sm. 
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( 1.10) ( l. ll) 

1.2.3 Theoretical Studies 

A number of workers have now reported molecular 

orbital (MO) calculations of the electronic structures of 

~ 
Meisenheimer complexes and these have been surnrnar1sed pre-

. l 26,29,30 V10US y. . Some of the general features will be de-

scribed briefly in this section. 

It should be remembered that f>'leisenheimer complexes 

.are usually produced in solution but M.O calculations refer 

to molecules in the gas phase and therefore take no account 

·of solvation nor of ion association, which are important inter-

actions in solution. Also the majority of calculations are 

based on the cyclopentadienyl system (1.12) or the hydride 
• •· . ! . ; 

adduct (1.13) 1 as it is assumed that varying the substituent on 

the tetrahvdral carbon will have little effect. 
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H H 

(1.12) 

Simple Huckel Molecular Orbital {HMO) treatments of 

nucleophilic aromatic substitution have been. given by 

Simonetta et al. 
31 

More detailed HMO treatments
32

•
33 

have 

taken account of the steric crowding between alkoxy and ortho­

nitro groups in the parent picryl ethers, and in the 1-~lkoxy 

adducts formed from them. These studies indicate an increase 

in the charge on the nitro groups and a decrease in the charge 

on the ring carbons of the adduct compared to the parent. 

More sophisticated calculations 34 • 35 have been made using the 

method of composite molecules {CM), or using Pariser-Parr-Pople 

{PPP) type self consistent field {SCF) calculations, and differen 

conclusions have been reached to those given above. They 

indicate that the adduct has higher n electron density on both 

the ring and the nitro groups. PPPSCF calculations predict 

a greater share of n-charge on the nitro groups than on the ring 

carbons while CM calculations predict it is vice verca. 
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A few of the more interesting applications of M 0 

calculations to Meisenheimer complexes will now be discussed 

briefly. 

M 0 calculations can be used to predict electronic 

transitions ·and therefore the u. v. -visible spectra of 

Meisenheimer complexes. For example, PPPSCF calculations 35 

have provided reasonably good agreement between the predicted 

and experimentally observed electronic transitions of 

Meisenheimer complexes. 

The use of SCF-MO-CI type calculations
36 

has provided 

confirmation that the nitro group is more effective than the 

cyano group at delocalising negative charge. It has also 

b h 3 7 · b . . . 1 1 t . 3 8 . th STO 3G b . een s own, us1ng a ~n~t~o ca cu a 1ons w1 - as1s 
/ 

39 set of Pople et al, that the electron withdrawing ability 

of the nitro group is constant and independent of any sub­

stituent in the ring. Using 17o n.m.r. this has been found
37 

experimentally. Ab initio calculations40- 42 have also been 

used with reasonable success to determine the relative stabil-

ities of intermediates. in SNAr reactions. Calculations using 

43 . 
MINDQ/3 can also give reasonable quantitative rationalisation 

of the rates of SNAr reactions in terms of the effects of the 

substituents on the stabilities o~ the Meisenheimer complexes. 

Another interesting feature of the ab initio calculations
40

' 

with ST0-3G basis set is that the bond lengths and angles 

indicate a pl~nar structure for cyclohexadienyl anions. However, 

there is a possibility that the ring can pucker, as shown by 

.· 0 
(1.15), up to 20 for an increase of only 9.2kJ. This is 

known as homoconjugation. Experimental lH and 13c n.m.r. 
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studies have shown that all c6 aromatics and c 5x aromatics, 

where X ~ C, are planar. 
. 44 

But n.m.r. measurements have 

shown that the 1,6-dihydro-1,2,4,5-tetrazines and their con-

jugated acids and bases (1.16} are homoconjugated. 

H 

(1.15} (1.16} 

1.2.4 Techniques used for Structural Determination 

(a} Crystallography 

Crystallography supplies information on isolabl.e crys-

talline Meisenheimer complexes and generally this information 

can be applied to Meisenheimer complexes in solution (confirmed 

1 . } by H n. m~ r. ·. Conformational information obtained on crystals 

was not necessarily applicable to complexes in solution as 

crystal conformations are usually subject to large intermole-

cular forces, which are not present in solution. 

-
The crystal structures of the methoxy adducts of 2,4,6-

33 . . . 45 
trinitroanisole (TNA} and 2,4,6-trinitrophenetole (TNP} 

have been reported, as has that of the methoxy adduct of 4-

methoxy-5,7-dinitrobenzo(uran. 46 Common to all these adducts 

are the following features which will be explained with referencE 

to the 1-ethoxy adduct of TNP shown in Figure 1.3. Firstly, 

the majority of the negative charge is located on the 
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oxygen atoms of the para-nitro group. This is indicated 

by the C4-N2 bond length of the para-nitro group being con-

siderably shorter than the C2-Nl and C6-N3 bond lengths of 

the ortho-nitro groups. As the C6-C5 and C2-C3 bond lengths 

are much shorter than the other C-C ring bonds this also 

supports the above conclusion, and shows the adduct to be 

quinonoid as in.the structure postulated by Jackson and Gazzolo.
1 

Figure 1.3 Pertinent Structural Parameters for 1-ethoxy 
adduct of TNP (from reference 26) . All bond 
lengths in Rngstroms. 

secondly, the ring is planar and the resulting C2-Cl-C6 bond 

angle is under considerable strain. Thirdly, the ethoxy 

oxygens lie in a plane perpendicular to the ring. Also as 

3: 
the C-O bond length is close to that found for aliphatic ethers 

instead of the much longer bond length found in TNP. These 

3 
observations suggest that Cl has considerable sp character. 

Fourthly, the ortho-nitro groups in the adduct are nearly planar 

to the ring. Iri TNP itself dihedral angles up to 62° have 
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been observed between the exthoxyl group and the ortho-nitro 

groups 47 which is presumably due to steric compression between 

these functions. The release of steric compression in the 

1-ethoxy adduct could be a primary reason .for its greater 

stability compared to that of the 3-ethoxy adduct. 

The crystal structure determinations provide evidence 

which concurs with the theoretical M 0 calculations des-

cribed in the previous section. 

(b) Infra Red Spectroscopy 

Infra red spectroscopy is a poor technique for the 

structural studies of Meisenheimer complexes and consequently 

has been little used. Its use was reported24 ' 48- 57 for a 

short time mainly in the mid-nineteen sixties. The most 

useful information that was gained was about the aro~atic nitro 

groups;as these groups give strong absorptions, for asymmetric 

and symmetric stretches, at 1530-1550 and 1345-1350 -1 em 

respectively. However complete band assignment was never 

easy and therefore rarely unequivocal. 

I.R. spectroscopy is not totally redundant in its applic-

. 58 
ation to Meisenheimer complexes as Russian workers have 

recently used it to show that 0-2,4,6-trinitroaryl derivatives 

of hydroxy aldehydes, and their imines may exist in tautomeric 

equilibrium with spirocyclic forms such as (1.17). 
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~c) N.m.r. Spectroscopy 

1H n.m.r. spectroscopy has been the most widely used 

technique for the determination of the structures of Meisenheimer 

complexes since Crampton and Gold59 first used it to unequivoc-

ally determine the structure of the 1-methoxy adduct of TNA. 

The experimental technique is simple. Usually the 

. 2 
. spectra are recorded in· a solvent consisting of [ H6] dimethyl 

. 2 
sulphoxide (DMSO) or one partially composed of [ H6] DMSO. 

This is because DMSO has been found to be a particularly good 

solvent for promoting adduct formation. First a spectrum of 

the substrate is recorded followed by spectra of the substrate 

with several different molecular equivalents of base. Usually 

the chemical shifts are measured with reference to internal 

tetramethylsilane. 

The most sophisticated theory to date, using CM or PPPSCF 

calculations, 34 , 35 predicts that on complex formation there 

is an increase in electron. charge on the ring carbons. 'fhis 

would be expected to cause the ring protons ·in the complex to 

resonate at higher field than in the parent. Experimentally 

this is observed. For example, consider the a-adduct formed 
2 . 

by TNA with potassium methoxide in [ H6] DMSO. which Crampton 

and Gold originally studied. 59 TNA produces two bands, one 

at o·g. 07 due to the ring protons and one at 6 4. 07 due to the 

methoxyl protons, in the intensity ratio of 2:3 respectively. 

On addition of base these bands are shifted upfield ·to o8.65 

(ring protons) and o3.03 (methoxyl protons) in the intensity 

ratio 2:6. This indicates that the methoxyl protons are 

equivalent and the structure of the adduct is (1.18). In 

addition the upfield shift is compatible with the change in 



· .. 

19 

MeO OMe 

(1.18) (1.19) 

hybridisation. from sp2 to sp 3 at the 1-position, which has 

been observed for the solid complex using crystallography. 

In general, n.m.r. allows the determination of the ring 

position or positions at which addition has occurred since 

2 3 the change in hybridisation from sp to sp is invariably 

accompanied by a large shift to high-field of the attacked 

substituent. F 1 S · 7 . t td or examp e, erv1s us1ng more concen ra e 

base found that on base addition two doublets (J=l-2Hz) were 

observed at 86.17 and 88.42. These observations are attribut-

able to the ring protons and are consistent with (1.19). 

With time these bands were replaced by the band at 88.65 as 

shown above. It can be deduced that (1.19) is the kinetically 

preferred adduct while (1.18)" is the thermodynamically preferred 

adduct. Crampton and Gold60 showed that the conversion of 

(1.19) to ( 1.18) is catalysed by methoxide ions and this indic-

ates an intermolecular mechanism. At high base concentrations 

the 1:2 a-adduct (1.20) is observed, 61 , 62 the ring protons 

produ~ing bands at 86.13 and 88.8. 

(1.21) shows the 1:2 a-adduct produced ~y the reaction of 

63 
TNA _with the bulky sulphite ion which has been observed by 



1 . 
H n.m.r. 

MeO OMe 

( 1. 20) 

N0
2 

OMe 

H 

(1.21) 

In this example the nucleophite has added at 

unsubstituted ring positions in contrast to (1.20). 

1 . 
Finally, H n.m.r. has been of considerable use in 

20 

determining the structures of spiro-complexes such as (1.22). 

For (1.22) an A2B2 pattern is observed for·the four methylene 

protons. 

In some cases the lifetimes of Meisenheimer complexes 

are too short for conventional 1H n.m.r. spectroscopy to be 

used to determine their structures. · For such complexes a 

rapid mixing system is required. Stopped-flow n.m.r. spectro­

scopy is one such technique and rapid injection (R.I.) n.m.r. 

is another. R.I. n.m.r. has a shortest acquisition time of 

72ms and has been used to observe64 the intermediates (1. 2 3) 

and. (1. 24) , formed during the reaction of TNA with methylamine 

in 1:1 eH6] DMSO,...eH 4} methanol at -40°~. 

More recent investigations of the structures of Meisenheimel 

complexes have involved 13c, 15N, 176 and, 19F n.m.r. spectro-

scopy of which an example of each will. be given. 
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OMe H
3

CHN 

(1.22) (1.23) (1.24) 

A series of 2,4-dinitro-6-X-anisoles and their 1-methoxy 

adducts 65 have been studied using 13 c n.m.r. It has been 

found that on formation of the 1-adducts the resonances of 

the 2, 4 and 6 ring carbons move to higher field while the 

resonances of the 3 and 5 ring ca~bons move to lower field. 

This is interpreted as showing more charge is localised on 

the 2, 4 and 6 ring carbons and less charge is localised on 

the .3 and 5 ring carbons, which is in agreement .with theoret­

ical calculations. 35 However, it has been noted65 that 13 c 

shifts may not be simply re.lated to charge ·effects.· 

1 33 l3c together with H n.m.r. spectroscopy, as mentioned 

in the theoretical studies section, has always shown that 

Meisenheimer complexes formed from trinitrobenzenes are planar, 

there is no experimental evidence for homoconjugation. 

170 n.m.r. sp~ctroscopy has been used46 to show that the 

electron density on the oxygen atoms of the nitro groups does 

not vary with the changing of substituents on the ring of neutral 

disubstituted nitrobenzenes. 
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Both .13c and lSN n.m.r. spectra have shown66 that the 

adduct formed between pentane-2,4-dione and TNB exists in the 

enol form (1.25}. 

19 . 67 F n.m.r. spectroscopy has been used in studying the 

adduct formed between 1,3,5-tris(trifluoromethylsulphonyl)-

benzene with diethylamine in moist DMSO. It has been shown 

that under these conditions the hydroxide adduct is favoured. 

o-H 
Me / '.\ 
"-c · 'o 

' I H c-c 

" o
2

N -... 
1
...''No

2 
Me 

(d) Raman Spectroscopy 

-, 
I I ... ,,,. 

(1.25) 

Raman spectroscopy gives essentially the same structural 

information, though with generally less well resolved .. spectra, 

as I.R. spectroscopy. Its major advantage over I.R. spectro-

scopy is that it can be used for molecules which produce no 

dipole change~ 

In the last few years Raman spectroscopy has been applied 

to study Meisenheimer complexes. In particular it has been 

used to examine the interactions of picryl chloride with 
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alkoxiqe io~s,69 the effects of solvation on a -adduct struct-
. . 

ures 70 .and sc;lven:t effects on the dissociatio~ of alkali metal 

salts of l,l-dimethoxy-2,4,6-trinitrocyclohexadienates. 71 

(e) Visible Spectroscopy 

Visible spectroscopy is of limited value in determin~ng 

the structure of Meisenheimer complexes. ·It can be used to 

. differentiate between 1:1, 1:.2 and i: 3 a-adducts by the shape 

of their visible spectra. Abe 72 , 73 has s~own using simple 

HMO calculations that a visible spectrum can-be explained 

qualitatively by the transitions between the highest occupied 

molecular.orbital and the lowest unoccupied molecular orbital 

in the delocalised anion • From these calculations he has 

shown that in the visible region of 350-?00nm the 1:1 a-adduct 

has two absorption maxima, with the maximum at higher wave-

length being twice as intense as the maximum at lower wave~ 

·length, the 1:2 a-adduct has one. absorption maximum, ,and the 

1:3_a-adduct has no absorption maximum •. These are illustrated 

in Fi9ure 1. 4. Experimental visible spectra agree with the 

g~n~ral conclusions of the theoretical calculations but differ 

in tpe precise wavelength of the absorption maxima·, also the 

absorption maxima of a 1:1 a-adduct are found to have an in-

tensity ratio of less than 2:1. Figure 1.5 shows a typical 

experimentally measured spectrum of 1:1 and 1:2 a-adducts. 

However, visible spectroscopy ofte~ is unable to disting­

\.iish·between. different Meisenheimer complex. structures where 

there is: ge·ometric isomerism • For example, the visible spectrur 

for .the 1:1. a-adduct ( 1. 3) · formed by-addition _·of the nucleo-

J?hil~- at- th~ -gnS!Ub§tit)J~ed position. Also the visible spectra 
- J . • ~ ~ • 



Figure 1.4 Visible absorption spectra of (A) cyclohexadienate and (B) propenide 
complexes (from reference 26) • 
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Figure· 1.5 Visible spectra of (A) the 1:1 adduct and (B) the 1:2 adduct formed by the 

reaction of TNB (4xlo-?~) and thioethoxide (2.5 x 10- 3~ and 0.5~ respectively) 

in methanol (from reference 25). 
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very similar
62 

with absorption maxima at aa 415 and 500 nm • 

.1. 2 ~ 5 Techniques for Kine·:ic and Equilibrium Studies 

Meisenheimer complexes are highly coloured species, 

generally formed rapidly, (half lives of the order of a few 

milliseconds to several seconds~, and can be of low stability, 

especially in protic solvents. The technique most widely 

used for their kinetic and equilibrium studies is stopped-flow 

spectrophotometry, 74 but relaxation techniques 75 such as the 

temperature jump method have also been used •. When !'4eisenheimer 

complex formation is slow conventional spectrophotometry may 

be used. 

Stopped-flow spectrophotometry was originally used 

b C ld . ,117,118 . th 'd . t f'ft'. t t d y a 1n et a~ 1n e m1 -n1ne een 1 1es o.s u y 

the reactions of 1,3,5-trinitrobenzene (TNB) derivatives wi~h 

ethoxide ions in ethanol, but it is only since about nineteen 

. seventy that commercial stopped-flow spectrophotometers have. 

been· readily available. 

Kinetic data can only be simply obtained by monitor-

ing, with respect to time, the change of absorption at a 

suitable wavelength. The Benesi~Hildebrand method, 76 or a 

modification of it, is often used for the calculation of 

equilibrium data. The method uses optical density measure-

ments at the completion of complex formation at different 

base concentrations, measured at a suitable wavelength. 

1.2.6 The Stability of Meisenheimer Complex~~ 

The stability of Meisenheimer complexes depends on 

several factors which are closely related. To assist with. 
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the explanation of how these factors influence the stability 

of Meisenheimer complexes they will be discussed under the 

two general headings; structural effects and medium effects. 

(a) Structural Effects 

The type, number and position (ortho or para to the re-

action centre) of the electron withdrawing groups in the aromatic 

ring has a major effect on the stability of Meisenheimer com-

plexes. The trifluoromethylsulphonyl group is the strongest 

77 neutral electron withdrawing group known. It is found·that 

the 1-methoxy adduct of 2,4,6-tris(trifluoromethylsulphonyl)-

. . 6 78 
benzene is 10 times more stable than its TNB analogue. . The 

,I 
stability of a Meisenheimer complex is increased with the 1n-

creasing number of electron withdrawing groups added onto the 

ring, though the effect is not additive. 79 The electron with-

drawing group gives its maximum electronic effect if it is 

para to the reaction centre rather than ortho to the reaction 

. 80 81 
centre. ' But when the electron withdrawing grqup is ortho 

to the reaction centre there can also be a steric effect.
23 

Table _l.l.gives kinetic and equilibrium data for the 

a-adduct formation reactions of three aromatic trinitro-compounds 

with methoxide in methanol. By use of this data the effect 

of substituents in the picryl ring on the stability of the 

a-adducts formed can be illustrated. By inference similar 

explanations can be applied to other activated aromatic com-

poun¢ls. 

The a-adduct formation reaction of TNB with methanolic 

_methoxide ions can be used as a standard as there is only one 

type of reaction site, an unsubstituted site, for nucleophilic 
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attack. TNT, however, offers a.choice of reaction sites. 

The nucleophile can attack at the substituted, or !-position, 

or at the UJi'~u~stitu~_ec{, or 3-posi tion. Only formation of the 

3-methoxy adduct of TNT is observed and this is much less 

stable than the methoxy adduct of TNB. The explanation of 

this observation is as follows. The -CH3 group is a bulky 

and relative to hydrogen, an electron releasing substituent. 

Lack of formation of the 1-methoxy adduct is therefore due t~ 

unfavourable electronic effects. The low stability of the 

3-methoxy adduct is caused by steric and electronic effects. 

The -CH3 group being an electronreleasing group, relative to hydrogen, 

tends to destabilise the negatively charged a-adduct. Also 

because the -cH3 group is bulky the nitro groups are twisted 

out of the ring plane, where they exert their maximum electron 

withdrawing ability, so that they are not as efficient at de-

33 localising the negative charge. 

TNBCl like TNT offers a choice of reactton sites with 

· both the 1-methoxy and 3-methoxy adduct being formed with 

methanolic methoxide ions. The 3-methoxy adduct is again 

less stable than the TNB analogue bu't more stable than the 

Table 1.1 Kinetic and equilibrium data for.TNB derivatives 
· with methoxide ions. in methanol at 25°C 

k3 k k3 kl k_l Kl 
(1 rrol-ls -l) <s=r> (1 rrol-1) ~ -1 -1 (s -1) (1 rrol-l) . rrol. s ) 

TNBa 7300 300 20 

TNTb 280 3000 0.07 

TNBClc <20 770 2 •. 2 350 

a. Ref. 78 

b. Ref~ 83 

c. Ref. 82 
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' TNT analogue. This can be rationalised by the dominance of 

the steric effect of the bulky -CH
2
Cl group causing the ortho nitro 

groups to twist out of the ring plane. The -cH2C1 group is 

electron withdrawing, relative to hydrogen. amd therefore 

should assist in the stabilising the negatively charged a-adduct. 

The 1-methoxy adduct of TNBCl is more thermodynamically stable 

than the 3-methoxy adduct. This increased stability arises 

partly from the fact that the reaction centre is attached to 

an electron withdrawing group, and, partly from the relief of 

steric strain as the bulky -CH 2cl group is twisted from the 

ring plane. The kinetic preference for the 3-methoxy adduct 

is due to tbere being no bulky substituent at this position 

allowing for easier access to the reaction site for the methoxide 

ion. 

The type of nucleophile attacking a given substrate in a 

particular solvent is also important for the stability of 

Meisenheimer complexes. Th t . . t 26 f th e s er1c requ1remen s o e 

nucleophile can determine the type of Meisenheimer complex it 

will form when reacting with an unsymmetrical aromatic trinitro-

compound. For example, TNA will form a-addu'cts at the 1-

position with azide ions and diethylamine; but only a-adducts 

at the 3-position with sulphite and acetonate ions. Also the 

carbon basicity of the nucleophile, often different to its 

t b . . t 84 h ff t th M . h . 1 pro on as1c1 y, · as an. e ec on e e1sen e1mer comp ex. 

(b) Medium Effects 

The formation of Meisenheimer complexes have generally 

been studied in protic solvents, such as water or alcohols, 

or dipolar aprotic solvents, such as DMSO. The stability of 

' 
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1:1 cr-adducts is enhanced in aprotic solvents relative to 

protic solvents. This is because aprotic solvents are good 

at solvating large polarisable ions, like o-adducts, but not 

so good at solvating small polar ions. Hence, transfer from 

protic to dipolar aprotic solvents causes desolvation of the 

nucleophile increasing the reaction rate. It has been shown 

that 1:2 o-adducts may be stabilised in protic solvents and 

this has been attributed to the high negative charge localised 

on nitro groups in these adducts making them resemble inorganic 

26 
salts. 

The effect of micelles on Meisenheimer complex st~bility 

has been studfed.
85 

It was found Meisenheimer complex stabil-

ity was increased by cationic micelles, decreased by anionic 

micelles while neutral micelles had no effect. The results 

were interpreted in terms of incorporation of the aromatic 

substrates into the micelle which, depending on its charge 

type, attracts or repels the anionic nucleophile. 

Salt effects on Meisenheimer complex formation and de-

composition processes have been reported for a number of 

systems. Ion pairing has been reported as increasing 

Meisenheimer complex stability. 86 In particular ion pairing haE 

been found to be important in the stability of 1,1-dialkoxy 

85 complexes. 

1.2.7 Reactions of Aromatic Trinitro-Compounds 

There are a variety of ways in which the highly 

activated aromatic trinitro compounds may react with bases.
87 

Therefore only the more important reactions· will be described 

here. These are:- proton abstraction, electron transfer and 

a-adduct formation which may lead to nUei€H3pfdoiic substitution 
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.if the substrate carries a leaving group. 

Abstraction of a ring proton was first suggested by 

88 Meyer as an explanation for the highly coloured species 

observed by_ Hepp14 and others. It has been shown89- 91 that 

in basic solutions· TNB and dinitrobenzene do exchange ring 

hydrogens for deuterium or tritium in the solvent. However, 

the plausible carbanion intermediate (1.26) for this exchange 

H 

H 

H 

.< 1. 26) 

91 
reaction has been found to be present only in small concen-

trations and therefore carbanion formation. is not the explan-

ation for the presence of colour. When an aromatic trinitro-

compound has a substituent containing a hydrogen atom, e.g. 
82 .. 

TNT, then it is possible for the base to remove a proton from 

it to produce the conjugate b~se as shown in Scheme 1.3. The 

conjugate base of-TNT would be (1.27; X=Y=H) and has been 

observed
83

•
92

•
93

•
117

•
118 

by 
1

H n.m.r. Kinetic evidence that 

the anion of TNT is formed has also been provided by a kinetic 

isotope study, 
94 

which compared the deprotonation of TNT with 

that of TNT-d3 .. 
( i. ·e. the methyl group is deuterated) and found 

a l-arge primary isotope effect. If this type of proton transfe 

reaction is studied in solvents where ion association is neglig-

ible_, e.g. D.M.S.O., then the equilibrium constant for proton 
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k 
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k. 
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Scheme 1.4 

82 
transfer, kp' reflects the basicity of the bases used. 
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There are also examples of proton transfer reactions -~etween_ th~ 

nitrogen atoms of primary and secondary amines and zwitterionic 

intermediates, as depicted in Scheme 1.4, which are not diffus-

ion controlled. The slowness of these proton transfer re-

actions is generally attributed to steric factors. The base 

has to be able to remove a proton fr~m a position in close 

proximity to two. bulky ortho nitro groups. Therefore the 
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There are two types of electron transfer reactions . 

. One type involves partial electron transfer, (1.28), as 

observed by Mulliken95 in the very weak charge transfer re-

· actions of aromatic nitro-compounds with hydrocarbons and 

. 96 97 
aromatic am~nes. ' The second type involves complete 

transfer to give radical anions, such as (1.29). 

H 

0 N 2 N0
2 

B:· 
H H 

N0
2 N0

2 

(1.28) ( 1. 29) 

Radical anions are easily detected using e.s.r. spectroscopy. 

Generally radicals are found in large concentrations in re-

.actions between aromatic mononitro- or aromatic dinitro-

benzenes and bases~ 98-100 When bases react with trinitro-

benzenes generally less than 1% of radicals are detected. 
. 7 

Servis has shown, using a M 0 description of these molecules, 

that due to the symmetry of the anti-bonding molecular orbitals 

a third nitro group on the benzene ring will greatly increase 

the stability of the cyclohexadienate type anion (1.13), but 

not greatly increase the stability of the raaical ~nion. Ex­

ceptions where aromatic trinitro-compounds have been postulated 

to react via electron transfer processes are known, e.g. the 

. f . 1 hl d . 'd' 101 
r~act~ons o p~cry c • ori e with amines like p~per~ ~ne. 
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The decomposition of Meisenheimer adducts can also proceed 

via electron transfer. 

SNAr reactions are of great interest to many chemists 

arid involve Meisenheimer complexes as intermediates. Schemes 

-1. 5 ·and· 1. 6. show two types of intermolecular· SNAr reactions involvi1 

anionic nucleophiles and neutral nucleophiles· respectively. 

It should also be noted that X, the nucleofuge or leaving group, 

can be ne~tral or positively charged before displacement. 

Also where the nucleofuge is a poor leaving group, i.e. has 

a small nucleofugacity, then theGe SNAr reactions can terminate 

at the intermediate {1.30) or {1.31). For schemes 1.5 and 

1.6 there are many reactions known where nucleophilic attack 

at the 3-position to form the 3-adduct preceqes nucleophilic 

attack at the 1-position. For certain bases, e.g. seco~dary 

amines, only the 3-adduct, formed by nucleophilic attack at 

the 3-posi tion, is known. For the reaction .in scheme 1. 6 

22 23 102 103 . . 
Bunnett ' ' ' has shown the f1pal step to g1ve the 

product is via a specific base-general acid (SB-GA) mechanism. 

Scheme 1.7 shows an intramolecular SNAr reaction to form 

a spiro-complex. · This type of reaction can then be followed 

by an intermolecular SNAr reaction if there is a nucleophile 

present {perhaps the base itself) in the reaction mixture, or 

by an intramolecular displacement of a nitro group. 

There is no unique reactivity order for ~11 the possible 

substrate/nucleophile/solvent combinations that have been studied 

for SNAr reactions. The type of substituent is known to 

strongly influence the rate of reaction b~t the magnitude of 

the rate depends on the position. of the sub.sti tuent to the re-

action centre, the nucleophile, the solvent and the leaving 

group. 
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2
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( 1. 30) 

Scheme 1.5 

Scheme 1.6 

(L 31) 
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Generally throughout this chapter examples of Meisenheimer 

complexes involving oxygen or nitrogen centres have been given. 

So in conclusion one or two examples will be given for nucleo-· 

philes that contain and a-bond through atoms which are not 

oxygen or nitrogen. 

·(a) Sulphur bonded a-complexes 

Sulphur containing nucleophiles react in an anatogous 

way to oxygen containing nucleophiles except that there are 

no examples of the formation of the conjugate base by removal 

of a side chain proton from the substrate. Presumably this is 

due to sulphur nucleophiles being soft bases. Examples of 

sulphur containing nucleophiles are sulphite, thioethoxide and 

thiophenoxide ions. With 1-X-2,4,6-trinitrobenzenes sulphite 

ions tend to form 1:1 (1.32) and 1:2 (1.33) complexes with 

addition at the unsubstituted positions. Sulphite.ions are 

bulky and when there is a bulky group at the 1-position steric 

effects may stop formation of the l-adduct. 25 There are ex-

ceptions such as the sulphite adduct (1.34) of 2,4,6-trinitro­

·. 104 
benzaldehyde. 

X 

o
2

N 

so-
3 so3 

H 

N02 No
2 
-

( 1. 32) (1. 33) 
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When rate data for the formation of a-adducts with sulphur 

and oxygen containing nucleophiles are compared, it is suggested10 

the order EtS > MeO > PhS > PhO- is that of "thermodynamic 

affinity" to aromatic carbons. 

Sulphur containing spiro complexes, such as (1.35) formed 

from 1-[{2-Mercaptoethyl)thio]-2,4,6-trinitrobenzene, are more 

stable than their oxygen analogues when formed in water. This 

may be explaineq by the higher,acidity of the thiols relative 

to the alcohols, the first equilibrium in scheme 1.6 {Y=S), 

. rather than larger K values for the internal cyclisation, the 

second equilibrium in scheme 1.6 {Y=S). 

{b) Phosphorous bonded a-complexes 

n s s 
0 N ' 

2 

A number of phosphorous compounds react with trinitro-

106 
aromatics to form a-complexes but the most studied are those 

containing trialkyl phosphites. Phosphorous compounds react 

in DMSO in essentially an analogous way to amines. For example, 

alkyl phosphites react with TNB in DMSO to form the a-adduct 

(1.36) behaving like a secondary amine. One difference is that 

~~iik~ tertiary CJ.mines the tri~ikyi phb~phite~ rieid ~table 
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zwitterionic complexes 107 
(1. 37) with TNB in DMSO. In re-

actions with 1-X-2,4,6-trinitrobenzenes the ~hosphorous nucleo-

philes presumably due to their bulk only form adducts at the 

unsubstituted position.
108 

H PO(OR)
2 

_. N0
2 

(c) Carbon bonded a-complexes 

H P(OR)3 

N0
2 

( 1. 3 7} 

There have been numberous reports of ca~bon bonded o-

109 complexes. Cyanide ions form o-adducts with TNB (1.38} 

in a variety of solvents. All cyanide complexes are fqund 

to have a much higher stability than would be expected from 

the hydrogen basicity of cyanide ions. Enolate complexes, 

also known as Janowsky complexes, such as (1.39} are formed 

between enol ate carbariioris of ketones, aldehydes,· keto esters, 

esters and amides. The formation of some of these complexes 

have become important in a variety of pharmaceutical colour 

110 tests. In such cas·es there are two steps, the first being· 
. . . . \ 

rapid formation of the carbanion followed by the rate deter-. . 

111 
mining complex formation. A recent report has described 



H CN 

""NO 2 

H 

R 0 

I I 
·cH - c 

" " ,"' N02 R 

(1.38) (1.39) 
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has described the use of TNB to trap cx3 ions to form the 

complex (1.40) when trihalocetic acid rapidly decomposes in 

DMSO. As (1.40) is highly coloured it allows the rate of 

trihaloaceticacid decomposition to be measured spectrophoto-

metrically. An interesting Janowsky complex is that formed 

between TNB and the conjugate base of TNT. 112 • 113 

(1. 40) (L41) 

(d) Halide a-complexes 

Only two a-complexes have been reported from the re-

action of halogens and trinitro-aromatics. In acetonitrile 

coritaihing 18-ctown...:.6-ether the adduct (1.41_). has 
. . .lor. 

been ob:=a~rved, 
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using 1H and 1 9F n.m.r., for the reaction of picryl fluoride 

arid potassium fluoride. It is quite stable until trace 

amounts of water are added. The adduct (1.43) was isolated 

in the reaction .between TNB and tetramethylammonium fluoride 

in tetrahydrofuran 
114 

(THF) • 

F F H F 

(1.42) (1.43) 

(e) Hydride a-complexes 

One of the many preparations of the a-adduct (1.44) is 

by the reaction of TNB with tetramethylammonium tetrahydroborate 

. t 't '1 115 J.n ace on1 r1 e. 

(f) Organometallic complexes 

Complexes of the type (1.45) have been isolated as solids 

when TNB reacts with R3EM (R 3E=Me 3Si, Et 3Ge, Me 3Sn, Ph 3Sn; 

0 
M=Li, K, Cs) in organic media, e.g. DMSO, THF, at -5 to -10 C, 

d . 116 
un er argon or 1n a vacuum. They are stable for several 

days unless they are e.xposed to oxygen when they decompose 

in twenty to thirty minutes. 
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(1. 44) (1~45) 
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2.1 Chemicals Used 

2 .1.1 Sol vents 

Acetonitrile: puriss grade, degassed under a hard vacuum. 

Dimethyl sulphoxide: puriss grade, generally used without 

further treatment. If dry dimethyl sulphoxide was 

required then it was refluxed over calcium hyd.ride, 

fractionally distilled under reduced pressure and kept 

protected from moisture. 

eH
6

] - Dimethyl sulphoxide: commercial sample .· (isotopic 

purity 99.9%) containing 1% tetramethylsilane, used as 

supplied. 

Deuterium oxide: commercial sample (isotopic purity 99.8%), 

used as supplied. 

Ethanol: AnalaR grade, used without further treatment; or 

boiled and stored as for water (see below). 

Tetrahydrofuran: AnalaR grade, dried over sodium. 

Methanol: AnalaR grade, used as supplied. 

[ 2H4] - Methanol: Commercial sample (isotopic purity 99.5%), 

used as supplied. 

Water: distilled water was boiled for fifteen minutes to 

expel dissolved carbon dioxide, and then protected from 

air by a soda lime guard tube. 

2.1.2 Substrates 

1- (2, 2-dimethyl-3-hydroxypropoxy) -2,.4-dinitronaph-

thalene: orange crystalline solid. Prepared from the re-

action of 1-chloro-2, 4-dini tronaphthalene with sodi urn 2, 2-dimethyl--

d . . d 119 b p 1 . 1 114° 3-hy roxypropox1 e y ene ope M~ W1 son, m.p. c. 
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2,2",4,4",6,6"- hexanitrobibenzyl: yellow powdery 

crystalline solid. Samples supplied wet by P.E.R.M.E., 

1 
Waltham Abbey, and dried in air. H n.m.r. spectra showed 

no trace of impurities, m.p. 218-220°C (Lit. 2 , 218-220°Cl. 

2,2",4,4",6,6"- hexanitrostilbene: pale yellow crys-

talline solid. Samples supplied wet by P.E.R.M.E., Waltham 

Abbey, and dried in air, or prepared by Shipp-Kaplan reaction.
2 

HNS exists as the trans isomer in two crystalline forms; HNS I, 

0 (' 2 0 . 0 1 m.p. 316 c L1t. ·, 316 C) and HNS II, m.p. 324 c. H n.m.r. 

spectra showed no trace of impurities and no difference between 

HNS I or HNS II in solution. 

1,3,5 - trinitrobenzene: light brown ciystalline solid. 

Dried reagent grade, m.p. 123°C (Lit. 121 , l21.5°C). 

2,4,6- trinitrobenzyl chloride: pale yellow crystalline 

solid. Samples supplied wet by P.E.R.M.E., Waltham Abbey, and 

dried in air.· Then-, :recrystallised twice from benzene/pentane 

to remove any trace of 2,4,6-trinitrotoluene. 1H n.m.r. 

spectra showed no trace of impuri'ties I m. p. 82°c (Lit. 2 
I 82°C) ~ 

2,4,6 - trinitrophenetole: green crystalline solid. 

Prepared from the reaction of 1-chloro-2,4,6-trinitrobenzene 

with on~ equivalent of sodium ethoxide in ethanol by Mr. Brian 

Eddy. Recrystallised from ethanol. lH n.m.r. spectra showed 

no trace of impurities, m.p. 80°C (Lit. 122 , 78.5°c). 
I 

2.1.3 Nucleophiles 

1,4-Diazabicyclo[2~2,~octane: reagent grade, 

used as supplied. 
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Benzylamine: commercial pure sample, used as supplied. 

n-Butylamine: commercial reagent grade, used as supplied. 

Piperidine: puriss A .. R. grade, used as supplied. 

Pyrrolidine: puriss grade, used as supplied. 

Sodium deuterioxide: prepared by dissolving freshly cut 

pieces of sod.ium in deuterium oxide. Samples of the 

solution were diluted and titrated against standard acid. 

Sodium ethoxide: prepared by dissolving freshly cut pieces 

of sodium metal in AnalaR ethanol under nitrogen. Samples 

of the solution (usually around 1~) were diluted with ethanol 

and titrated against standard acid. 

Sodium hydroxide: all sodium hydroxide solutions were made 

up by diluting. a 1~ A.V.S~ sodium hydroxide stock solution, 

which was manufactured from AnalaR reagents. 

Sodium m~thoxide: freshly cut pieces of sodium were cleaned 

in methanol before being dissolved in AnalaR methanol 

under ni trogem. If necessary the solution was centrifuged 

and decanted to remove any solid particles formed. 

Samples of the solution (usually around 3M) were then 

diluted with methanol and titrated against standard acid.· 

Sodi urn eH3] -methoxide: prepared by dissolving . freshly cut 

pieces of sodium in AnalaR eH4] -methanol under nitrogen. 

Samples of the solution were diluted in methanol and 

titrated against standard acid. 

Sodium sulphite: AnalaR sodium sulphite heptahydrate was 

dried at 2oo0 c overnight, then stored in ·an airtight 

container. 

Thioglycollic acid: .commercial sample used. as supplied. 
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2.1.4 Salts 

Benzylarrunonium chloride: commercial "99% pure" sample was 

used as supplied. 

Benzylarrunonium perchlorate: prepared in DMSO solution from 

weighed amounts of amine and perchloric-acid; the p.H. 

value of the solution was measured after reaction, and 

if necessary small quantities of acid or base were added 

until the theoretically calculated p.H. was. 0btained. 

The salt solution so prepared contained -less than 0.1% 

of free acid or free amine. 

n-Butylarrunonium chloride: originally prepared from bubbling 

HCl gas into an ether solution of amine, and white crys-

talline solid immediately falls out of solution. More 

easily prepared by the addition of the proper amount of 

concentrated hydrochloric acid to an ethanol solution of 

amine and isolating the precipitated white solid. 123 

Acetonitrile was used for recrystallisation of the salt. 

n-Butylammonium perchlorate: prepared in an analogous way to 

benzylarrunonium perchlorate. 

1,4-Diazabicyclo[2,2,2]octane perchlorate: stock solutions 

prepared by mixing the appropriate weights of amine and 

60% aqueous perchloric acid in a known volume of DMSG. 

N.B. Only one nitrogen atom per molecule is protonated. 

Piperidinium chloride: a commercial "pure" sample was used 

as supplied. 

Piperidinium perchlorate: prepared in analogous way to 

benzylammonium.perchlorate. 

Sodium chloride: AnalaR sodium chloride was used. 
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Sodium perchlorate: AnalaR sodium perchlorate monohydrate was 

heated to 60°C under a vacuum for three hours. The 

anhydrous sodium perchlorate was stored in an airtight 

container, kept in a dessicator over silica gel. 

2.1.5 Buffers 

p-Bromophenol: a commercial sample was used as supplied 

· m.p. 64°C (Lit. 124 , 66.4°C). 

Phenol: AnalaR phenol was dried by heating it above loo0 c 

and then left to cool and recrystallise protected from 

atmospheric moisture by a calcium chloride guard. 

m~p. 40-41°C (Lit. 124 , 43°C). 

Sodium bicarbonate: a commercial sample was used as supplied. 

2 .1. 6 Free Radical Inhibi·tors 

Di-tert-butyl-nitroxide: a commercial sample was used as 

supplied. 

Oxygen: bubbled into DMSO as compressed air. 
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2;2 Measurement Techniques 

2.2.1· Rates 

:Reaction rates with half lives smaller than 30 
----- ·--~------ ----·-··-·- -----~----·-·---..,. --·· . . . . ... . -~ ··:,_ 2'. - .. -.-. . .... 

seconds, or larger than 10. s;econds, were measured using 

either a Canterbury SF-3A or Hi-Tech SF-3L stopped-flow spectre-

photometer. Each machine was thermostated at 25°c and con-

tained a silica cell with 2rrun path length. ·. First order kinetics 

were measured by always keeping base concentrations well in 

excess of substrate concentrations. The rate coefficients 

are quoted as . a mean of .at least five separate measurements 

and are precise to ±5%. The principles of the stopped-flow 

spectrophotometer's design and use have been thoroughly re-

. 74 120 ported prev1ously •. ' 

Rate measurements were made from an osyilloscope 

trace. The actual technique employed depended on the number 

of processes observed. Figures 2.l(a) to 2.l(d) show examples; 

of the types of traces observed for the reactions reported in 

this thesis. Figure 2.l(a) shows the simplestcase of a colour 

forming reaction producing a stable species, ~ith a stable 

The measurements of values· for tJ.Vt, 

the voltag~ at a timet, are easily·made. Figure 2~l(b) shows 

a trace of a colour forming.species followed by its subsequent. 

decay~· ·If the decay process is much. slower than the formation 

process, then the start of the deeay process· is generally 

. linear~· . ·This linear trace can be extrapolated back to zero 
. I . . . 

. t1me allqw1ng values of tNt to be m(~asured, and also allowing 

the calc.ulation of tJ.V. (=V oo - Vc) which can be· related to 

:optical density for the completion of the measured process (see 

.·Section 2. 2. 2) • This procedure has been described previously· 

·..,.,,_., •• ·r' 
l 
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FIGURE 2.1 

Examples of types of oscilloscope traces observed. 

The difference in voltage at time t. 

:i:s: 
tN The difference in. voltage when the process;( complete. 

Vc Voltage in the absence of the absorbing species. 

V Maximum voltage in the presence of the.absorbing species. 
00 

m This shows how the mixing time aa Sms can be observed on 

an oscilloscope for a fast process. 

g Grid lines that appear on the oscilloscope to enable 

measurement of 6Vt and t. 

on Figure 2.l(a). 

They are only shown 
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by Bernasconi. 78 The same technique is used for the trace 

shown in Figure 2.l(c) except in this case a rapid colour 

forming process followed by a slower colour forming process. 

Figure 2~l(d) shows how using a slower time base the second 

slower process becomes measurable while the first process is 

too fast for measurement. 

In all the above-examples several values (generally ca 6) 

of D.Vt at time ·t are measured over one to two half lives of 

the reaction. Then a plot of ln D.Vt versus t allows the 

observed rate constant, k b ·, to be calculated from the slope-. 
0 s . 

For these plots the slope is determined by eye, this being as 

accurate as any other method~ 

When an infinity value cannot be accurately measured 

then techniques not requiring an infinity value, such as the 

. ·. h . h dl25,126 . d 126-128 Guggen e1m met o and the Kezdy-Sw1nbourne metho , _ .. 

were used to calculate k0b~~ 

~'Q~ Measure:~:. : · -~ reaction rates for the· reactions with 

_.-; • half lives larger than thirty second~ the following conventional 

recqrding spectrophotometers.were used: the Pye-Unicam SP-8100 
~ '~ • ~ ' I • . ' . ' . . 

· .. . . 
:. ·. 

. ·. ,· 

..... 
• '.1• 

~- . 

.. 
and the Beckman No. 25. 

:_ ·.' . . . ... Also the non-recording Unicam SP-800 

~pectrophotomete~ 'V'as used. k was calculated using the obs 

S.~llle. ~echniq~~$ which were described above for the fast reactions 

except 6. O.D._, the change in optical, density, values were used 

instead ot 6.V values • 

2 .·2 ~ 2 ·Equilibria · 

:Optical density measurements, used for calcu~~tin~ 

. eq~~libri.u.m sonsta~ts from Benesi-Hildebrand plot~, 76 were 

meas.~~~d. YS.~n~ ~h~ s.~m~ co.nv~pt~9.P.~~ ~p~~~~o.phg~gme~~~~-~~~g 
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for rate measurements (see above}, with a 1 em path length 

cell, or using a stopped-flow spectrophotometer with a 2 mm 

0 path length cell, at 25 c. In the latter case provided small 

changes in voltage are measured then equation 2.1 can be used 

to calculate optical densities from voltages. 

equation 2.1 

where 

O.D. = log v 
0 

V = background voltage (usually SV} 
0 

~v = v - v 
00 c 

v = the voltage in the absence of c 

absorbing species. 

V = the maximum voltage in the presence of· 
00 

the absorbing species. 

The value ~V is measured as shown in Figure 2.1. 

2.2.3 Visible Spectra 

Visible spectra were recorded on a Pye-Unicam 

SP.-8005 or SP-8100 recording instrument, or measured 

point by point on the stopped-flow spectrophotometer. 

2.2.4 lH n.m.r. Spectra 

lH n.m.r. spectra were measured on a Varian EM 360L 

instrument operating at 60 MHz, or a Bruker HX 90E instrument 

operating at 90 Hz and modified for Fourier transform operation 

and using.a deuterium lock. All chemical shifts were measured 

relative to internal tetramethylsilane and using fully deuter-

ated solvents. 



2.2.5. Conductance Measurements 

A W.G. Pye and Co. Ltd., Conduciance Bridge 

Cat. No. 11700 was used with a Mullard conductivity cell 

for all conductivity measurements reported. Dimethyl 

sulphoxide was used as the solvent for these measurements 

54 

because it is a good solvating agent. This means there is 

negligible ion pair fonnation. and therefore the conductance 

of the solutions give a direct measure of the complex present. 

By a plot of excess conductance, the conductance of the parent/ 

amine mixture minus the conductance of the parent and amine 

solutions measured separately, against the stoichiometric amine 

concentration, the stoichiometry of the n amine: 1 parent 

129 
can be deduced from the shape of the plot. 

2.2.6 .2H 

The pH of solutions were measured using a Kent 

ElL 7055 pH meter and a combination electrode. The: :i. n s t ru 111c~ n l 

was calibrated by use of a staridard buffer solution of an 

appropriate pH. 
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3.1 Introduction 

C t d W • 11 • h • 1 t d 130 1 131 . ramp on an 1 1son ave prev1ous y repor e 

rate and equilibrium data for the formation of the spiro-

complex (3.2; R=H) from 1-(3-hydroxypropox,Y)-2,4-dinitronaphthale 

(3.1; R=H) in alkaline media. Kinetic and equilibrium data 

are presented here for the formation of the spiro-complex 

(3.2; R=Me) from 1-~,2-dimethyl-3-hydroxypropoxy}-2,4-dinitro~. 

naphthalene (3.1; R=Me) in alkaline media. Cornparison,of 

these .two sets of data, together with related measurements on 

the cyclisation of hydroxy ethers of trinitrobenzene reported 
. .132 

by Bernasconi and Gandler, gives information on the effect 

of gem-dimethyl substitution in the side chain on spiro-complex 

formation. 

OCH 2CR 2cH20H 

N0
2 

( 3. 1) 

) . 

R R 

o· o 

NO 
2 
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3.2 Experimental 

Visible spectra were recorded on a Pye-Unicam SP-8005 

spectrophotometer at 28°c. 

Kinetic and equilibrium measurements of·the first colour 

forming process were made on a Canterbury SF-3A stopped-flow 

spectrophotometer at 25°c. 

Kinetic measurements for the second co·lour forming 

process were made on a Pye-Unicam SP-500 spectrophotometer 

at 25°C. The second process was followed by an extremely 

slow unknown colour forming process, thought to be the re­

action of some impurity in the parent wi.th base. The optical 

density for complete cqnversion and the kinetic data were 

calculated using the techniques described in Chapter Two. 

For all the kinetic measurements the base concentration 

was always in large excess of the pare~t concentration so that 

first order kinetics were observed. All rate coefficients 

are the mean of five separate determinations. Examples of 

typical rate measurements are given in Tables 3.1 and 3.2. 

1H n.m.r. measurements were made on a Varian EM360L 

instrument operating at 60MH~ and the chemical.shifts were 

measured relative to internai tetramethylsilane. 
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TABLE 3.1 Typical Results from Rate Measurements 

(i) -5 Sodium Hydroxide (0.3~) 1 l-(HOCH 2CMe 2cH 20)-DNN(l x 10 -~). 

First process measured at SOOnm in water. 

(ii) Sodium Hydroxide (0.075~1) 1 1- (HOCH 2CMe
2

cH 2o) -DNN.(l x 1o- 5~p 

First process I measured at SOOnm in 20/80 (v/v) Dr-lSO-water. 

(i) 

t/s /J.Va 

0.00 4.1 

0.05 3.1 

0.10 2.4 

0.15 1.9 

o. 20 1.4 

0.25 1.1 

o. 30 0.9 

0. 40 0.4 

A plot of ln/J.V versus t 

is linear and yields 

-1 
k b = 5.83s 0 s . 

a. t:N = V
00 

(ii) 

t/s tWa 

0.0 2.8 

0.1 2.2 

0.2 1.8 

0.3 1.4 

0.4 1.2 

0.5 0.9 

0.6 0.7 

0.8 0.5 

A plot of lnAV versus l 

is linear and yields 

-1 
k = 2.23s obs 



TABLE 3.2 Typical Results from Rate Measurements 

Second process, measured at 435nm in water. 

60 0.279 

120 0.225 

180 0.185 

240 0.142 

300 0.115 

360 0.085 

420 0.065 

480 0.058 

540 0.046 

600 0.037 

720 0.023 

840 0.014 

960 0.007 

A plot of ln60D versus t is linear and yielqs 

-3 -1 -1 k b = 3.7 x 10 1 mol s 
0 s 

/ 
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3.3 Results and Discussion 

3.3.1 Visible Spectra 

In aqueous solution, the reaction between 

. 1-(2,2-dimethyl-3-hydroxypropoxy)-2,4-dinitronaphthalene 

(4 X 10- 5M) and sodium hydroxide (lo- 2 M) 'produces an 

initial orange species immediately on mixing, which is 

followed by the formation of a yellow species. Visible 

60 

spectra, in aqueous solution, show that the yellow species 

has absorption maxima at 390nm and 435nm, identical to the 

visible spectrum of 2, 4-dini tron~phthol (4 x 10-5M) in water. 

In 50/50 (v/v) DMSO-water the orange species, with. visible 

maxima at 350nm and 508nm, has a longer lifetime but the 

eventual product is again 2,4-dinitronaphthol. Spectra an.: 

shown in Figure 3.1. 
. 1 . . . 
The H n.m.r. spectra discussed next 

indicate structure (3.2; R=Me) for the orange species. 

. 1 
3.3.2 H n.m.r. Measurements 

1 The H n.m.r. spectrum of 1-(2,2-dimethyl-3-

hydroxypropoxy) ~2 I 4-dini tronaphtbalene in eH6l DMSO is shown 

in Figure 3.2{A). The ring protons give bands at 68.80 

(s,H-3), 8.50 (m,H-5 andH-8) and 7.90 (m, H-6·and H-7). 

Bands are observed in similar positions for other 2,4-dinitro-

. hth 1 th· 130,131,133 nap y e ers. Bands are observed for the 

a-cH2 group at o4.0(s), the y-CH
2 

group at 63.4(s) and the 

methyl groups at ol.O(s). The hydroxyl proton gives a band 

at o4.l(s). 

Figure 3.2(B) shows the spectrum of 1-(2,2-dimethyl-3~ 

hydroxypropoxy)-2,4-dinitrohaphthalene in the presence of one 
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Figure 3.1 Visible spectra of 1- (2, 2-dimethyL-3-hydroxyp~oi:?Oxy) .,..2, 4-dinitronaphthalene • 

. (4 X lo- 5~) and sodium hydroxide (1 X lo- 3~) in S0/50 (v/V) water-DMSO. 

Time increases A to H 

400 500 600 

WavelerYJth ( n m ) 

0'1 
..... 



62 

molecular e:rw.valentof sodium deuterioxide. The spectral 

changes are consistent with the formation of the spiro-adduct 

(3.2; R=Me). The ring protons now absorb at o8.86 (s, H-3), 

8.63 (dd, H-8), 8.0 (m, H-5) and 7.40. (m, H-6 and H-7). 

Formation of spiro-adducts of other 2,4-dinitronaphthol systems 

d b d 1 t th 't' 130 pro" uce . an s c ose o ese pos1 1ons. The methyl groups 

are no longer equivalent and give two bands of equal intensity 

at o0.9~ (s, Met ) and 1.10 (s, Me . ). rans . c1s 
The rather simple 

spectrum of the methylene protons to give bands at o3.45 and 

o3.90 with a geminal coupling constant of 12Hz indicates that, 

at least .the two methylene protons ais to the. 2-nitro group 

are equivalent, as are the two methylene protons trans to the 

2-nitro group. The small bands at o3.3 and o0.85 can be 

attributed to the decomposition of the parent. 

This evidence rules out any possibility that the orange 

intermediate is the a-adduct produced by hydroxide attack at 

. 133 
the 3-position as previously observed in the hydroxy ethers 

of 2,4,6-trinitrobenzene, or at the !-position. 

3.3.3 Kinetic and Equilibrium Data 

In alkaline media the formation of the spiro-adduct 

130-132 is expected · to involve th~ rapid equilibrium transfer 

of the side chain proton followed by a slow intramolecular 

cyclisation, as shown in Scheme 3.1. 

By use of stopped flow· spectrophotometry kinetic 

data for the spiro complex formation, given in Table 3.4, were 

obtained in water and in 20/80 (v/V) DMSO-water at 25°c. The 

base concentration was al.ways in :iarge excess over .parent .con-

centration so first order kinetics were observed, and measure-

ments made at a wavelength of 500nm. 



( 1 Figure 3.2 A) . H n.m.r. spectrum of 0.2!'1 1-(2,2-dimethy1-3-hydroxypropoxy)-2,4-:-. 

dini tronaphtha1ene in eH
6
] DMSO. 
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Figure 3.2 (B) Spectrum after the addition of 1 equivalent of base. 
marked 'S' are due to the solvent 
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TABLE 3.3 1H n.m.r. data for 1-(2,2-dimethYl-3-hydroxypropoxv)-2,4-dinitronaphthalene 
and its spiro~complex formed by reaction with sodium hydroxide 

oa (ring) oa (s ·de chain) 

Species Solvent H-8 H-5 H-6 H-3 a.CH
2 

yCH
2 Me

2 
& 

H-7 

l~(HOCH 2CMe 2cH 20)-DNN D2o 8. 5 (m) 8. 5 (m) 7.90(m) 8.80(m) 4.0(s) 3.4(s) l.O(s) 

( 3. 2; R=Me) o2o 8. 63 (dd) 8. 0 (m) 7.40(m) 8.86(s) 3.45b & 3.90b 0.98 
& 

1.10 

- ~----

a. · Chemical shifts measured relative to internal TMS. 

b. Two protons cis and two protons trans to 2-nitro group. Geminal J = 12 Hz. 

OH 

4.l(s) 

I 

0'\ 
U1 



( 3. 3) 

Scheme 3.1 

+ OH- K > 

' 

. 66 

( 3. 4) 

From Scheme 3.1 the rate expression for spiro-complex 

formation can be derived as equation 3.1. 

k obs = 
k 1 K [oH-] 

(l+K (OH-)) 
+ (equation 3.1) 

The overall equilibrium· constant for spiro-complex 

formation; Kc' is defined as equation 3.2. 

K = c 

KK1 (equation 3. 2) 
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However, as the pK of 1-(2,2-dimethyl-3-hydroxypropoxy)­a 

2,4-dinitronaphthalene is unlikel;134 to be much lower than 15, 

it follows that values of K will probably be less than 0.1 

-1 1 mol . Therefore, the value of the term 1 + K[OH-1 in 

equations 3.l and 3.2 will be very close to unity for the sodium 

hydroxide concentrations studied. This assumption, which has 

. . 129 
been used prev1ously, allows equations 3.1 and 3.2 to be 

modified to equations 3.3 and 3.4. 

K' c = 

= 

= 

(equation 3.3) 

(equation 3.4) 

The rate data shown in Table 3.4 confirm this assumption 

as a plot of kobs versus base concentration is linear, as pre-

dieted by equation 3.3. 

7 -1 -1 . 
k 1 K 1 mol s and k_ 1 

In water this plot_yields the values 

3.5 s-1 , and in 20:80 DMSO-water 

-1 -1 -1 k 1 K 12 1 mol s and k_ 1 1.4 s Using equation 3.4 the 

( ) . -1 
rate data gives values for K kin of 2 1 mol in water and c 

. -1 -1 
K (kin) of 8.6 1 mol s in 20:80 DMSO-'water. c . . Dr-188 

would be expected to have a stabilising effect on the complex 

formation. This explains the increase of the forward. rate 

coefficient and decrease of the reverse rate coefficient, and 

therefore larger Kc for spiro-complex formation in a DMSO-

water mixture. 

The slow reaction in water, which produces the yellow 

species, is the alkaline hydrolysis of the parent to 2,4-

dinitronaphthol and is shown in Scheme 3.2. The rate data for 

this reaction is given in Table 3.5. The rate determining 

step for the alkaline hydrolysis is hydroxide attack at the 

1-position. 
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TABLE 3.4 Kinetic data for spiro~complex formation from 
l-(2,i-dimethyl-3-hydroxypropoxy)-2,4-dinitro­
naphthalene at 2soc 

water 

[NaOH]/£1 k b /s 
-1 a -1 k /s 

0 s calc 

0.01 

0.025 

0.035 

o.os· 3.9±0.3 3.8 

0.075 

0.10 4.1 4.2 

o. 20 4.9 4. 9 . 

o. 30 5.7 5.6 

o. 40 6.2 6.3 

a. Calculated using 

and equation 3.3. 

20/80 

k b /s-1 
0 s 

1.59±0.1 

1.64 

1.72 

2.0 

2 .. 2 

2.7 

-1 s 

DMSO-water 

b -1 k /s calc 

1. 52 

1. 70 

1. 82 

2.0 

2.3 

2.6 

-1 s 

b. -1 -1 -1 Calculated using . k
1

K 12 1 mol s , k_ 1 1.4 s 

and equation 3.3. 

, . 
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Equation 3.5 was the rate expression used to calculate 

a value for k , the second order rate coefficient for base 
2 

-1 attack, of 0.06 ± 0.1 1 mol . 

k obs = 
k2 [oH-] 

l+KK1 (OH-J 

OCH2CMe
2

cH
2

0H 

No2 

+ OH-

·(3.3) 

(equation 3. 5) 

M 

0 0 

(3.5) 
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Table 3.5 summarizes the rate and equilibrium data for the 

cyclisation of the 2,2-dimethyl-3-hydroxypropoxyl ethers of 

picric acid and 2,4-dinitronaphthol and the 3-hydroxypropoxyl 

ethers of picric acid and 2, 4-dinitronaphthol. 

TABLE 3.5 Kinetic data for the formation of 2;4-dinitro­
naphthol from 1-(2,2-dimethyl-3-hydroxypropoxy)-
2,4-dinitronaphthalene·in water at 25oc 

_[NaOH]/~ 103 . -1 
kobs/s k2 

a 

0.025 1.4 0.060 

0.050 3.0 0.060 

0.075 3.7 0.058 

.0.100 4.5 0.055 

-1 
a. Calculated using KK1 2.0 1 mol and equation 3.5. 

Comparison of the data, in Table 3.6, shows that for the 

2,4-dinitronaphthyl ethers the value of.KK1 is unchanged and 

for the picryl ethers the value of KK
1 

is halved when there is 

gem-dimethyl substitution in the side chain. 

TABLE 3.6 Effects of gem-dimethyl substitution on spiro­
complex form:at·ion· in water at 25°C 

Parent -1 -1 k 1K 1 mol s k_ 1/s -1 I<1K/ 1 mol 

. a 
l-(HOCH2CMe 2cH 20)-TNB 4.6 0.4 11.5 

. b 
19.7 0.87 22.6 l-(HOCH 2CH 2CH 20)-TNB 

I 1-{HOCH 2cMe 2cH 20) -DNN 7.0 3.5 2.0 .. I . c 

I l-(HOCH2cH 2cH20)-DNN 1.7 0.85 2.0 
.. 

a. · Ref. 135, b. Ref. 132, c •. Ref. 130. 

-] 
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To explain this we have to consider K and K1 separately. 

K is a measure of the acidity of the hydroxyl group. Murto134 

has reported that the pKa values of propan-1-ol and 2-

methylpropan~l-ol in water at 25°c are identical at 16.1, 

therefore methyl substitution at the s-carbon will have a 

small effect. Also for alcohols of the type RCH 2oH it has 

been reported
136

•
137 

that the pKa values can be calculated 

* using pK = 15.9 - 1.42o a 
* If the value of o for the ~-

butyl group is used then it is found that 2,2-dimethylpropan-

1-ol has a pK value of 16.3. . a Although the pKa values of the 

aromatic nitro-compounds compared above will be lower than 

those Of · 1' .h t' 1 h 1 130
r
131 't l'k 1 that a 1p a 1c a co o s, . 1 seems un ~ e y 

gem-dimethyl substitution will have a large effect on their 

acidities. 

K1 is the equilibrium constant for the internal cyclis-

ation. If gem-dimethyl substitution causes little change to 

the values of K or KK1 then it must also have little effect 

on the values of K
1

• This would not be predicted because 

usually gem-dialkyl substitution into a methylene side chain 

increases the rate and equilibrium constants for cyclisation 

reactions.· For cyclohexane derivatives two factors are be-

lieved
138

• 139 to favour cyclisation on_gem-dialkyl substitution. 

These are a decrease in unfavourable gauche interactions and 

a smaller loss in entropy (due to a reduction in the internal 

rotations in the starting alkyl substituted compound) • 

For l-(2,2-dimethyl-3~hydroxypropoxy)-2,4-dinitronaphthalene . . 

the latter factor should.be operative in the open side chain as 

gem-dimethyl substitution would be expected to restrict rotation. 

However to explain why the value of K1 is little-changed for 

this compound there must be an additional factor to consider. 
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This is likely to be steric crowding due to the presence of 

the ortho-nitro group stopping the dioxalan ring from taking 

up its least strained conformation, and therefore the un-

favourable repulsive interactions in the dimethyl compounds 

cannot be avoided. This explanation also a~plies to 1-

(2,2-dimethyl-3-hydroxypropoxy)-2,4,6-trinitrobenzene. 

The second order rate coefficients for the fcrmation 

of 2, 4-dini tronaphthol, from the 2, 4-dini tron~phthyl ethers, 

and picric acid, from the picryl ethers, resulting from nucleo-

philic attack at the 1-position are compared in Table 3.7. 

TABLE 3.7 Rate constants for hydroxide attack at the 1-position 
of 1-substituted-2,4-dinitronaphthalenes and 1-
substituted-2,4,6-trinitrobenzenes in water at 25°0 

-1 -1 Parent k 2/l mol s ' 

l-(HOCH
2

cH2cH20)-DNNa 0.06 

l-(HOCH
2

CMe
2

cH
2

0)-DNN 0.06 

l-(HOCH2CMe 2cH20)-TNB 
b 0.7 

1- (HO [cH
2

] 
6

o) -TNBb 0.6 

1-(MeO)-TNB 
c 1.4 

---

a. Ref. 130, b. Ref. 135, c. Ref. 140. 

It is seen that gem-dimethyl substitution at the s-carbon has 

little effect. Indeed comparing the trinitrobenzene hydroxy 

ethers, changing the nature of R in the side chain -OCH2R group 

·has little effect on the value of k
2

. Therefore the effect 

of changing electron density and steric hindrance at the 1-

position by changing R is small. Howeve~, the ten-fold in-

crease in· the value of k 2 for the trinitrobenzene derivatives 

compared to the dinitronaphthalene derivates is consistent with 
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the expected decrease in electron density at the !-position. 

3.4 Derivation of the Rate and Equilibrium Expressions 

(a) Formation of the spiro-complex in water. 

K 
( 3. 3) + OH 

' 
(3.4) + H2o 

fast 
kl 

_.;;;_a 

.<3~4) ~ ( 3. 5) 
k -1 

(i) Calculation of the stoichiometric equilibrium constant, K c 

[3. 5J = 
( (3. 3J + [3. 4]}[0H~J · 

= C3. 4J 
[3. 3] [oH-] (~) =~ 

Substituting (2:) into (l) 

= 

Combining (~) and (1) 

[3. 3 [ofi-] · 

.Substituting (2) into (i) 

KK
1 

Kc = 1 + K · [oH-J 

(ii) Calculation of the rate expression 

d ~3. 5l 
dt = 

[3.3] + [3.4} +.[3.5] = [3.3}0 

[3~4] = [3.3]0- [3.3J - [3.5} 

Substituting. (~). into. (1) 

[ J [ ] C3. 4J 
3 . 4 - 3. 3 o - K [oH-] - ~-51 

(1) 

<l> 

(§J 

(1) 



Re-arranging, 

[3.4] 
[3. 3] 

0
K [OH-) 

= t ( 1 + K [oH-J } J 

- X 

Substituting (1!} into (.§.} 

3.5 K 
(1 + K } . 

At equilibrium, = o. 

Subtracting (10} from (.2_} 

Re-arranging, 

1 
k

1
K [OH-] 

= (l+K[oH-J) .. + k_l <[3.5] -[3.5J) e 

Observed rate - d OD = - dt 

Relating the [3. 5] to OD. 

k b (OD - OD) o s e 
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( 8} 

(.2_} 

( 11} 

Only ·(3~5} absorbs at the wavelength used for rate measurements. 

Therefore, 

OD = e: 3 • 5 [3.5] 

At equilibrium 

ODe = . e:3.5 

Hence, 

OD - OD ::: e 

[3. 5] e 

[3. 5]} 



Differentiating (12) 

d OD d [3 o 5] 
dt -· e: 3 0 5 dt 

Hence, substituting (14) into (ll) 

d OD 
dt 

Hence, 

= 

1 
(OD -OD) e 

k
1

K [oH-J 

l+K [oH-J + 
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<.!.!) 

(b) Nucleophilic attack at the 1-position following spiro­
complex formation in water 

( 3 o 3) + OH 

( 3 o 6) + ROH 

dC3. 6j 
dt. 

~t ___ eqi~ii~r~~ 

d~3o 3j d[3.S] d[J .·6] 
dt + dt + dt = 0 . 

d C3. 6) = -dC3o3J d C3 0 sJ 
dt dt dt 

Differentiating <.2.> 

d [3 0 3] d [3 0 s1 1 = KK1 (OH } dt dt 

Substituting (17)· into (16) 

. d[3 0 6) -d Do sj 
[ 1 + 

1 = KKl (oH-J <:lt dt 

(15) 

(16) 

(17) 

l ( 18) 



Substituting (18) ·.tnto (15) and re-arranging 

-d [3. 5J . 
dt 

1 
[3. 5] = 

76 

Relating change of concentration to change of OD.k2 was 

measured by following the decay in colour of the spiro-complex 

This was measured at 435nm. 

Substituting (2) into (19) 

OD = £3 . 3 [3. 5] + £3 . 5 [3. 5] + £3 •6 [3. 6] 

K K, [OWl 

[3. 6] t . h = [3. 6] + [3. 3] + [3. 5] 
S 01C 

Hence 1 

on·= £3.6([3 · 6Jstoich-[3 -:3]-[3 • 5])+£3.3 KKEco~~] + £~3.5[3 • 5] 

[ J [ ··J C3. 5] 
= €3.6 3 •6 stoich - £3.6 3 • 5 - £3.6 l+KK

1 
[oH-] 

+ ----D.~···· + £ [3 5] £3.3 KK1 [oH-J 3.5 . 

OD = 
00 

£ [3. 6] 
3 · 6 stoich 

Hence 1 



Multiplying the reciprocal of (lll with (20) 

-d [3. 5] 
dt 

1 
[3. 5] 

Definition of kobs 

k 
d OD = obs dt 

Hence , 
k

2 
[oH-] 

kobs = l+KK1 [oH-J 

d OD 1 = dt (OD -OD) 
CX) 

1 
(OD -OD) 

CX) 
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CHAPTER FOUR 

THE REACTIONS OF 

2,2',4,4',6,6'-HEXANITROBIBENZYL 

WITH ALKOXIDE IONS 

78 
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4.1 Introduction 

. The commercially important product 2, 2 .. , 4, 4 .. ,6, 6 .. -hexani tro-

stilbene (HNS) can be produced by the dehydrogenation of 

2, 2 .. , 4, 4 .. , 6, 6 .. -hexani trobibenzyl (HNBB) ( 4 .1) by quinnones in 

b . d' 68,141 as1c me 1a. · · To help understand the mechanism of this 

reaction a knowledge of the mode or modes of interaction of 

HNBB and base is important. Reported here are the reversible 

reaction of HNBB with alkoxide ions. 

By analogy with related compounds, such as 2,4,6-trinitro­

toluene (TNT) and 2,4,6-trinitrobenzyl chloride (TNBCl) , 82 

the expected products from the reaction of HNBB with base are 

the 0-adducts (4.2) 1 where base attack has· occurred at the 

3-position, and (4.3), where base attack has· occurred at the 

!-position, and the conjugate bas.e (4.4). However, HNBB has 

two aromatic rings separated by two methylene groups so that 

dianionic species may be formed. Two of the possible dianions 

are (4.5) and (4.6). 
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NO 2 

H Hb H 
a. a 

OR 

o2N N02 
N02 

CH2 I 
CH2 I 

CH
2

. CH2 

o2N N02 o2N N02 

He 

NO · 
2 

N02 
N02 

( 4 .1) (4.2) ( 4. 3) 

N0 2 
N0

2 

CH,. CH 2 
OR CH 2 

I ~,/ I . I 
CH 2 CH2 OR 

CH 2 

N02 02 
N02 

H 

N0 2 
N02 

( 4. 4) ('4 • 5) ('4. 6) 



81 

4.2 Experimental 

In most cases visible spectra were recorded on a Pye-

Unicam SP8005 spectrophotometer at 28°c. However, one spectrum 

for a short-lived species was coti~tructed from optical density 

vaiues measured on the stopped-flow spectrophotometer at 25°c. 

Kinetic and equilibrium measurements were made on the 
. 0 

Canterbury SF~3A stopped-flow spectrophotometer at 25 C. Rates 

for reactions with one colour forming process, or with two 

well separated colour forming processes, were calculated using 

the standard methods described in Chapter Two. All rate 

measurements are a mean of at least five separate determinations 

and are precise to ±5%. Optical density measurements were 

also recorded on a Beckman No.25 spectrophotpmeter at 25°c. 

1H n.m.r. measurements were made with. a Varian EM 360L 

instrument using tetramethylsilane as the internal reference. 



TABLE 4.1 Typical results fran rate measurements. 

(i) HNBB .(1 x lo- 5~), Sodium methoxide (0.02~). 

One process only observed, measured at 
. . 

480nm in methanol. 

( -5 (ii) HNBB 1 x.lO M), Sodium ethoxide (0.004~) 

First process, measured at 430nm in ethanol. 

( i) 

t/s D.V 

0.0 3.3 

0.1 2.8 

0.2 2.3 

o. 3 1.9 

0.4 1.6 

0.5 1.4 

0.6 1.2 

0.8 0.9 

A plot of lnD.V versus t 

is linear and yields 

-1 k . = 1.56 s 
obs 

a. D.V = V -V 
00 t 

(ii) 

t/ms D.V 

0 4.5 

10 2.9 

20 2.1 

30 1.0 

40 0.8 

50 0.4 

60 0.2 

A plot of lnD.V versus t 

is linear and yields 

-1 
k b. = kf. t =.47.0 s o s as_ 

82 
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4.3 Results and Discussion 

4.3.1 1 H n.m.r. Measurements 

Figure 4.1 shows the 1H n. m. r. spectrum of HNBB 

It consists of two 

singlets at o3.40 and o9.10 which are due respectively to 

the methylene and ring protons. The addition of two mole-

cular equivalents of sodium trideuteriomethoxide in eH 4j 
methanol results in the rapid formation of two doublets at 

o6.1 and o8.5, at the expense of the ring proton band. 

Gradually these bands decreased in intensity with time to 

be replaced by two singlets at o8.53 and o8.6. After six 

minutes the band at o8.53 took all the intensity of the ring 

protons, and the final spectrum, shown in Figure 4.2, which 

was stable for the next ten minutes, consisted of this band 

and a singlet of equal intensity at o2.40; This spectrum 

is consistent with methoxide attack occurring at the 1- and 

1 ... - positions of HNBB to give the di-adduct (4.5). The shift 

to high field, relative to the resonance positi6ns of HNBB, 

of the ring and methylene proton resonances is in agreement 

25 26 with similar shifts in. related systems. ' The initial 

observation of doublets at o6.1 and o8.5 indicates that rapid 

methoxide attack occurs at the unsubstituted 3- and/or 3""-

't' 25,26 pos1 1ons. When one molecular equivalent of base was 

added to HNBB initially two doublets at o6.1 and o8.5 and a 

broad band at o8.9 were observed, and may be attributed to 

the ring protons of (4.2; R=Me}. The band at o8.9 is due to 

the ring protons of the unattacked ring and its broadness may 

indicate that a small amount of electron transfer to give 

d
. 1 . . . 25;26 

ra 1ca an1ons occurs. · The band at o8.6 observed at 
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intermediate times in solutions containing two molecular 

equivalents of base may be due to the ring protons, in the 

1-methoxy-substituted ring of the di-adduct (4.6; R=Me) which 

pre~umably will be present as transient species. Another 

pos~ibility is that t~e band is due to a thermodynamically 

unfavourable rotational isomer. of the.di-adduct (4.5~ R=Me). 

From these measurements it can be concluded that methoxide 

addition at the 3- or 3'- positions is kinetically favourable, 

while methoxide addition at the 1~ or 1'- positions gives the 

more thermodynamically favourable adduct. 

TABLE 4.2 
1 . . . 
.H .n.m.r. data for HNBB and its adducts with 

sodium methoxide in .[2H
6

] DMSO 

Species oa(ring) 

HNBB 9.10(s) 3. 40 ( s) 

( 4. 2; Me) Hb 6.1 (d) Two bands expected. 

H 8. 5 (d) 
a 

Too difficult to 

H 8.9(s) 
c measure. 

H 8.6(s) 
a ( 4. 3 ;. Me) Two bands expected. 

Hb 8.9(s) Too difficult to 

measure. 

( 4. 5; Me) 8.53(s) 2.40(s) 

a. All shifts measured relative. to internal TMS. 
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4.3.2 Reaction with Sodium Methoxide in Methanol 

In methanol the visible spectra for the reaction 

between HNBB and dilute sodium methoxide (<0.2~) show the 

reversible formation of a red species, absorption maxima 

at 430nm and 500nm (sho~lder), followed after a few minutes 

by an irreversible decomposition reaction of the substrate. 

The spectra of the red species is consistent with the form-

ation of a a-adduct, rather than formation of the conjugate 

b 
25-28,83 ase. 

Stopped-flow spectrophotometry of the system 

showed that one rapid·colour forming reaction was present. 

Kinetic and equilibrium data were meas~red for this species 

and are given in Table 4.3. The best interpretation of the 

1-posi tion to give the adduct ( 4. 3; R=Me) is shown in equation· 

4.1. As the base concentration is in large excess over HNBB 

concentration equation 4.2 will apply. 

HNBB + MeO- ( 4. 3; R=Me) (equation 4.1) 

k_l 

kobs = ~1 [Meo-] . + k -1 (equation 4. 2) 

. -1 -1 
·Values for k 1 of 23 1 mol s and k_ 1 of 

1.15 s-l are obtained for a linear plot of k b versus base 
0 s 

concentration. Combination of these values gives a value for 
. . -1 

K
1 

of 20 1 mol which is in good agreement with that obtained 

from equilibrium optical density measurements. 

There is no evidence, at the base ·concentrations 

used, that there is s~bstantial conversion of HNBB into the 

di-adduct (4.5; R=Me). Only one rate process is observed 
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TABLE 4.3 Kinetic and eguilibrium data for the reaction 

of HNBB with sodium methoxide in methanol at 25°C 

[ NaOMe] /M -1 OD(480nm)a Kb/1 -1 
k b /s mol 

0 s 1 

0.01 .1.4±0.1 0.0041 23 

0.02 1.6 0.0066 21 

0.04 2.1 0.0098 20 

0.07 2.8 0.0114 16 

0.10 3.4 0.0146 20 

-5 . . 
For 1 x 10 .f:;1 HNBB measured with a 2mm cell. 

A Benesi-Hildebrand plot 76 gives a value of 0.022 

for complete conversion, corresponding to a value for 

. 4 -1 -1 
e: of 1~1 x 10 1 mol em • 

b. Calculated using the expression 

K
1 

= oo ( 480) I [o. 022-0D ( 480)] [NaOMe] 

and the value of the extinction coefficient is too low for 

/ 

the di-adduct (cf ethoxide addition). .The di-adduct was ob-

1 served in the H n.m.r. spectra because the presence of DMSO 

greatly increases the basicity of the medium. 25 , 26 

The n.m.r. work also indicates that methoxide 

addition at the 3-position, to give (4.2; R=Me), precedes methox-

ide addition ~t the !-position. However, . ·it is known that 

the. equilibrium constant for methoxide addition at the 3-

position of TNT in methanol is 0.07 1 mol-l. Therefore, the 

equilibrium constant· for the adduct <~~!.1.: R=Me) would be ex­

psected to be small, hence the failure to observe it. 
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4~3.3 Reaction with Sodium Ethoxide in Ethanol 

Evidence is found for the formation of (4.3; R=Et) 

preceded by formation of (4.2; R=Et), and for the presence 

at equilibri~m of the di-adduct (4.5; R=Et), in the more basic 

medium of ethoxide in ethanol. 

The visible spectra of HNBB (2 ·x 10-5
M) with sodium 

ethoxide (0.001 to 0.2M) were recorded, see Figure 4.3. After 

two minutes the spectrum observed is typical of a-adducts with 

absorption maxima at 432nm and 500nm in dilute base concen-

tration; in more concentrated base the higher energy band was 

shifted slightly to 438nm. With time absorption. maxima were 

replaced by a band at 380nm with a broad shoulder to longer 

wavelength. Acidification of the solution containing the first 

species regenerated HNBB indicating a reversible reaction, while 

acidification of the solution containing the second species did 

not, indicating an irreversible reaction. 

Optical density values after the completion of 

a-adduct formation but before the decomposition had occurred 

were measu+ed and are presented in Table 4.4. It is found 

that a Benesi-Hildebrand plot76 of the reciprocal of optical 

density versus the ; - ~ .-~ · _-_ reciprocal of base concentration 

was curved indicating that the reaction is ~ore complicated than 

simple 1:1 adduct formation. But a short extrapolation of the 

plot gave an optical density value of 0.666 at 500nm for complete 

conversion. From this the extinction coefficients for the 

species formed at the higher base concentrations can be calcul-

a ted. 
. 4 

It is found that the values E 6.0 x 10 (438nm) and 

. . 4 ·-1 -1 . 
E 3.33 x 10 ·1 mol em (SOOnm) are approximately double 

dd . f 1 1 t . h" t 24 
those fora ucts o : s 01c 1ome ry. This strongly 
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TABLE 4.4 Eguilibrium data for the reaction of HNBB 

(2' X 10- 5
M) with sodium ethoxide in ethanol 

0 at 25 c. 

No. [NaOEt] /~ 
. a 
OD (500nm) OD (500nm) b 

observed calculated 

1 0.001 01 0.192 0.190 

2 0.002 02 0.245 0.253 

3 0.004 04 0.297 ·0.311 

4 0.007 06 0.357 6.356 

-
5 0.0099 0.388 0.384 

6 .0.0199 0.428 0.445 

7 0.0398 0.509 0.509 

·a 0.0597 0.538 0.544 

9 0.0796 0.560 0.566 

10 0.099 0.582 0.581 

11 0·.149 0.607 0.604 

12 0.198 0.623 0.617 

a. In.items 1-10 the solutions were made up to constant 

ionic strength, 1=0.1~ with sodium perchlorate. 

b. Cal-culated from ·equations 4.3, 4.4 and 4.5 with values 

-1 . -1 
of K1 1200 1 mol , K2 30 1 mol , £(4.3; R=Et) 

4 -1 -1 ( 4 . -1 -1 1.67 x 10 1 mol em , £ 4.5; R=Et) 3.33 x 10 _1 mol em 
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suggests that the di-adduct is formed by ethoxide attack on 

the two picryl rings in morE:! concentrated solution. Pre sum-

ably from the n.m.r. evidence the most likely strucutre of the 

di-adduct is (4.5; R=Et) and ·due to the separation of the 

picryl rings by two methylene groups, each picryl ring would 

appear to act independently of the other to produce what ·could 

be considered as two 1:1 adducts per mole~ule, which would 

create an absorption double that is expected of a 1:1 adduct. 

The data presented in Table 4.4 can be accommodated by the 

presence of two equilibria involving ethoxide attack on one 

(equation 4.3) or two {equation 4.4) rings. The assumption 

that in items 1-3 there is little di-adduct present allows 

calculation of an approximate value for K
1

, and the assumption 

that in items 8-12 little HNBB would remain allowing calcul-

at ion of an approximate value for K2 • Then by iteration 

HNBB EtO - Kl> 
( 4. 3; R=Et) (eguation 4. 3} + 

(4.3; R=Et) + -EtO K2 ~~~o (4.5; R=Et) (eguation 4. 4) 

HNBB + (4.3; R=Et) + (4.5; R=Et) :::: 2 x 10
5 

(eguation 4.5) 

the values·for K
1 

of 1200±200 1 mol-l and K
2 

30±10 1 mol-l 

are obtained which.give good agreement between calculated and 

observed optical densities. The much lower K2 value indicates 

that even though the picryl rings: are well separated by two 

methylene groups ethoxide addition on one ring to form the 

d-adduct inhibits ethoxid~ attack on the second ring. 

Two, well separated, colour forming processes ·are observed 

by stopped-flow spectrophotometry in solutions of low, <O.OlM, 

base concentrations. The faster process is attributed to the. 

formation by ethoxide attack at the 3-position of the o-adduct 

(4.2; R=Et) and gives a spectrum with maxima at 430nm and 49bnin: 
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The slower process represents ethoxide attack at the 1-position 

to form the a-adduct (4.3; R=Et). The reaction scheme is 

given by equation 4.6 and since base concentration is in large 

excess over HNBB concentration it is readily shown by standard 

HNBB + EtO 
y:_3 (4.2; R=Et) 

(equation 4.6) 

k 

k~ 
-1 

( 4. 3; R=Et) 

methods that equations 4.7 and 4.8 will apply. The data 

is presented in Table 4.5. 

k = k 3 [Etol + k_3 fast (equation 4. 7) 

kslow 

k
1 

[Eto-] 
+ k_l = l+K 3 [Eto-=J (equation 4.8) 

A linear plot of kfast versus base concentration gave values 

-1 -1 . 1 
for k 3 of 4000 1 mol s and k_ 3 of 32 s- Combination 

-1 of these values gives a value for K3 of 125 1 mol which gave 

good agreement with K3 values calculated from the optical 

densities at completion of the fast process. Using the value 

for K
3 

of 125 1 mol-l a linear plot for kslow versus 

[Etol /(1 + K3 [Eto-]) is obtainE;:!d giving values for k 1 of 

-1 ~1 k . f 7 -1 8 4 1 mo 1 s and o 0 0 0 s -1 . . 
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TABLE 4.5 Kinetic data for the 1:1 interaction of HNBB 

(1 X ·1o- 5M} with sodium ethoxide in ethanol 

at 25°C 

K31 kb I c 
[NaoEt]l kf~ftl . 

a k 
1 

(calc} OD { 430nm} · slow s ow -1 s-1 
~ 

1 mol s 

0.0010 36.5 0.0039 110 0.14 0.14 

0.0015 0.18 0.18 

0.0020 41 0.0092 150 0.2:).. 0.20 

. o. 0025 0.23 0.23 

0.0040 48 0.0137 130 0.30 0.30 

0.0060 52 0.0164 115 0.33 0. 36 

0.0084 66 0.0209 130 

0.0100 72 0.0218 120 

a. After completion of the fast process. 2mm path 

length ce 1.1. A Benesi-Hildebrand plot gives a value 

of 0.040 for complete conversion. 

b. Calculated from. K1 = OD ( 430} I [o. 040-0D ( 430}] l}laOEt] 

. . . -1 
c. Calculated from equation 4.8 with k_ 1 0~07 s 

. -1 -1 -1 
k 1 84 1 mol s and K

3
· 125 1 mol • 
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4.3.4 .Comparison with Related Compounds 

Table 4.6 allows comparison of the data for the 

1:1 adduct~ of TNT, TNBCl and 1,3,5-trinitrobenzene (TNB) with 

those for HNBB. 

The value of K1 for ethoxide attack at .the 1-position 

of HNBB is ca 10 times higher than the.value of K3 for attack 

at the 3-position. TNBCl also shows a thermodynamic prefer­

ence for attack at the 1-posi tion 
82 

whereas. for TNT only the 

f t . f th 3 lk adduct 1's observ.ed. 83 • 142 
orma 1on o . e -a · oxy There 

are two factors favouring alkoxide addition at the 1-position 

of HNBB or TNBCl relative to TNT. The first is the inductive 

electron withdrawing effect of the 2,4,6-trinitrobenzyl or 

chlorine substituents. The s.econd and probably of more 

importance is the steric factor. The greater the size of 

the group at the 1-position, the greater the possibility of 

relief of steric strain as the group is bent from the ring-

plane in the 1-alkoxy adduct. 

Although the 1-alkoxy-adduct is thermodynamically 

preferred; the formation of the 3-alkoxy-adduct, by alkoxide 

attack at the unsubstituted ring position, is kinetically pre-

ferred. A characteristic of the position of addition appears 

to be the values of the reverse reaction rate coefficients. 

Thus, values of k_ 1 are at least 100 times lower than values 

Values of K3 decrease from TNB to TNBCl to HNBB. 

This is because adducts formed by.addition at the unsubstituted 

ring position are destabilised by bulky groups at the 1-position 

A bulky group at the 1-position· c~uses the ortho nitro groups 

to rotat& out of cbplanarity with the ring, where nitro groups 



TABLE 4~6 Comparison of rate and equilibrium data for HNBB with-those for related compounds 

-1 -1 I -1 · -1 k3/l mol s k_ 3 s K3/l mol kl/1 mo1-1s .... l k_1/s-1 ~1/1 mol-l 

HNBB-methoxide 23 1.15 20 

'82 
TNBCl-methoxide <20 770 2.2 350 

TNT-methoxide
83 280 3000 0.07 

* TNB-methoxide78 7300 "330 20 

HNBB-ethoxide 4000 32 125 84 0.07 1200 

TNBC1-ethoxide
82 10000 14 700 7000 <1 >10000 

* ·. 78 
TNB-ethoxide 40000 20 2000 

* Refers to additio~ at ~n unsubstituted position. 

1.0 
0'\ 
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display their maximum electron withdrawing ability. 

The data for HNBB provides no evidence for the formation 

of the conjugate base (4.4) by .dGprotonation of the substrate. 

This was expected as a major reaction for TNBCl or TNT with 

alkoxide ions as the removal of a side chain proton to form 

82 
the conjugate base. . As these proton transfer reactions 

are slow, it would be expected the .d~protonation of HNBB 

by alkoxide ions would also be slow. Therefore it is likely 

· the fairly rapid irreversible decomposition reaction of HNBB, 

mentioned earlier, occurs before there is any·appreciable 

formation of (4.4) in alcoholic solutions of base. Later, 

evidence of an anionic species produced when HNBB is de-

protonated by amine bases will be given. 



4.4 Derivation of the Rate Expressions 

(i) Formation of the 3-alkoxy-adduct in alcohol. 

{ 4. 1) + RO 

k . 
obs = 

k3 
{4.2) 

98 

{],_) 

·where k is the first order rate coefficient forth~ forward f 

reaction and kr is the first order coefficient for the reverse 

reaction. 

kf = k 3 [Ro-J 

kr = k 
-3 

Substituting (l) and {]_} into {]J 

k = k
3 

[Ro-] + k obs -3 

{ii) Formation of the 1-alkoxy-adduct in alcohol. 

{ 4 .1) 

= 

+ RO 

k3_h 

·~k 
-3 

k 
-~ 
k~ 
-1 

[4.1] [Ro-] 

{4.2) 

{ 4. 3) 

[4 .1] + . [4. 2] + [4. 3] = [4 .1} 0 

Substituting {i) into (2). 

<l> 

U.> 



Re-arranging; 

[4 .1] = A _ [4;3) 
1 + K3 [Ro-J 

where A 

d [4. 3] 
dt 

[4.1]0 

Substituting (~) into (1) 

d[4.3] = 
dt 

k 1 QRo-] [A ~ · [4 • 3] J k r4 3] l+K
3 

[Ro-:-] - -1 L.: • 

At equilibrium, 
d [4. 3] 

dt 

Subtracting (~) from (~) 

d [4. 3] 
dt = 

k
1 

[Ro-] 
l+K

3 
[Ro-] 

Re-arranging, 

= o. 

~ k [4. 3] 
-1 e 

= 

99 

(~) 

(1) 

(~) 

( _9_) 

( 10} 

- In the· reaction there ·are 3 species present, ( 4 .lJ , ( 4. 2_} 

and ( 4. 3} . At the wavelength the reaction is studied (4.1} 

does not absorb. 

Hence, 

till 

Substituting (_!) into ( 11} , then (~} -.. 

+ e: 4. 3 [4. 3] 



Re-arranging, 

OD = 

At equilibrium,· 

Differentiating (12) 

dOD = d [4. 3] 
dt dt 

Combining (1£), (ll) and (14). 

dOD • 
dt 

1 
oD --on · e 

= 
d[4. 3] 

dt 

Hence, as the definition of k is obs 

k obs 
= . dOD 

dt 
1 

(OD -OD) e 

it has been shown 

k b 0 s = 
k1 [Ro-] 

l+K3 [Ro-J 

100 

. ( 12) 

(13) 

til> 

1 
([4.3] -{4.3]) e 
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2,2~,4,4',6,6~-HEXANITROSTILBENE 

WITH ALKOXIDE IONS 

~ w 

101 



102 

5.1 Introduction 

An important commercial method for producing the 

thermally stable explosive 2,2',4,4',6,6'-hexanitrostilbene 

(HNS) (.2.:J.), 
4

•
143 

involves the reaction of 2,4,6-trinitro-

toluene (TNT) with aqueous sodium hypochlorite in mixed 

2 solvents. Intense colours are observed during this re-

action. If the species producing these colours can be 

identified it may be of help in determining the reaction 

mechanism. Therefore the colour forming reactions of HNS 

with alkoxides have been investigated and are reported in 

this chapter. 

As for 2,2',4,4~,6,6'-hexanitrobibenzyl (HNBB), reported 

in the previous chapter, and previous studies of TNT deriv­

atives with bases,
25

- 28 • 82 likely products of the 1:1 .inter-

action of HNS with bases are the cr-adducts (5.2) and (5.3) 

with alkoxide attack at the 3- or !-positions respectively. 

The 1:2 interaction of HNS with base is likely to produce 

the di-adduct (5.5). For HNS there is the additional 

possibility of base attack, or proton abstraction, at the 

1 f . . b d 14 4 I 14 5 F f 14 6 h h b dd . . t o e 1n1c on . y e as s own ase a 1t1on a 

the 8-carbon atom of the double bond occurs in a-cyano-4-

nitro~4'-X-stilbenes. 
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5.2 Experimental 

Visible spectral measurements were made u~ing a Pye-

Unicam SP 500, Pye-Unicam SP 80051 Beckman No.25 or Hi-Tech 

SF-3L stopped-flow spectrophotometer. All rate measure-
·1 

ments were made using a Hi-Tech SF-3L stopped-flow spectro-

photometer at 25°C under first order conditions. Rate 

coefficients are the mean of at least five separate deter-

minations and are precise to ±5%. 

1 . 
H n.m.r. measurements were made with either a Varian 

EM 360L instrument or with a Bruker HX 90E instrument modified 

for Fourier transform operation using a deuterium lock. 

Chemical shifts were measured relative to internal tetra-

· methylsilane. 

,.. 



TABLE 5.1 Typical results fran rate measurements 

{i) HNS (2 x·lo-5M), sodium methoxide (0.007M). = I . -

Medium process, measured at 470nm in methanol. 

(ii) HNS (Lx l0-S!;;1), sodium ethoxide (2 x 10-3[1). 

Fast process, measured at· 480nm in ethanol. 

{ i) 

t/s /Wa 

0.0 3.4 

0.1 2.9 

0.2 2.4 

0.3 2.0 

0.4 1.7 

0.5 1.4 

0.6 1.2 

0.8 0.9 

A plot of lnt.V versus t 

is linear and yields 

-1 
k d = l. 74 s me · 

a. t. V - V oo -V t. 

{ ii) 

t/ms t.Va 

10 4.8 

15 3. 6. 

20 2.7 

25 2.0 

30 1.4 

35 1.0 

40 0.7 

A plot of lnt.V versus t 

is linear and yields 

kfast = 6 1. 3 
-1 s 

lOS 
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TABLE 5. 2 . Typical results fran rate measurements 

(i) HNS (2 x 10-5 ~), sodium methoxide (1.6 x 1o-4 ~p. 

Slow process, measured at 470nm in methanol. 

(i) 

t/s l'lODa 

0 0.497 

300 0~468 

600 0.438 

1200 .0.378 

1800 0.324 

2400 0.277 

3000 0.232 

3600 0.194 

4200 0.160 
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5.3 Results and Discussion 

5.3.1 
1 .. 

H n.m.r. Measurements 

Figure 5.1 shows the 1H ri.m.r. ~pectrum of 

0.02M HNS in 80:20 lv/v}. eH6j DMSO-eH
4
] methanol. Two 

singlets with the expected intensity ratio 2:1 are observed 

at 69.10 and 67.12, due to the ring and olefinic protons 

respectively. (N. B. HNS is the trans isomer} . When one 

molecular equivalent of sodium trideuteriomethoxide.reacts 

with.HNS evidence for (5.3; R=Me} ·is obtained. (see Figure 

5. 2} • The singlets at 68.9 and 68.65 are attributed to 

the ring protons while the olefinic protons give an AB quartet 

at 66.45 and 66.8 with a value for J, the coupling constant, 

f 17 b . t . 1 f t. . t t. 147 o Hz e1ng yp1ca o rans-or1en a 10n. Transient 

bands were also observed at 69.00, 8.5 and 6.2 which are 

attributed25 '
145 

to the ring protons of (5.2; R=l'1e}. As 

for HNBB, in the previous chapter, the 3-alkoxy~adduct is 

kinetically favoured while the 1-alkoxy~adduct.is the thermo-

dynamically more stable product. Figure 5.3 is the spectrum 

produced when two molecuiar equivalents of sodium trideuterio-

methoxide is mixed with HNS. The singlets at 68.53 and 6.05 

are attributed to the ring and olefinic protons respectively 

of the symmetrical di-adduct (5.5; R=Me}. Similar spectra 

were also obtained. in a 50:50 (v/v} eH61 DMSO- eH~ methanol 

solvent system and typical double absorption spectra, A . . max 

ca 430nm and 480nm:· of a a-adduct were recorded in these 

solutions. 

Visible spectra of HNS in the presence of sodium 

methoxide in methanol indicate a different species is formed 

with a maximum at 470nm. However, due to the inso.lubility 
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FIGURE 5.2 
1

H n.m.r. spectrum of HNS with 1 equivalent of Naocn
3 

in 80:20. ·(V/v) 

eH6J DMSO- [ 2 H4] methanol 
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FIGURE 5.3 
1H n.m.r. spectrum of HNS with 2 equivalentsof Naoco 3 in 80:20 (v/v) 

l:H6J DMSO- [ 2 H4J me.thanol. 
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of HNS .in methanol, and in 80:20 (v/v) methanol-DMSO, no 

clear 1H n.m.r~ spectra could be obtained in thes~ media. 

5.3.2 Reactions with SodiumMethoxide in Methanol 

Three reversible processes can be.observed for 

the 1:1 reaction of HNS with methoxide ions in methanol. 

The first process is too fast to measure by stopped-flow 

spectrophotometry, while the second colour forming process, 

giving an orange species with absorption·maxima at 420nm and 

480nm, is also fast but can be measured by stopped-flow spectro-

photometry. These processes ~re taken to be the formation 6f 

(5.2; R=Me), by alkoxide attack at the 3-position, and the 

formation of (5.3; R=Me), by alkoxide attack at the !-position, 

respectively. The third process is very much slower and 

can be measured by conventional spectroscopy. It gives a 

4 -1 yellow species with absorption maxima at 470nm (e: 3.0 x 10 1 mol 

-1 em ) as shown in Figure 5.4. As stated previously n.m.r. 

measurements in methanol have not allowed the structure of 

the final product to be determined. H~wever it seems highly 

probable that this species has the structure (5.4; R=Me). 

The visible spectrum is quite unlike that of o-adducts formed 

by base attack at the aromatic ring-positions which show two 

maxima in the visible region. 

The kinetic and equilibrium data presented in 

Table 5.4 are best analysed accordin9 to Scheme 5.1. All 

measurements were made with methoxide concentration buffered
148 

or with methoxide concentration in large excess of the sub-

strate concentration. The three colour forming processes 

were well separated and designated kf t' k d and k 1 . · as me s ow 
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TABLE 5.3 Chemical shifts for HNS and its adducts in 

80:20 (2H 6l DMS0{2H 4] methanol 

Species oa (olefin} 

HNS . 9.10 ( s} 7.12(s} 

(5.2; R=Me} H 6.2(s} -Impossible a 

Hb 8.53(s} to determine 

He 9. 00 ( s} 

( 5. 3: R=Me} H 8.65(s} AB b 
a 

quartet 

Hb 8. 9 ( s} 6.45, 6.8c 

( 5. 5; R=Me} 8.53(s} 6.05 (s} 

a. o values measured relative to internal TMS. 

b. AB quartet defined in reference 147. 

c. J = 17Hz. 



· FIGURE 5. 4 Visible spectra of HNS (2 x 1o-5~p and sodium methoxide 0. 04~ in methanol 

after A, 1 minute; B, 3 minutes; c, 20 minutes. These spectra show the 
conversion of (5.3; R=Me) to another species, probably (5.4; R=Me) 
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HNS + MeO 

~ -c 

(5.2; R=Me) 

k . 
-1 

(5.3; R=Me) 

(5 .• 4; R = Me) 

Scheme 5.1 
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. 75 
By standard methods it can be shown that.equations 5.1, 

5.2 and 5.3 apply. 

kfast = k 3 [MeO-J + k_3 (equation 5.1) 

k = 
k 1 [Meo-J 

+ k_l med l+K 3 [Meo-J 
(equation 5. 2) 

kc [MeO-J 
kslow + k = 

l+Kl (MeO J +K 3 ['MeO-] -c 
(equation 5. 3) 

The kinetic data for methoxide attack on HNS is given 

in Table 5.4. Using equation 5.2 the k d data is best fitted 
me 

. -1 -1 -1 75 -1 by the values K3 10 1 mol , k
1 

145 1 mol s and k_ 1 0. s 

Combination of these·latter values gives a value for K1 of 

.:..1 
200fl0 1 mol • Equation 5.3 is used for the k 1 s ow 

data. 

Here the data is best fitted by using the known values for 

K
3 

of 10 i mol-l and K
1 

of 200 1. mol-l with values for kc of 

-1 -1 -5 -1 1.45±0.05 1 moL s and of k_c (2±2) x 10 s .. The high 

uncertainty of k_c makes the value of Kc (=kc/k_c) imprecise 

and therefore it is preferred to quote a value that Kc ~ 10
5 

1 rrof 

The large conversion to the third species, at very low base cqn-

centrations, is shown by the optical density measurements for 



TABLE 5.4 Kinetic results for reaction of HNS with methoxide ions in methanol at 25°c 

10
5 [Meoj;~ Conditions · k /s-l 'k d 104 k /s-l 104 k . e OD(470nm)f med calc slow calc 

3.2 a 0. 63 ±0.03 0. 66 0.48 

6.9 a 1.25 1.20 0.55 

16 a 2.5 2.45 0.57 

23 b 3.3 3.4 

31 b 4.3 4.4 0.57 

48 b 6.3 6.5 0.56 

100 c 0.88±0.08 0.89 12.3 12.2 0.56 

200 c 20 20 

400 c 1.19 1.30 32 32 

500. c l. 43 l. 44 

600 c 43 39 

700 c l. 72 1.70 

800 c 45 44 

1000 c 2.10 2.07' 49 47 

2000 c 55 56 

4000 c 4.50 4.90 

7000 c 6~9 6.7 

10000 c 8.1 8.0 

a. 4-Bromophenol-4-bromophenoxide buffers. b. Phenol-phenoxide buffers prepared according 

c. Sodium methoxide in methanol. d. 
.to ref. 148. _ _1 _

1 Calculated from equation 5. 2 with k 1 145 Q, rrol s 

-1 -1 k_ 1 0.75 s and K3 10 1 mol Calculated from equation 5. 3 with k 1.45'Q, rrol-ls-1 
c ....... e. 

-5 -1 -1 . -1 
k 2 X 10 S 

I K 200 1 mol and K
3 

10 1 rrol . -c 1 

....... 
V1 At the completion of the slow reactions with f. 

-5 
2 x 10 ~ HNS. 
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the completed third process. This confirms that the value 

of Kc will be high, in agreement with the kinetic measurements. 

5. 3. 3 Reaction with Sodium Ethoxide in Ethanol 

-5 The visible spectra in ethanol. of HNS (2 x 10 ~)a~ 

sodium ethoxide (0.004 - 0.2M) recorded after one minute showed 

the double absorption maxima characteristic of a o-adduct.
25

, 26 

In dilute ethoxide solutions the maxima were at 425 and 490nm, 

while in more concentrated solutions they shifted to 435 and 

480nm. These bands slowly faded with t1me to be replaced by 

a new band at 474nm. Using the data in Table 5.S a Benesi-

75 Hildebrand plot of the reciprocal of optical density, 

measured after a-adduct formation was complete but before de-

composition had occurred, versus the reciprocal of base concen-

tration, was curved indicating the presence of more than one 

equilibrium. A short extrapolation of this plot gave an 

optical density for complete conversion at 480nm of 0.543. 

From this the extinction coefficients for the high base con-· 
. 4 

centration species are calculated to be £4.6 x 10 (435nm) and 

2.7 x 104 1 mol-l cm-l (480nm). These ~re approximately double 

the extinction coefficients expected for adducts of 1:1 stoichiD-

. 25-28 
metry. As found for the reaction of HNBB with ethoxide 

ions, this suggests the formation of the di-adduct by ethoxide 

1 
attack on both aromatic rings. From H n.m.r. measurements 

I 
the di-adduct is most likely to have the structure (5.5; R=Et). 

The fact that 1:2 adduct occurs even:in· fairly dilute ethoxide 

solutions reflects the greater basicity of an ethoxide in ethanol 

medium compared to methoxide in methanol. 

The data in Table 5.5 is analysed according to 
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TABLE 5.5 Equilibrium optical densities for the reaction 

of HNS (2 x lo~5~) with sodium ethoxide iri 

ethanol at 25 C 

No. [NaOEfJ a/~ 

1 0.000 42 

2 0.000 63 

3 0.000 84 

4 0.001 04 

5 0.002 10 

.6 0.004 18 

7 0.006 25 

8 0.008 30 

9 0.0106 

10 0.0212 

11 0.0424 

12 0.0636 

13 0.0848 

14 0.106 

15 0.212 

OD (480nm) 

observed 

0.175 

0.194 

0.218 

0.236 

0.260 

0.301 

0.320 

0.340 

0.362 

0.415 

0.452 

0.478 

0.489 

o. 501 

0~523 

OD(480nm)b 

calculated 

0.175 

0.202 

0.219 

0.232 

0.269 

0. 304 

0.326 

0.344 

0.360 

0. 409 

0.455 

0.478 

0.491 

0. 500 

0.520 

.a. In i terns 1 ~ 13 the solutions were made up to constant 

b. 

Ionic strength, I=O.l~, with sodium perchlorate. 

-1 -1 Calculated with values of K1. 4000 1 mol s , 

-1 . . 4 -1 -1 
K2 50 1 mol , e: ( 5. 3; ·R=Et) 1. 36 x 10 1 mol . em , 

e: (5.S; R=Et) 2.72 x 104 1 mol-l cm-1 • 
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Scheme 5. 2. The following assumptions were made. First, 

that the .extinction coefficient of {5.3; R=Et) at 480nm is 

exactly half of· the measured extinction coefficient for {2.:.2,; R=Et) 

HNS + EtO-

{ 5 ~ 3; R=Et) + 

{5. 3; R=Et) 
k 

EtO-~ {5. 5; R=Et) 
Scheme 5.2 

Second, that for items 1-4 {low base concentration) little of 

the 1:2 adduct will be pres~nt allowing an approximate value 

for K1 to be calculated, and for items 10-15 {high base concen­

tration) little free HNS will remain in solution so allowing 

an approximate value for K2 to be calculated. Then by iter-

-1 .· -1 
ation values for K1 4000 1 mol and K2 50 1 mol were found 

· to give a good fit between calculated and observed optical 

densities. The value of K2 is an eighth of the value of K1 

which indicates that alkoxide addition on one picryl ring 

inhibits alkoxide attack on the other picryl ring, despite the 

two picryl rings being separated by two carbon atoms. 

At base concentrations lower than 0.005~ the 1:1 inter-

actions of HNS and ethoxide ions are dominant. When studied 

using stopped-flow spectrophotometrytwo well separated colour 

forming reactions were observed. The first process is attrib-

uted. to the formation of the 3-alkoxy~adduct {5.2; R=Et) and 

the second process to the formation of the 1-alkoxy-adduct 

{ 5. 3; R=Et) • The data for these reactions~~ given in Table 5.6 

'
Using equation 5.4 a plot of kf t versus ethoxide concentration , as 

4 -1 -1 is linear giving the values for· k 3 of 1.2 .x 10 1 mol s and 

-1 k_ 3 of 25 s . Combination of these values gives a value for 

This value of K3 and use of 



TABLE 5.-6 Kinetic results for formation of the 1:1 

adducts from HNS (1 x 10-5
M) and sodium 

ethoxide in ethanol at 25°C 

-1 -1 

119 

a 
[NaOEt] /M kfast/s k /s slow k 

1 
(calc) s ow . 

0.0006 30±3 0.210±0.02 0.21 

0.0008 32 0.245 0.24 

0.0010 37 0.28 0.28 

0~0015 48 0.34 0.33 

0.0020 ,51 0.40 0.38 

0.0030 62 0.43 0.43 

0.0040 ·72 0.45 0.47 

-1 -1 a. Calculated using equation 5.2 with k 1 300 1 mol s 

-1 -1 k_ 1 0.075 s and K3 480 1 mol . 
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equation 5.5 enables calculation for k
1 

of 300 1 mol-l s-l 

-1 and k_ 1 of 0.075 s • 

k. = k 3 ~to] + k_3 {equation 5.4) fast 

kslow 
k 1 ~toj 

+ k_l {equation 5. 5) = 
l+K 3 ~to] 

5.3.4 Comparison with Related Compounds 

The kinetic and equilibrium data relating to 

alkoxide additions to the aromatic rings of the compounds 

HNS, HNBB, trinitrobenzyl chloride {TNBCl), TNT and 1,3,5-

trinitrobenzene {TNB) is collected in Table 5.7. The results 

are in accord with the generally higher basicity of ethoxide 

solutions compared to methoxide solutions. . k 137 It 1s nown 

that the unsaturated side chain CH=CHPic is more electron with-

drawing than its saturated analogue CH2 cH2 Pi~, but less electron 

withdrawing than CH
2
cl ~ This is reflected by t.he values of the 

equilibrium constants as those of HNS fall between those of 

HNBB and TNBCl. 

HNS, like HNBB and· TNBCl, forms a kinetically 

favoured 3-alkoxy-adduct which is less thermodynamically stable 

than the 1-alkoxy-adduct.. For TNT only the 3-alkoxy-adduct is 

83 formed. Presumably the major reason for no 1-alkoxy-adduct 

of TNT in its.substituent in the picryl ring is electron re-

leasing whilst in the picryl rings of HNS, HNBB and TNBCt there 

are electron withdrawing substituents. 

In the formation of alkoxy~adducts two factors are· 

important. These are the steric hindrance and the electron 



TABLE.5.7 Comparison of kinetic and equilibrium data for HNS with those 'for related compounds 

-1 -1 -1 -1 -1 -1 -1 I -1 k 3/l mol s k_ 3/s K3/l mol k 1/l mol s k/s K1 1 mol ' 
-L 

HNS - methoxide 10 145 0.75 200 

HNBB - methoxidea 23 1~15 20 

'TNBCl- methoxideb <20 770 2.2 350 

TNT - methoxidec 280 3000. 0.07 

TNB - methoxide 7300 300 20 

HNS -. ethoxide 12000 25 480 300 0.075 4000 

HNBB - ethoxidea 4000 32 125 84 0.07 1200 

TNBCl - ethoxideb 10000 14 700 7000 <l >1000 

TNB - ethoxide 40000 20 2000 

a. . From Chapter Four 

b. Ref. 82 

c. Ref. 83 

d. Ref. 75 (refers to addition at the unsubstituted position) 

....... 
1\J 
....... 
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withdrawing ability of the substituent at the !-position 

on the picryl ring. The 1-alkoxy-adduct is the more thermo-

dynamically stable because the carbon atom, at which alkoxide 
. 3 

attack occurs, becomes sp hybridised and the bulky substituent 

becomes perpendicular·to the ring. This enables the ortho 

nitro groups, previously twisted out of the ring plane by the 

bulky substituent, to rotate and become planar to the ring. 

Here the ortho nitro groups exert their maximum electron with-

drawing ability and hence increase their.ability to· stabilise 

the 1-alkoxy-adduct. However, in the 3-alkoxy-adduct the ortho 

nitro group will remain ~lightly twisted out of the ring plane 

and therefore unable to exert their maximum electron withdrawing 

ability to stabilise the adduct. 

'. 

The third reversible interaction of HNS.with alkoxide 

ions has been to produce a species with high thermodynamic 

stability. E.s.r. measurements
149 

on the reaction between HNS 

and alkoxides show that < 0.1% of the substrate produces radicals. 

Therefore the most likely structure for the third species is 

(5.4) produced by alkoxide attack at the olefinic bond of HNS. 

Equation 5.3 predicts that as the ~tability of the ring adduct 

increases the rate of production of (5.4) decreases. This is 

why the species (5.4) is more readily formed in methanolic 

methoxide solutions. In the more basic media of ethoxide in 

ethanol, or methoxide in methanol-DMSO, the rate of production. 

of (5.4) will be slow and in competition with the irreversible 

decomposition of the substrate. 



5.4 Derivation of the Rate Expressions 

(i) For alkoxide additions on the aromatic ring. 

The rate expressions 

k med = 

123 

are derived in. an analogous manner to the same expressions 

in Chapter Four. 

(ii) For alkoxide addition at the olefinic bond. 

( 5 .1) + ( 5. 3) 

~ 
k -c (.h.4.1_ 

·The rate of formation of (5.2) and (5.3) is very 

fast compared to the rate of formation of (5.4) and [RO-] 

is in large excess of [5 .1]. 

Therefore, 

d[5. 4] = k [5.1] [Ro-] k [5. 4] dt c -c 
(!) 

K3 = [5.2] 
[5.1] ·[Ro-]. (_f) Kl = 

[5.1] + [5 .2] + [5. 3] + [5. 4] = [5.1 J 0 (~_) 



Substituting (~) and(~) into (f). 

[5 .1] 

Re-arranging, 

[5 .1] = A-

where A = 

Substituting (.2_) into (~) 

d [5. 4] 
At equilibrium, dt = 0 

0 =; kc[Ro-J [A- l+KJ!~~j~K3[Ro-J l 
Subtracting (1) from (Q) 

d [5. 4] = 

dt 

Re-arranging, 

d [5. 4] 
dt 

1 
[5. 4] e- [5. 4] = 

+. [5. 4] = 

- k [5.4] -c e 

+ k 
-c 

k obs = dOD. 
dt 

1 
(OD -OD) e 

by definition. 
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[5.1] 
0 

(.2_) 

(7) 

Therefore it is necessary to relate the change in optical 

density to the change in the [5. 41. 

Of the species present'only (5.1) does not absorb at 

the wavelength at which the reaction was studied. 

,. 



Substituting (~} and (~} into (.§.} 

Substituting (2~ into {~} 

OD = 

+ £5. 4 ~5. 4]. 

Re-arranging, 

. OD 

Re-arranging again, 

OD = B- (C- £ 5 . 4} [5.4] 

where C = 
£5. 2K3 [Ro-1 + £5. 3Kl [RO-] 

l+K1 (Ro~J + K3[RO] 

At equilibrium 

ODe = B - ( C - £ 5 • 4 } ( 5 • 4) e 

Differentiating (10} 

dOD 
dt = d~5.<Q 

dt (C- £5.4} 

Combining (10}, (11} and {12) 

d OD 
dt 

Hence 

1 
(OD ~OD} e 

SL,CS. 4 J 
dt 

125 

(.§.} 

( 10} 

( 11} 

1 
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CHAPTER SIX 

THE REACTIONS OF 

' 2,4,6-TRINITROBENZYL CHLORIDE 

WITH ALIPHATIC AMINES 

IN DIMETHYL SULPHOXIDE 
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6.1 Introduction 

150 Recent work has shown that nitrogen bases can be 

used to produce 2,2~,4,4~,6,6~-hexanitrostilpene (HNS) from 

2,4,6-trinitrobenzyl chloride (TNBCl). 
/ 

. 92 
Previous work has reported two types of process, 

a-adduct formation and side-chain ~eprotonation, for the 

reaction of TNBCl with amines in DMSO. Kinetic and equili-

brium data for the latter process and equilibrium data for 

the former process are available.
92 

Reported here are 

kinetic anq equilibrium data for the formation of o-adducts 

by the reactions of TNBCl with four different amines in DMSO~ 

Comparison of this data, -with that for the a-adduct forming 

reactions between 1,3,5-trinitrooenzene (TNB) and amines in 

78 151-154 . . . 
DMSO, ' · allows the exam~nat~on of the steric and 

. electronic effects of the -CH 2Cl group on a-adduct formation. 

92 . 
Visible .spectroscopic measurements have shown that 

.a-adducts formed between TNBCl and amines in DMSO give maxima 

at 450nm-452nm arid 510nm-550nm, and the conjugate base gives 

maxima at 373nm, 490nm and 6oonm. The data is best interpreted 

by Scheme 6.1 • a-adduct formation, whether by amine attack 

. at the substituted or unsubstituted position, involves a 

zwitterionic intermediate. Proton transfer .from this inter-

mediate is shown, presumably for steric reasons, not to be 

diffusion controlled. All three processes are observed for 

primary amines but amine attack at the substituted position 

to form the 1-amido-adduct is not observed for secondary amj_nes. 

Here, the· 1-amido-adduct is presumably disfavouied because of 

extreme ste.ric congestion that would result if it was formed. 
! 
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Evidence has been reported86 that substituted ammonium 

ions, present for kinetic measurements, can be stabilised by 

association with chloride ions, R-.. RNH
2 

•.•. Cl-. The 

measurements reported in this work have been made in the 

presence of substituted ammonium perchlorate or substituted 

ammonium chloride salts and the results found to support the 

above assertion. 

6.2 Experimental 

Visible spectra were recorded on a Pye-Unicam SP 8005 

spectrophotometer. 

Kinetic and equilibrium measurements were made at 25°C 

using a Hi-tech SF-3L spectrophotometer or Pye-Unicam SP 8100 

·recording spectrophotometer. 

freshly prepared before use. 

All solutions of reagents were 

The rate coefficients measured 

on the stopped-flow spectrophotometer are the mean of at least 

five separate determinations and are precise to ±5%, while the 

rate coefficients measured on the conventional recording 

spectrophotometer are the mean of duplicate runs. 

A Kent EIL 7055 pH meter was used to check the acidity 

of the ammonium salts. Solutions were adjusted so as to 

contain less than 0.1% of free amine or acid. 

1H n.m.r. measurements have already been reported in 

previous work
92 

and repetition was felt to be unnecessary. 
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TABLE 6.1 Typical results from rate measurements 

-6 

t/ms 

0 

10 

20 

30 

40 

60 

80 

( i) TNBCl (5 x 10 ~), benzylamine (0.03~). 

First process, measured at 450nm, in DMSO. 

(ii) TNBCl (1 x 1o- 5~), piperidine (0.03~)-. 

Only process, measured at 450nm, in DMSO 

containing piperidinium chloride (0.1~). 

(i) ( ii) 

t:Na t/ms t:Na 

5.0 o. 4.2 

4.1 5 3.6 

3.2 10 3.1 

2.6 15 2.5 

2.0 20 2.1 

1.3 30 1.5 

0.8 40 1.1 

A plot of lnllV versus A plot of lnl\V versus 

t is linear and yields t is linear and yields 

kobs = 22.8 s -1 
kobs = 34.3 -1 s 
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TABLE 6~2 

t/s 

0.00 

0.05 

0.10 

0.15 

0. 20 

0.25 

0.30 

0.40 

Typical results from rate measurements. 

(i) -6 TNBCl (5 x 10 ~), n-butylarnine (0.004~). 

Second process, measured at 450nm, in DMSO 

containing n-butylarnrnoniurn perchlorate (0.1~). 

(ii) TNBCl (5 x 10- 6~) , n-butylamine (0~004~). 

Second process, measured at 450nm, in DMSO 

containing n-butylarnrnonium chlor~de (0.1~). 

(i) ( ii). 

t:Na t/s ().Va 

3.30 0.00 3.4 

2.90 0.05 3.0 

2~40 0.10 2.6 

2.10 0.15 2.3 

1. 85 0.20 2.0 

1. 70 0.25 1.8 

1.40 0.30 1.6 

1.00 0.40 1.2 

A plot of ln.!W versus. A plot of ln().V versus 

t is linear and yields t is linear and yields 

kobs 2.9 -1 k 2.6 -1 = s = s obs 

131 
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6.3 Kinetic Analysis 

The rate equations used in this chapter will be given 

in this section along with the explanation of any assumption 

that is used. However, the complete derivation of the rate 

expressions will be given in Section 6.7.1. 

All rate measurements were made with the amine concentration 

in large excess over the parent concentration and consequently 

all the colour forming reactions measured were first order. 

When reactions between TNBCl and amines were studied in DMSO con-

taining no added amine salt; sufficient excess of ami."'le was .used so that at 

. eiquilibrium t."lere was >95% conversion of ~1 to amido--adduct. For re­

actions with buffers (amine plus amine salt) the buffer com-

ponents were in. large excess of the TNBCl concentration. 

OD 

ln OD ·-oD 
00 . 

= (equation 6.1)' 
00 

Equation 6.1 applies under these conditions. 152 Amine attack· 

·at the unsubstituted 3-position gives the expression equation 

6.2. 152 Here the zwitterionic form (6.2) is assumed to be 

a steady-state intermediate. 

k 
~.obs 

= 

= 

= 

= 

k3kArn [Am] 2 + k -3kArnH:+: [ArnHl· 
k- 3 + k Am [Am J 

k ' + k ·iArn1 -3 . Affil: ~ 

k 3 [Am] 

(equation 6. 2) 

(equation 6. 3) 

(equation 6.4) 

(eguation 6. ')) 

If the ~e~ction~ are ~tudied with no added .amine salt 

tqen the concentration of amine salt is very small and equation 
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6.3 applies. By assuming kAm[Am]>>k_ 3 equa~ion 6.3 becomes 

equation 6.4 or inversion of equation 6.3 gives equation 6.5 

Two well separated rate processes are observed for the 

reactions of TNBCl with primary amines. The first is rapid 

amine attack at the unsubstituted 3-position of TNBCl, followed 

by a slower amines attack at the. substituted 1-position. For 

amine attack at the 1-position the rate expression can be ex-

pressed as equation 6.6, that is the sum of the forward and 

reverse reaction coefficients. It can be shown us.ing standard 

methods 75 that, allowing for prior attack at the 3-position, 

the general rate expression is given by equation 6.7. If 

there is no added amine salt present in solution then, the k 
r 

term is negligible, and in some cases equation 6.8 can be found 

to·be useful. The terms (OD} 3 and (OD~} 3 are the optical 

k obs 

k obs 

(k -l +kAm [Am] )1+ [ (OD) 3 .] 

. PD~}3-(0D}3 . 

kl [Am] 2 

k_l (OD} 3 
k+ [Am] l+ (OD } - (OD} 

Am ~· 3 3 

+ 

(equation 6.6} 

k -1 kAinH+ [ArnH+] 

k -1 +kAm [Am] 
(equatio~ 6. 

(equation 6. 8·} 

(equation 6. 

density at completion of the faster process forming the 3-adduct 

and the optical density for complete conversion to the 3-adduct 

respectively. Equation 6.8 will.also be used in the re-

arranged form of equation 6.9. 



92 Equation 6.10 has been given in previous work for 

the removal of a side· chain proton by amine. 

k [Am] 

134 

= p 
1+]( ~J 2 

c I 1 AITIH+] 
+ k . [AmH"1 -p (equation 6.10) 

6.4 Equilibrium Constants 

Because a-adduct formation between TNBCl and amines 

involves two steps, linked by the zwitterionic intermediate, 

it is usual to refer to the overall eq~ilibrium constant. 

For example, K 3 is the overall equilibrium constant for c, 

conversion of TNBCl to the 3-amido-adduct, and is defined 

by equation 6.11. In addition, K 3 is normally defined c, 

in two other ways. Equation 6.12 relates Kc, 3 with K3 , 

the equilibrium constant for the formation of the zwitterionic 

intermediate, and to the acid dissociation constants of the 
+ 

zwitterion Kaz' and protonated amine, K~ ;_while equu.t.ion 

6.13 relates Kc, 3 to,the r~te coefficients associated with 

formation of the 3-amido-adduct. -The· overall equilibrium 

constant for the 1-amido-adduct, K 
1

, can be defined by c, 

exactly analogous expressions. 

kobs = G6.3J ~+J 6.1 AITIJ2 (equation 6 .11) 

KZ 
k K3. 

a = Arni1+ obs 
Ka 

(equation 6.12) 

k 
.k3.kAm 

= c,3 k-3.kAmH+ 
(~guation 6.13) 

.. \ 
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6. 5 Results·· 

Four amines, n-butylamine, benzylamine, pyrrolidine and 

pip~ridine have been used to study the reactions of TNBCl 

with amines in DMSO. The kinetic and equilibrium data will 

now be reported and because each amine reacts in slightly 

different ways with TNBCl the data for each amine will be 

given separate treatment~ 

6.5.1 Reaction with n-butylamine 

t d . 1 92 th As repor e prev1ous y ree processes were 

·observed. Two fast a-adduct forming reactions followed.by 

.a. slower proton transfer reaction. The data~~ interpreted 

according to Scheme 6.1. The data for the formation of the 

3-amido-adduct are given in Table 6.3. At t:.he base concen-

trations used kAm[Am]>>k_ 3 so equation 6.4 applies and yields 

-1 -1 a value for k 3 of 3000 1 mol s . When the n-butylamine 

concentration is 0.004~ if a lower limit of kAm[Am]/k_ 3 of 4 

is set then it can be calculated that the. ratio kAm/k_;3>lOOO, 

·' 

. 6 2 -2 -1 
and also K3kAm>3xlO 1 mol s . For attack at the 1-positior 

the rate data.is interpret~d by equation 6.8 with values for 

-1 -1 -1 
k 1 of 700 1 mol s and kAm/k_1 of 2000 1 mol . 

The data obtained in the presence of 0.1~ n-

butyla~onium chloride are in Table 6.4. The rate of amine 

attack at the 3-position was too fast to measure with the 

available techniques'· but using the optical densities measured 

at the completion of this fast process ·a value for K 3 of c, 
. 1. 

73±4 1 mol- has been obtained. Due to the complete conversion 

of TNBCl to the 1-amido-adduct even at low base concentrations, 

the measurements was restricted • A value for Kc,l of 23,060±50( 

. 1 moi-l has been calculated and this compares with a Kc,i Vi=iiue 



TABLE 6. 3 Kinetic and equilibrium data for the reaction ·of. TNBCl (5 x lo-6·~) and 

n-butylarnine in DMSO at 25 C 

· [n-butylamine] /~ -1 k;/1 mol-ls-l (OD)
3 

b -1 kc kf t/s . k /s as · slow calc 

0.0004 I 0.0026 0.10 0.11 

0.0005 0.0057 0.13 0.13 

0.0006 0.0045 0.19 0.18 

0.0008 0.0067 0.23 0.23 
.. 

0.0010 0.0087 0.27 0.27 

0.0020 0.0164 .0. 27 0.25 

·o. oo4o 10.6 2660 0.0200 

. 0. 0060 20.0 3330 0.0210 

0.0080 24.2 3020 0.0210 

0.0100 33.6 3360 0.0210 

a. Calculated using equation 6.4. 

b. Optical density at completion of fastest reaction; measuFed at 450nm. 

-1 -1 c. Calculated from equation 6.8 with k 1 700 1 mol and kAm./k_ 1 2000 1 mol . 

(OD)l 
d 

0.024 

0.024 

0.025 

0.026 

0.027 

0.027 

0.027 

0.027 

0.027 

0.027 

d. Optical density at completion of slower reaction forming 1-adduct; measured at 450nm. 
...... 
w 
0"1 



TABLE 6.4 Kinetic and equilibrium data for reaction of TNBCl with h-butylamine in DMSO 

containing n-butylammonium perchlorate (0.1~) at 25°C 

tp-butylamine] /~ (OD) 3 
a -1 

(OD)l 
b I -1 -1 Kc 13/l mol K 1 1 mol kobs/s k /s 

cl calc 

0.001 0.0039 231000 2.2 2.2 

0.002 0.0100 231000 2.2 2.1 

0.004 0.0173 291000 2. 9 . 2.9 

0.006 0.0205 - 3.9 3.9 

0.008 0.0209 - 4.9 4.9 

0.010 0.0209 - 6.0 6.1 

. 0.020 0.0045 76 0.021 - 10.3 9.9 

0.030 0 .. 0074 . 70 0.021 - 12.1 .11. 5 

0.040 .. 0.0106 77 0.021 - 12.0 11.7 

0.050 0.0123 71 0.021 - 10.7 . 11.1 

0.060 0.0137 69 . 0.021 - 10.5 10.5 
-· 

-1 

a. Optical density at completion of reaction giving 3-adduct; measured at 450nm. 
Hildebrand type plot76 gives a value for (OD~) 3 of 0.0192. 

A Benesi-

b. Optical density at completion of reaction giving 1-adduct; measured at 450nm. 

c. -1 -1 -1 -1 Calculat'ed from equation 6. 7 with k1 630 1 mol s I K 3 73 1 mol I kAm/k 1 2000 1 mol 
-1 -1 c I -

and kAmH+ .55 1 mol ·S 

I-' 
w 
....,J 
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-1 . 92 
of 20,000 1 mol previously reported. With increasing 

base concentration the rate coefficients for the !-adduct pass 

through a maximum and the data are interpreted according to 

equation 6.7. At n-butylamine concentrations >0.01~ the 

condition kAm[Am] >>k_ 1 will apply and the kr term will be 

negligible thus allowing the calculation of a value for k
1 

of 630 1 mol-l s-
1

• Hence, the ratio k_ 1kAmH+/kAm (=k1/kc,l) 

is calculated to be 0.0274 s-1 Finally, using the fact that 

little of the 3-amido-adduct will be initially present at low 

(<0.008M) amine concentrations, and the previously calculated 

values of k 1 and k_ 1kAmH+/kAm' equation 6.9 can be used to 

calculate kAm/k_ 1 . The value obtained for kAm/k_ 1 is 
. -1 

2000±500 1 mol . Using these calculated parameters equation 

6.7 fits the data over the whole concentr~tion range. 

Table 6.5 contains the data obtained in the presence of 

O.lM n-butylammonium chloride, which show differences from 

those obtained with the perchlorate salt. Calculation from 

the optical density measurements for completion of the first 

-1 
process gives a value for Kc, 3 of 150±20 1 mol . Again ]( c,l 

cannot be calculated with great accuracy from the optical 

density mea-surements but like K 3 it is considerably larger c, 

than the overall equilibrium constants obtained with the per-

chlorate salt. A value for k
1 

of 630 1 mol-l s-l is obtained 

from the data at higher concentrations and, assuming kAm/k_ 1 
-1 -1 

will remain at 2;000 1 mol . , a value for kAmH+ of 32 1 mol 

is obtained. Combination of the kinetic parameters allows 

-1 
Kc,l (=k1 kAm/k_ 1 _kAmH+) to be calculated as 40000 1 mol . 



TABLE 6.5 Kinetic and equilibrium data for reaction of TNBCl with n-butylamine in DMSO 
containing n-butylammonium chloride (O.l~p at 25°c 

'[n-BuNH2] (OD) 3 
a I -l (OD) l 

b -1 -1 kc I -l K 3 1. mol K 111 mol k b Is c, c, 0 s calc s 

0.001 0.0056 37,000 1.49 1.50 

0.002 0.0132 42,000 1.66 1.64 

0.004 0.0175 31,000 2.6 2.55 

0.006' 0.0188 l 24,000 3.8 3.6 
I 

0.008 0.020 4.8 4·. 6 

0.010 0.021 5.8 5.5 

0.015 0.0057 160 0.021 7.8 7.2 

0.020 0.0083. 160 0.021 8 0 9 . 7.9 

0.030 0.0128 170. 0.021 8.3 8.4 
. 

0.040 0.0143 130 0.021 8.2 7.5 
---- -·---- -- 1.-.-- ~--- ---

I 
I 
I 

a. Optical density at completion of reaction giving 3-adduct. 

gives a value for (OD~) 3 of 0.021. 

A Sensei-Hildebrand type. plot76 

b. Optical density at completion of reaction giving !-adduct. 

c. -1 -1 -1 Calculated from equation 6.7 with k 1 630 1 mol s , Kc, 3 150 1 mol , kAmlk_ 1 2000 1 
-1 -1 -1 mol , and k.~+ 32 1 mol s • I-' 

w 
\0 
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6.5.2 Reaction with benzylamine 

Two a-adduct formation reactions are observed. 

With no added amine salt in solution rate dat·a for amine 

attack at the 3-position has been obtained and are presented 

in Table 6.6. The proton transfer step is found to be part-

ially rate limiting and the data·therefore best interpreted 

with the use of equation 6.5. A plot of [Am]/kobs versus 

1/ [Am] is linear and yields a value .for K3kAm of 1. 4 x 10
5 

12 

-2 -1 -1 -1 . 
mol s from the slope and for k 3 of 1000 1 mol s from 

TABLE.6.6 Kinetic data for the fast reaction of TNBCl with 
benzvlamine in DMSO at 250C, vieldinq the 3-adduct -

[Benzylamine] /~ kfast/s 
-1 a -1 

kcalc/s (OD)·3b 

0.010 5.9 5.9 0.025 

0.015 9.6 10.1 0.028 

0.020 14.9 14.8 0.026 

0.030 23.0 24 0.029 

0.040 33.1 34 0.028 

0.060 53.3 54 0.028 

. -1 -l 
a. Calculated from equation 6.5 with k 3 1000 1 mol · s 

K3kAm 1.4 X 105 1 2 rnol- 2 

b. Measured at 450 nm. 

-1 s 

the intercept. Data for solutions containing 0.1~ benzyl-

ammonium perchlorate are in Table 6.7. The optical density 

measurements at completion of the first process allow a value 

-1 
for Kc, 3 of 5 1 mol to b~ calculated. The optical density 

measurements at completion of· the second process give a value 

-1 of K 1 of 1000 1 mol . c, This K 1 value is considerably c, 



TABLE 6.7 Kinetic and equilibrium data for the reaction of TNBC~ with benzylamine in 

DMSO containing benzylammonium perchlorate (0.1~), at 25°C 

[Benzyl amine]/~ (OD) 3 
a -1 (OD) l - -1 I -l K 3;1 mol Kc _111 mol k s c, obs 

a. 

I 

0.005 0.0051 1000 2.9 

0.0075 0.0088 940 2. 8 . 

0.01 .. 0.0119 880 3.1 
I 

0.02 0.0200 910 4.2 

0.04 0.0241 1070 7.6 

0.06 0.0250 11.9 
·' . 

·o.o8 0.0070 7.7 0.0250 13.2 

0.10 -·· 0.0079 6 .0. 0.0259 15. 2. ... 

0.15 -0.0106 4.5 0.0255 16.1 

0.20 0.0146 5.6 .0.0259 
-- -------- - - -· -- - - _________ .:________ L___ -----~ - - - -- - - - ----

Optical density at completion of ~eaction giving 3-adduct; measured at 450nm. 

A Benesi-Hildebrand plot76 gives value for (OD~) 3 of 0.021. 

b -1 
kcalc/s 

2.9 . 

2.9 

3.1 

4. 6 . 

8.0 

11.1 

13.4 

. -.- 14.7 

15.8 

-- - -

Calculated from equation 6.7 with k 1 230 1 mol-l s- 1 , Kc, 3 51 mol- 1 , kAm/k_ 1 200 1 
-1 -1 -1 

b. 

mol and kAmH+ 46 1 mol s 

I 

..... 
~ 
..... 
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larger than has been previously92· calculated~ However it 

. -1 
is believed that the new Kc;l value of 1000 1 mol is more 

reliable. Sufficient kinetic data is available to calculate 

the kinetic parameters of the second process in an analogous 

way to those calculated for the reaction with n-butylamine and 

its perchlorate. The calculated values are k
1 

230 1 mol-l ·s -l, 

-1 
for the ratio k_ 1kAmH+/kAm 0.23 s and for the ratio kAm/k __ 1 

200 1 mol- 1 . combining these results gives a value for 

-1 -1 
kAmH+ of 46 1 mol s. . Use of these rate.coefficients and 

equation 6.7 gives calculated values in good agreement with 

the observed values. 

Table 6.8 contains the data measured with 0.1~ 

benzylamrnonium chloride. The values of k1 and the ratio 

kArn/k_ 1 are unchanged within experimental error. Significant· 

differences are found in the calculated values for K c,3 
-1 I -1 Kc, 1 2000 1 mol , the ratio k _1 kAmH+ kAm 0 .. 125 s and 

-1 -1 25 1 mol s 

10 1 mol 

The rate coefficients for the third process giving 

the conjugate base has been measured, at 620nm, with a convent-

ional spectrophotometer, in solutions· containing 0.1~ benzyl-

ammonium perchlorate. Equation 6.10, using a value forK 1 c, 
. -1 

of 2000 1 mol , is used to interpret the results in Table 6.9. 

V 1 f k of 3.4 1 mol-l s-l ~nd k of 0.024 1 m~l-l s-l a ues or p -p 

are calculated. 

6. 5. 3 .Reaction with piperidine 

Two reversible colour forming processes are observed 

for the reaction of TNBCl with piperidine. The fast process 

is the formation of the a-adduct by amine addition at the 3-

positit>n; the assignment of the position will be justi.f.iea i~h8t~ 



TABLE 6. 8 Kinetic and equilibrium· data for the reaction ·of TNBCl with benzylamine in 

DMSO containing benzylammonium chloride (O.lM) at 25°c 

[Benzylamine]/~ (OD) 3 
a -1 

(OD)l 
b -1 k /s-1 K 3;1 mol K 1;1 mol 

C, c, obs 

0.0025 0.0031 2200 1.9 

0.·005 0~0084 2000 1~8 

.0.0075 0.0123 1800. 2 .o 

0.01 0.0175 2300 2.5 

. 0.02 0.0223 2000 4.1 

0.04 0.0241 7.5 

0.06 0.0059 12 0.0246 10.4 

0.07. 0.0072 11 0.0246 

0.08 .. 0.0088 12 0.025 12.0 

o:o9 0.0092 10 0.024 

0.10 0.0101 10 0.025 ' 12.8 

0.15 0.0132 9 0.025 

c k calc 

1.9 

1.9 

2.1 

2.5 

4.0 

7.9 

10 .• 2 

11.6 

12 .o. 

a. Calcuiated from equation 6.11 using a value for (00~) 3 of 0.020; measured at 450nm. 

b. Calculated using a value for (OD~)l of 0.025; measured at 450nm. 

c. Calculated-from equation 6.7 with k 1 250 1 mol-l s- 1 ; Kc, 3 10 1 mol-1 , k_1 kAmH+/kAm 0.125 ~ 
-1 w 

kAm/k_ 1 200 1 mol . 



TABLE 6.9 Rate data for the deprotonation of TNBCl by 
benzylamine in DMSO containing O.lM benzyl-

ammonium chloride 

[Benzylamine.J /~ kobs/s 
-1 a -1 

kcalc/s 

Q.OOl 0.0054 0.0057 

0.002 0.0075 0.0087 

0.004 0.0114 0.0125 

0.006 0.0144 0.0140 

0.008 0.0153 0.0143 

0.01 0.0131 0.0138 

0.02 0.0108 0.0100 

0.04 0.0065 0.0065 

144 

a. Calculated from equation 6.10 with values of k 3.4 1 ·p 
-1 -1 -1 ·-1 -1 rrol s I k 0.024 1 mol s and K 1 2000 1 mol . 

-p cl 

The slow process is removal of a side chain proton to form 

the conjugate base. 

In solutions containing 0.1~ piperidinium per­

chlorate a plot of kobs versus [Am] 2 
I. data in Table 6.10 I for 

the fast process is linear. This indicates that k_ 3 >> kAm[Am] 

and therefore equation 6.2 applies. Values for K3kAm of 

4 -2 -1 . . -1 -1 2.6 x 10 1 mol s and for kAmH+ of 280 1 mol s are 

obtained from the slope and intercept of the plot respectively. 

-1 The value for K of 93 1 mol is calculated from 
cl3 

The absence of curvature in the plot allows an 
\ 

upper limit for the ratio kAm/k_ 3 of 2 to be calculated. 
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TABLE 6.10 Kinetic data for the reaction of TNBCl with 
piperidine in DMSO containing 0.1~ piperidinium 

perchlorate 

[piperidine]/~ · k /s-l 
obs 

a I -1 k s 
calc 

Q.Ol 30 31 

0.015 36 34 

0.02 41 39 

0.03 50 50 

0.04 69 69 

0.05 94 93 

a. Calculated from equation 6.2 with K3kAm 2.6 X 104 12 

-2 -1 
kAmH+ 

-1 -1 
kAm[Am] << k_3" mol s , 280 1 mol s I 

In the presence of 0.1~ piperidinium chloride 

K 3 is calculated as 200 1 mol-l ·from the kinetic data, and 
c I I 

as 220±30 1 mol-l from the equilibrium data. This is very 

good agreement. All the data is given in Table 6.11. 

6.5.4 Reaction with pyrrolidine 

Two reversible colour forming reactions, attributed 

to the formation of the 3-adduct and to·transfer of a side 

chain proton, were ob~erved. By use of tetraethylammonium 

perchlorate as a neutral electrolyte all measurements were 

made at constant ionic str~ngth. 



TABLE 6.11 Kinetic and equilibrium data for reaction of TNBCl with piperidine in 

D.MSO containing 0.1~ piperidinium chloride at 25°C 

(piperidine]/~ -1 k b (OD) 3 
b -1 

kobs/s :K 3;1 mol calc c, 

' 

·o.o1 14.4 14.4 0.0079 258 

0.02 21.6 21.6 0.0177 213 

0.03 34.7 33.5 0.0246 197 

0.04 51.0 50.5 0.0306 242 

0.05 69 72 0.0325 217 

0.06 102 99 0.0343 226 

---------·~-·- ·' 

a. Calculated from equation 6.2 with K3kAm 2.4 x 104 1 2 moL- 2 s- 1 , kAmH+ 120 1 

-1 -1 [ J mol s and k_ 3 >> kAm Am . 

b. Calculated from (00} 3 values using a value of 0.0385 for complete convers·ion 

to 3-adduct; measured at 450nm. 

1-' 
~ 

0\ 
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Data for the a-adduct forming reaction at the 3~position 

in the absence of added pyrrolidinium salts is given in 

Table 6.12. Equation 6.5 allows the calculation for K3kAm 

5 2 -2 -1 . 4 -1 . 
of (5.8±0.5} x 10 1 mol s and k 3 of (1.7±1} x 10 1 mol s 

from this data. Combining these values gives the ratio 

-1 
kAm/k_ 3 of 34 1 mol . 

TABLE 6.12 Kinetic data for the reaction of TNBCl with 
pyrrolidine in DMSO containing 0~1~ tetra-

.ethylammonium perchlorate at 250C 

[pyrrolidine] /f1mol· -- -1 a -1 
kobs/s k /s calc 

0.002 2. 2 . 2.2 

0.004 7.7 8.2 

0.006 18 17.3 

0.008 28.7 29.2 

0.010 43.6. 43.3 

a. Calculated from equation 6.5 with K3k~ 5.8 x 105 

2 . -2 -1 4 -1 ..:.1 
1 .mol s and k 3 1. 7 x 10 1 mol s . 

The data in Table 6.13 i~ again for the formation· of 

the 3-adduct but here constant concentrations of pyrrolidinium 

perchlorate are present. By extrapolating this data to zero 

-1 -1 amine concentration a value for kAmH+ of 2400±100 1 mol s · 
. -1 

is obtained. The calculation for K 3 of 240 1 mol from c, 

the kinetic parameters are in good agreement with that obtained 

from equilibrium optical densities.· 



TABLE 6:13 Kinetic and equilibrium data for reaction of TNBCl with pyrrolidine in 
the presence of pyrrolidinium perchlorate at 250C 

[Pyrrolidine] /~ [Pyrrol idini ~] /M -1 b -1 OD c d -1 k /s k /s Kc 3;1 mol . perchlorate = obs calc 3 

0.001 0.01 24 24 

0.002 0.01 26 25 

0.004 0.01 28 29 0.0134 260 

0.006 0.01 36 I 37 0.0219 260 

0.007 0.01 41 42 0.0246 250 

0.008 0.01 . 48 I 48 0.0269 230 

0.009 0.01 56 55 0.0297 240 

0.010 0.01 64: 61 0.0325 260 

0.012 . 0.01 81 .77 0.0348 '240 

0.004 .. 0.02 53 51 0.0095 330 

0.006 0.02 60 58 0.0134 240 

0.00f3 0.02 69 67 0.0205 260 

0.015 0.02 125 120 0.0337 260 
-- - --- ------ ---~-

a. I = O.lM with tetraethylammonium perchlorate. 

I 

b. 
- 5 2 -2 -1 -1 -1 

Calculated from equation 6. 2 with K3kAm 5. S x 10 1 mol s , kAmH+ 2400 -1 mol s 

c. Measured at 450nm at completion of rapid forming reaction. (and k~/k_ 3 34 1 

d. Calculated using a value for (OD~) 3 of 0.045. 

mol-l 
...... 
~ 
(X) 



TABLE 6.14 Kinetic and equilibrium data for the reaction of TNBCl with pyrrolidine 
perchlorate in the presence of pyrrolidine at 250C 

f [Pyrrolidine a/M -1 b -1 c . -1 
[Pyrrolidine] /~ k b /s k /s (OD) 3 Kc 3;1 mol _12erchloratel = 0 s calc 

I 0.006 0 l 18 17 0.043 
l 

0.006 0.001 • 19 19 0.038 . 210 I 

' ! 
i 

0.006 0.002 I 21 21 0.034 210 t 
I 0.006 0.004 I 25 25 0.02.9 230 
! 

0.006 0.006 I 30 29 0.025. .230 
I, 
l ~ 

0.006 0.008 ·I 32 . 33 0.023 250 
I 

0.006 0.010 36 37 0.021 260 .. 

0.010 0 43 43 

0.010 0.001 44 45 

0.010 0.002 47 47 

0.010 0.004 51 50 

0.010 0.006 52 54 

0.010 0.008 57 57 

0.010 0.010 62 61 
- ---- ----- -- ---· 

a. I = O.lM with tetraethylammonium perchlorate. 

b. 

I 

Calcula~ed from equation 6.2 with K3kAm5.R x 105 1 2 mol- 2 s- 1 , kAmH+ 2400 1 mol-l and 

Measured at 450nm at completion of rapid colour fonn:i.ng reaction. ( kAm/k _ 3 34 1 mol-
1

. c. 

...... 
""' 1.0 
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Further rate data were. obtained for the formation of 

the 3-adduct by varying the concentration of amine perchlorate 

at constant amine concentration. These data are given in 

Table 6.14 and are in good agreement with the parameters 

obtained previously. 

Table 6.15 contains the data.for the slower reaction 

involving deprotonation of the substrate. .The data are inter-

preted according to equation 6.10 using.the previously deter­

mined value for K 3 of 240 c, 
! mol-l. The plot of k b versus 

0 s 

[Am]/ {1 + Kc, 3 [Am] 2 / [ArnHl) is linear the slope giving a value 

for kp of 143 
-1 -1 1 mol s , whilst the intercept, equal to 

k [AmH"l , is indistinguishable from zero. 
-p 

TABLE 6.15 Rate data for the deprotonation of TNBCl by 
pyrrolidine in DMSO containing 0.1~ pyrrolidinium 

perchlorate at 250C 

[Pyrrolidine] /~ -1 a I -l k b /s k s 
0 s calc 

0.001 0.14 . 0.14 

0.002 0.27 0.28 

0.003 o. 39 0.42 

0.004 0.55 0.55 

0.005 0.66 0.67 

0.006 0.83 0.79 

0.008 1.12 o. 99 

a. Calculated using equation 6.10 with kp 143 1 mol-l s-l 

-1 
and K 3 2 4 0 1 mol • c, 
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6.6 Discussion of Data 

6.6.1 The effects of chloride ions 

Table 6.16 compares rate and equilibrium data 

for reactions involving n-butylammonium, benzylammonium and 

piperidinium salts, .where total salt concentration has been 

maintained at 0~1~. It is shown that K 
3

, the overall 
. c' 

equilibrium constant for formation of the 3-adduct, and K 
1

, c, 

the overall equilibrium constant for. the formation of the 

1-adduct, are larger in the presence of chloride ions than 

in the presence of perchlorate ions. Similar effects of 

chloride ions have been observed by Buncel and Eggiman
86 

for 

the reactions of 1,3,5-trinitroberizene (TNB) with aniline in 

151 the presence of DABCO, and by Crampton and Greenhalgh for 

the reaction of TNB with piperidine. This effect of chloride 

ions on K 
3 

and K 1 · is attributed to the a:ssociation of Cl 
c' c' 

( .. + -, with the substituted ions RR NH 2 ...• Cl . It is assumed 

that the perchlorate ions with much more dispersed charge will 

not interact strongly with the substituted ammonium ions. 

Scheme 6.2 is a modification of Scheme 6.1 which allows the 

effect of chloride ions on the reaction of TNBCl with amines. 

TNBC1+2RR"'NH +Cl 
K 
c, 3• (TNBCl.NRR"')-+RR"'NH

2
+Cl-

Scheme 6. 2 

. . + -
RR"'NH

2 
.• · .. Cl 

(Kc, 3>c1- is defined as the over~ll equilibrium 

constant for a-adduct formation at the 3-position. It is 

related to Kc, 3 and·Kc1-, the equilibri~m constant for the 

association of ammonium ions with chloride ions by equation 

6.14. The same reasoning and an analogous equation for the. 
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= (equation 6 .14) 

formation of the 1-adduct applies. From the measurements 

it is found that the effect of 0.1~ chloride ions approximately 

doubles the values of the equilibrium constants, and this gives 

a value ca 10 1 mol-l for the association constants, KC
1
-, for 

each of the substituted ammonium ions used. 

Comparison of the rate data in Table 6.16 show 

that whil~ k 1 , the ratio kAm/k_ 1 and K3kAm are, within experi­

mental error, unchanged by the presence of 0.1~ chloride ions, 

the values of kAmH+ reduced by a factor ca 2. These observ-

ations are compatible.with association of the substituted 

ammonium ions with chloride ions resulting in lower rates of 

protonation of the anionic a-adducts. 

6.6.2 Attack at the unsubstituted ring positio~ 

Because association effects are unimportant for 

perchlorate salts the rate and equilibrium data measured in 

their presence will be used for subsequent discussion. Table 

6.17 allows .the data for amine attack at the 3-position, the 

~nsubstituted ring position, of TNBCl to be compared with the 

data for amine attack at the unsub.stituted ring position of 

TNB . 151, 15 2 The data in the first five rows has been directly 

measured or calculated from measured values. 

the last two rows has been calculated assuming 
+ 

The data in 

the ratio of 

acidities K z/KAmH · a a has a value of 500, which is independent 

of the nature of the amine and of the substrate. . 155 ] 
It l.S known ' 

that the trinitrocyclohexadienate group, although negatively 

charged, is electron withdrawing relative to hydrogen, and this 
+ 

explains why the ratio Kaz/K~ is greater than unity. Also 



TABLE ~ .16 Effects of chloride ·ions on equilibrium ahd rate data at 25°C 

K a 
c,3 

K a 
c,l kl. kAm/k_l kAmH+ K3kAm k b + 

AmH 
(1 rrol-l) (1 rrol-1) ( -1 -1 1 rrol s (1 rrol-1) (1 rrol-1s -l) (12 rrol-2s -l) (1 rrt>l-1s -l) 

n-Butylammonium perchlorate 73 23000 630 2000 55 

n-Butylcimmonium chloride 150 40000 630 2000 . 32 

Benzylammonium perChlorate 5 1000 230 200 46 

Benzylammonium Chloride 10 2000 250 200 25 

Piperidinium perChlorate 2.6 X 10 4 280 

Piperidinium Chloride 2.4 X 104 120 

a. In the pre~ence of chloride ions these data are re-defined as. (Kc, 3>c1 - or (Kc·, 1 >c1~. 

b. ·Attack at 3-position. 

...... 
V1 
w 
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TABLE 6.17 Comparison of kinetic and equilibrium parameters for-reaction at. 
unsubstituted ring positions of TNBCl and TNB 

' 

a a b b 
i . Benzylamine D.-Butylamine Pyrrolidine Piperidin~ 

I 4 4 
k -1 -1 { TNBCl 1000 3000 1.7 X 105 >1.3 X 105 · 

3; x. mol s . TNB 13000 45000 7. 5 X 10 > 2 X 10 
5 6 . . 5 . . 4 

~ k /£2 1-2 -1{ TNBCl 1. 4 X 106 >3.0 X 107 5.8 X 107 2.6 X 105 3 Am mo s TNB 1. 6 X 10 5.5 X 10 . 1.0 X 10 6 X 10 

-1 { TNBCl 140 >1000 34 < 2 
kAm/k_3(£ mol ) TNB 120 1200 14 <10 

~ -1 { TNBCl 5 73 240 93 
c, 3; X. mol . TNB 105 1000 3500 2140 

k +/£ 01-ls-1{ TNBClc 
4 >4 4 2400 280 3 X 104 X 104 AmH m .TNB 1.5 X 10 6 X 10 3000 280 

~- d -1 -1 { TNBCl 
7 >2 7 6 5 

1. 5 X 106 X 10 1.2 X 106 1.4 X 105 Am/£. mol s TNB . 7.5 X 10 3 X 107 1.5 X 10 1. 4 X 10 

~~3/s-1 · { TNBCl 1 5 . 4 4 
> 7 X 10: X. 104 2 X 104 3.5 X 105 TNB. 6 X 10 2.3 X 10 1 X 10· >4.7 X 10 

- ·-- --

a. Data for reaction with TNB from reference 152. 

b. Data for reaction with TNB from reference 151. 

c. For the benzylamine and butylamine cases this is calculated as K3kAm/Kc, 3 . 
z AmH+ . 

These data are based on the assumption ~hat K /k has the value 500. a a d. 

.. 

1-' 
V1 
~ 

/ 
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for the .. reaction~ o~ TNB a v'lue of 500 for this ratio has 

b . t. f. d . 1' 152 , 153 ' d . . 1' k 1 h een JUS ~ ~e · prev~o;us y, · ·an ~t ~s un ~ e y t at 

this ratio would change for TNBCl. The 3-adduct is fourteen 

to twenty-three times more stable, depending upon the amine, 

for TNB compared with TNBCl. This.is similar to the observ-
' ' 

~tion that 3~alkoxy adducts formed from TNT are found to be 

less stable th~:m those formed from TNB. 82 . The electron with-

·drawing ability of a -cH2cl group might be expected to increase 

the stability of the 3-adducts formed from TNBCl relative to 

TNB. However, a bulky group at the 1-posi tion causes the : 

ortho nitro groups to rotate out of the.ring'plane, where they 

cannot .exert their maximum electron withdrawing ability, thereby 

reducing .the adducts stability. It can be seen in Table 6.17 

that almost entirely all the decrease in stability of the 

TNBCl adducts results from a decrease in k~~ the rate coeffic­

iept tor amine attack on the substrate. 

Values of Kc, 3 decrease in·the orc;ler pyrrolidine > 

,piperidine > n-l::>utylamine > benzylamine and largely reflec~ 

the basicity order of the amines. 157 •158 
. . . . . . . The reacti.vi ty order 

of ~he amines, k 3 values, parallels that obtained for SNAr 
' ' ' 159 

substitution o.f 1-chloro-2, 4-dinitrobenzene in ethanol. ' 

The rate co.efficien~, kAm, for proton transfer. from the 

z~itterion to amine is not diffusion controlled. The reduction 
. ' ' 152 153 

in value of k.Am has been attributed prev~ously ' to steric 

h.indrance, .in that the reactiori site is crowded and cannot 

E;lasi.ly .be approached by J;>ases larger than hydroxide·ion. The 
. . . .. 

indreased steric hindrarice is reflected by the decrease in the 

value of kAm in the series primary amine > pyrrolidine > 

piperidine. Also it is observed that the values kAm and kAffiH+ 

I . 
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the rate coefficient for proton transfer from substituted 

ammonium ions to anionic adducts, are, for a given amine, 

almost identical for TNBCl and TNB. Thes~ results indicate 

that the steric situation at the react.ion site is similar in 

both cases ~~ attack occurs at the unsubstituted position 

between two nitro groups. They also provide strong evidence 

that the adduct forming reaction occurs at the 3-position, and 

not at the 1-position, with pyrrolidine and piperidine because 

of the similarity in the values of kAm and kAmH+. 

6.6.3 Attack at the substituted position 

Only the primary amines studied formed amido 

adducts by attack at the 1-position. At this position the 

CH 2Cl group is substituted in the ring and its electronic . 

effects determine .the stability of the 1-adduct. The data 

is presented in Table 6.18. 

Values of k 1 are ca five times smaller than corres­

ponding values_of k 3 • Values of K 1 are respectively three . c, 

hundred and two hundred times larger than Kc, 3 for benzylamine 

and n~butylamine respectively. Formation of the 1-adduct 

relieves steric strain at the 1-position caused by interaction 

. between the bulky CH2Cl group and the ortho nitro groups. In 

the ct-adduct the CH2Cl group i~ perpendicular to the ring 

allowing the ortho nitro groups to rotate to ba co-planar with 

the ring, where they exert their maximum electron withdrawing 

p_ower. . The electron withdrawing character of the CH2cl group 

attached to the carbon where nucleophilic attack occurs is 

probably an aO.ditional stabilising factor. F-strain160 (steric 

h:i,.ndrance to the approach of·the reagent) probably accounts for 

amine attack at the 3-position being faster than at the 1-~itia 
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TABLE 6.18 Summary of kinetic and equilibrium data for 
formation of 1-adducts in DMso·containing 0.1~ 

substituted ammonium perchlorate salts at 25°C 

n-butylamine Benzylamine 

kl/1 
-1 -1 mol s . 630 230 

. -1 
kAm/k_ 1/l mol 2000 200 

-1 23000 1000 K 
1
;1 mol 

c, 
-1 -1 

kAmH+/1 mol s 55 46 

a -1 -1 
kAm/1 mol s 2.7 X 104 

2.3 X 10
4 

k~l/s-1 13 110 

a. 
+ 

The.se values are calculated using KZ /KAmH == 500. · It is 
a a 

assumed that the presence 6f the ca2c1 group will not 

greatly effect the electron-withdrawing capability of the 

cyclohexadienate ring. 

The values of the rate coefficients, kAm and kAmH+, 

relating to the proton transfer steps are reduced by factors 

of ca 103 when reaction occurs at the !~position. The pre-

sence of the CH 2cl group at the reaction site causes an addit-· 

ional unfavourable steric effect which results in these re-· 

actions. 

The -cyclic sec6ndary amines do not form 1-amido adducts 

under the conditions in which they were studied. This failure 

can be explained by the fact that due.to the bulk of the cH
2
cl 

group and the piperidine molecule the adduct formed would be 

thermodynamically unfavoural;>le due to a sterically crowded ' 

environment. I.t has been reported recently103 , 161 that cyclic 

secondary amines, particularly piperidine, have large steric 
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requirements. This is supported by the observation162 

that the bulky.sulphite ion will only attack at unsubstituted 

positions in the TNBCl ring. 
. 163 

More evidence- is supplied 

from studies of alkoxy adducts. It is found that 1,1-

dialkoxy adducts become less favoured relative to their 1,3-

isomers as the steric bulk of the alkoxy groups increase. 

There is also a k.inetic explanation for the non-observance 

of the 1-adduct with cyclic amines. The 1-adduct may have 

greater thermodynamic stability than the 3-isomers but .the 

rate of their formation is very slow that the.transfer of 

the side-chain proton to form the conjugate base takes 

precedence. 
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6.7 Derivation of Equations 

6.7.1 Rate·expressions 

(i) a-adduct formation in solutions containing added 

amine salt. 

For the formation of the 3-adduct'the following scheme 

applies. 

(6.1) + 2Am (6.2) + Am ( 6. 3) + + AmH 

An assumption is made in the above scheme that any con-

tribution of the solvent in the deprotonation step of (6.2) 

or the protonation step of (6.3} is small or zero. 

If (6.2), the zwitterion, is treated as a steady-state 

• t d • t 7 8 1 15 3 1 15 4 th d [ 6 o 2] 0 1n erme 1a e . en dt = · 

.• 

Substituting <1) into (1) 

d[6. 3] 
dt 

+ . 
+. kAmH+ [AmH· J [6. 3}) 

- kAmH+tAmH1 r6. 3J. 

k -3 + kAm[Am] 
Multiplying k + [AmH +] [6 3"1 by :1 

AmH • 'J . k -3 + kAm[AmJ 

and re-arranging, 

··_d:r6. 3] 
dt 

k 3kAm [Am}
2 

[6 .1] k _ 3kAmH+ [AmH+} [6. 3] 

k_ 3 + kAmlAm} 

(1_) 

( 3) . 



160 

~.fj = ~-~ + ~-~ + ~.~ 0 

[6. 2] "' 0 as ( 6. 2) is treated as a steady-state inter-

mediate .. 

(4) 

where o denotes initial concentration. 

Substituting (_!) into (.2_) 

d [6 . 3] = k 3kAm[Am] 
2 

[6 .1] 
0 
-k3kAm [Am] 

2 
[6. ~k _ 3kArnH+ [AmH~ [6. 3] 

dt k -3 + kAm [Am] 

d [p. 3] 
At equilibrium dt = 0 

where e denotes concentration at equilibrium. 

Subtracting ~ from (5) 

d [6. 3] 
dt 

-[k3kAm[Am] 
2 

+ k_ 3kAmH+[AmHlJ ([6.3]e-[6.3J) 

- k_3 + kAm[Am] 

Relating [6. 3] to QD 

( 7) 

The parent, (.§_JJ does not absorb at the wavelength 

where the reaction is studied. As (6.2) is a steady-state 

intermediate its concentration is very small so if it does 

absorb at the wavelength where the reaction is studied its 

contribution is negligible. Therefore the only absorbing 

species is (6.3) 

OD = e: 6 • 3 [ 6 • 3] ( 8) 

At equilibrium, 

= e: 6. 3 [ 6 • 3] e (9) 

(6) 



ODe - OD = 

Differentiating (8) 

d OD = d[6. 3] 
dt E6.3 dt 

Hence, 

d OD .. 
dt 

1 
OD -OD e 

kobs is defined thus, 

k . 
obs = 

= d[6. 3] 
dt 

1 
(OD -OD) e 

161 

1 ( 11) 
( [6. 3j - [6. 3] ) . e 

For the.formation of the 1-adduct the following scheme 

applies 

k . ( 6. 3) 

( 6 .1) 2Am 
'~ 

+ 

+ AmH+ 

~ -~ ( 6. 4) 
k,...l 

Formation of the 3-adduct (6.3) is rapid compared to 

the formation of the 1-adduct (6.5). 

CD is the rate equation for the formation of the 3-

adduct. (13) is derived in an analogous way for the formation 

of the 1,.-adduct. 

d[6~ 5} _ kl kAm[AmJ 
2 

[6 .1]. .-. k._:.1 kAI~ti/ [NnH-+:"].[6 .•. 5] 
dt k -1 + kAm [Am] 

(13) 
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[6. 1] 
0 

= [6. 1] + [6. 3] + [6 .sJ (14) 

The overall equilibrium constant for formation of the 

3-adduct is defined as follows; 

K c,3 

[6. 1] o == [ 6. 1] + K CAmJ 2 f6 .l.J + [6. 5] 
C, 3 · [AmH ] 

Re-arranging, 

[6 .1] 0 - [6. 5] 
[6 .1] ~ l + K ~ 2 

. . c, 3 AmH+J 

Substituting (14) into (13) 

( 15) 

d [6 .?.] 
dt = 

kl kAm[AmJ 2 [6 .1] 0 ...,kl kAm [Am].2 [6. 5] 

(k -1 +kAm [Am]) (1+ K 3 CAm"j 2 j· 
c, AmH+] 

k __ l kAmH+ [AinHl [6. 5] 

- k_l + kAm [AmJ 
(16) 

At 
. . .1 . b . d [6 • 5] 

. equ1 1 r1um .. dt = 0. 

Subtracting ( 1-7) from ( 16) 

d r6 _.51 · - [k k [AinJ 2 . . · - k k + [AmH +J ] · . 
dt = (~ ~k Am). [i+K [Am) 2 f k -l +~ (AmJ ( [ 6 • 5] e -[6 · 5. 

-1 Am . c,3[AmH+] -1 Am 
. . 

( 18) 

By def;inition, 

· dOD· 
· kobs = -~ 

1. 
(19) (OD -OD) . e . 

Relating [6. 5) to OD. 
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In the reaction the absorbing species are (6~3) and (6.5). 

Substituting (14) into· (20)., then (15) 

[
K · ~ [ [6.1] 0 - (6.5] ]] 
c, 3 [ArnH+] l+K ftP! 

.. c,3AmH] 

Re-arranging, 

ot> = [6. 5]. A + B 

where A = e:6.5 
e:6. 3Kc, 3 [Am] 2 

[AmH+] +K c I 3 [Am] 2 

and B = 

ODe = 

-

e: 6 • 3 [ 6 • 1 J OK c ; 3 [Am j 2 

[AmH+) +K 
3 

[Am] 2 c, 

[6. 5] · • A + B e 

Differentiating ~2) 

d OD = 
dt 

d [6. 5] 
dt 

• A 

Combining (22), (23) and (24),. 

d OD • 
dt 

1 = d [6. 5] 
dt 

Combining (18), (19). and (25) 

• 1 
. ( [6. 5] e- [6. 5]) 

( 20) 

( 22) 

( 23) 

( 24) 
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(:ij.) a-adduct formation in solutions containing no added 

amine salt. 

This is the scheme for the overall a-adduct formation. 

p + 2Am A + ·+ AmH 

As all experimental measurements were-made with [Am] in· 

large excess over [P] the rate expression is given by (26). 

rate = .lliJ. . dt = k~ (A] 2 ( 26) 

where k~ = first-order forward rate constant 

and k2 = ~econd~order reverse rate constant. r 

(26) can be integrated by standard methods 75 to give (27) 

= ( 27) 

where o denotes initial concentration 

and ·e denotes concentration at equilibrium. 

If the reaction~ 95% complete, then [P]e~[P] 0 giving (28). 

[A} -
ln [A].-TA] 

.e 
= 

This equation is in the form of a first~order rate 

equation so that k~t = kobs" 

( 28) 

For the. formation ·of the 3-adduct it has been shown above 

that 

. . 

k b. 0 s 

With 

k -obs 

= 
k 3kAm[Am] 2 + k_ 3kAmH+[ArnHl 

. k -3 + kAm[Am] . 

+ no .added amine salt [AmH J '" 0 

(ki> 3t 
k 3kAm [Am} 2 

·- = 
k- 3 + kAm [Am] 
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For formation of the 1-adduct it has been shown above 

that 

(29) 

K can be defined thus, 
c,3 

K = c,3 
(OD) 3 

(OD,.) 3 - (OD) 3 

Re-arranging; 

= 
(OD) 3 . (30) 

(OD,) 3 - (OD) 3 

Substituting (30) into (29), and with no added amine 

salt · [AmH+] "'· o. 

k b.= (kfl)lt 
. 0 s = 

[ l+ 
00

3 l [ k- +k [Am J l 
(OD ) -OD l Am 

. 00 3 3 

(iii) Deprotonation of the substrate to form the conjugate base~ 

( 6. 3) + + AmH 

K~ 
(6.1) + 2 Am c,l>·(6.5) 

' .... · 

d [6. 6] 
. dt 

. k 
p 

~ 
k 

.. -p 
(6.6) + AmH+ + Am 

[6.1]0 = [6~1] + [6.3] + [6.5} + [6.6} 

where a denotes initial concentration. 

( 32) 
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The o-adduct formation reactions are fast in comparison to 

the deprotonation reaction. 

K _ ~6. ~, ~ffinHJ c,l- 6.1 Am]2 

[6.1] 0 = [6.1] + Kc, 3 tArrS!] +Kc,l ~~ [6.1}+ [6.6] 

[ 6 • 1] = [6 .1] 0 - [6. 6] 
-1-+K_c_,_l__,B.,....~---.J~!or-1-+_K_c_, -3 _,~"""""ffinH--a ..... · !r-]-

Substituting (33) into (31) 

d [6. 6] 
dt 

= 0 

Subtracting ( 35) from ( 34) · 

d[6. 6] 
dt 

By definition 

~obs 
= d OD 

dt 
1 

( [6. 6] - [6. 6]) e 

( 33) 

(34) 

( 35) 

( 3 7) 

The usual· method shown above for a-adduct formation can 

be used to relate OD to ~. 6] . 

Therefore, 

. dOD 
dt 

1 
OD -OD e 

= d [6. 6] 
dt 

( 38) 



k obs. 

( i .) 

Combining (36), (37) and (38) 

k [Am] 
= 

l+K 1 fmJ 2 + K 3 
k -p [AmH"l 

. c, . AmH+] c, 

If 1 + Kc, 1 ~!] >> Kc, 3 ~!] then 

= k [Am] p 

l+K 1. tJ! 
c, AmH J 

+ k . [AmH"l. 
-p . 

If 1 >> Kc,l ~!J + K c,3 ~!] then 

6.7.2 Equilibrium constants 

Defining K vf c 
k kAm 

( 6 .1) + 2Am x_:. z + Am > A + 
k kAmE+ -X 

AmH+ 
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where z - Zwitterion 

. A = Adduct. 

X = 1 or 3 depending on Whether 1-adduct or 3-adduct 

is formed. 

For th~ equilibrium shqwn above the overall equilibrium 

constant K is defined by c,x 



Hence,_ 

K c,3 

K z 
I a 

k 
___1L 

- k 
-X 

the acid dissociation constant of z is 

z >A + H+ and 
AmH+ 

K I the acid dissociation 

the protonated 

- . 
K c,x 

a 

amine [AmH"1 

= 
k 
___1L 

k 
-X 

Relating (Kc 3>c1- to Kc 3 

K c,3 
(6.1) + 2Am + Cl 

= 

= 

Substituting. (40) into (39). 

is defined 

K z 
- a 

AmH+ 
K a 

from 

(6.3) + AmH+ + Cl 

[6. 3] ( [AmH"1 + KCl- [AmH1 [ci J) 
= [6.1] [Am]2 

Re-arranging, 

K - 3. c, 

Substituting ( 42) .into ( 41) 

= 

168 

defined from 

constant of 

(39) 

(40) 

(41) 

(42) 

(Kc;l)cl""" ca:n·be related to Kc,l in an analogous way. 
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7.1 Introduction 

It has been discovered
11 

that the addition of amines 

to the Shipp-Kaplan reaction2 incr~~ses the yield of the 

commercially important explosive 2,2~,4,4~,6,6~-hexanitro-

stilbene (HNS) . 
. 12 

It has also .been found . that the reaction 

between amines and 2,2~,4,4~,6,6~~hexanitrobibenzyl (HNBB) 

can be used to produce HNS in high yields. Therefore it was 

of interest to study the reactions of amines with HNBB. In 

this chapter the reactions between HNBB and n-butylamine, 

benzylamine, piperidine, pyrrolidine and 1,4-diazabicyclo-

[2, 2, 2] octane (DABCO) in dimethyl sulphoxide (DMSO) are reported. 

If HNBB is considered as a picryl (Pic) ring with a 

ch
2
ch

2
Pic substituent then reactions between HNBB and amines 

can be predicted from the reactions of TNBCl, a picryl ring 

with a CH 2Cl substituent, with amines, which were reported in 

the previous chapter. Figure 7.1 .shows possible 1:1 a-adducts 

formed by amine attack at the 3-position (7.3) or the !-position 

(7.5), formed via their respective zwitterionic intermediates 

(7.2) and (.L.l.l_. However, as for the reactions between HNBB 

and alkoxide ions, after the initial formation of the l!l 

a-adducts there is a further ~ossibility of attack on the second· 

ring, at the 1~- or 3~-position, to form 1:2 a-adducts such 

as (7.6) and (7.7) shown in Figure 7.2. It might be expected 

that deprotonation of the substrate would produce the conjugate 

base· (7. 8). However the evidence to be presented shows that 

transfer of side-chain protons leads preferentially to the 

dianion (7.9). 
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Measurements were made in the presence of substituted 

ammonium perchlorate or chloride salts. Again the results 

t d h "d "d 86 f th t b"l" t" f repor e ere prov1. e ev1 ence or e s a 1 1sa 1on o 

the substituted ammonium ions by association with chloride 

ions, RR~~H2 •... Cl-. 
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7.2 Experimental 

Visible spectra were recorded on a Pye-Unicam SP 8005 

spectrophotometer, using either a lOmm pathlength cell or 

an adjustable (usually 0.02mm) pathlength microcell. 

Rapid rate measurements were made using a Hi-Tech SF-3L 

stopped-flow spectrophotometer at 25°c. The rate coefficients 

are the mean of at least five separate determinations and are 

precise to ±5%. Slow rate measurements were made using a 

SP 8100 recording spectrophotometer at 25°C. Here, the rate 

coefficients are.the mean of duplicate runs. Both spectre-

photometers were used to measure optical densities. In all 

cases freshly prepared solutions of reagents were used and 

measurements were made with amine concentration in large excess 

of substrate concentration. 

A Kent EIL 7055 pH meter was used to check that the 

substituted ammonium salts contained less than 1% free amine 

or acid. 

Conductance measurements were made on a W.G. Pye and 

Company Limited conductance bridge.Cat.No. 11700 using a Mullard 

conductivity cell in DMSO. 

1 . 
H n.m.r. measurements were made on a Varian EM 360L 

instrument operating at 60MH2and the chemical shifts were 

measured relative to internal tetramethylsilane. 
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TABLE 7.1 Typical results from rate measurements. 

(i) HNBB (5 X lo~ 6~p I DABCO (0.08~). 

Only process; measured at 600nm in DMSO. 

(ii) .HNBB (1 x 10-S~), piperidine (0.02~1). 

Only process; measured at 450nm in DMSO 

containing O.lM piperidinium chloride. 

(i) (ii) 

t/s !J.Va t/ms !J.Va 

0 3.7 0 4.3 

2.5 3 .o 10 3.5 

5 2.4 20 2.8 

7.5 2.0 30 2.1 

10 1.5 40 1.8 

12.5 1.3 50 1.4 

15 1.1 60 1.1 

. 20 0.. 7 80 0.6 

A plot 6£ ln. !J.V versus to A plot of ln !J.V versus t 
I 

.is linear· and yields is linear and_yields 

. . . -1· 
k b = 0. 082 .s . 

0 s 
. . -1 

kobs = 22.88 s • 

a'. !J.V. = V - V 
co· t 



TABLE 7.2 Typical results from rate measurements 

(i) -6 HNBB (5 x 10 ~), n-butylamine (0.01~) 

First process; measured at 460nm in DMSO. 

(ii) -5 HNBB (1 x 10 ~), benzylamine (0.06~). 

Only process, measured at 460nm in DMSO 

containing O.lM benzylammonium perchlorate. 

(i) (ii) 

t/ms t:Na t/ms 6Va 

0 3.0 0 5.4 

10 2.4 50. 4.2 

20 2.0 100 3.3 

30 1.7 150 2.6 

40 1. 4. 200 2.0 

50 1.2 250 1.6 

60 ·l.o 300 1.2 

80 . o. 7 

A plot of, ln,_ 6V versus t A plot of ln 6V v~rsus t 

· is linear and yields 

'-1 
k b = 17.8 s 

0 s ' 

a. 6V - V 

is linear and yields 

' -1 
k b '= 4. 90 s 

0 s 
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TABLE 7.3 Typical results·from rate measurements 

(i) HNBB (2 x 10- 5~), pyrrolidine (0.01~). 

Only process; measured at 450nm in DMSO. 

(ii) HNBB (5 x 10- 6~), piperidin~ (0.1~). 

Deprotonation process; measured at 640nm in 

DMSO containing O.lM piperidinium perchlorate. 

(i) (ii) 

t/ms t/s 

0 "3.4 0 6.0 

10 2.9 5 4.9 

20 2.4 10 4.0 

30 2.1 15 3.2 

40 1. 65 20 2.7 

60 1.2 25 2.2 

80 o. 8 30 1.8 

35 1.4 

40 1.0 

A plot of ln~AV versus t A pl6t of ln AV versus t 

yields a value of 

k = 18.25 obs 

a. AV = v 
00 

-1 s 

yields a value of 

-1 k = 0.0415 s . . obs 

177 
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7.3 Results 

7.3.1 Reactions with DABCO 

DABCO is a tertiary amine and is known to react 

with trinitrotoluene (TNT) and trinotrobenzyl chloride (TNBCl) 

.to form the conjugate base without. preliminary formation of 

the a-adduct. (Tertiary amines cannot form o-adducts) . The 

reaction of HNBB with DABCO produces a deep blue species in 

an irreversible reaction which decays to give a brown coloured 

species. . Visible spectra of HNBB (2 x 10- 5~) and DABCO 

(0.01-0.lM) in DMSO show that the blue species has maxima at 

4 -1 -1 4 -1 620nm (e 4.2 x 10 1 mol em ) and 380nm (e 1.3 x 10 1 mol 

-1 em ) . An example of such spectra is shown in Figure 7.3. 

In solutions containing 0.01~ DABCO the formation of the blue 

species is complete after ca six minutes and then decays slowly. 

In solutions containing 0.1~ DABCO the formation of the blue 

species is complete after ca six seconds before it decays slowly. 

In DMSO solutions containing 0.1~ DABCO perchlorate, (N.B. at 

the pH of the solutions used in this work only one nitrogen atom 

per DABCO molecule is protonated to give the mono perchlorate 

salt), the rate of formation and decay of the· blue species is 

increased. 

. 3 -1 -1 Absorption maxima at 373nm (e 8 x 10 1 mol em ) , 

4 -1 -1 3 -1 -1 490nm (1.5 x 10 1 mol em ) and 600nm (8 x 10 1 mol em ) · 

for the conjugate base of TNBCl and at 

. . 4 -1 -1 
530nm (1.5 x 10 1 mol em ) and 640 

for the conjugat~ base of TNT have been 

( 3 -1 . -1) 377nm 9 x 10 1 mol em 

(9 x 103 1 mol-l cm- 1 ) 

t d 
83,93,94,117,118,164 

repor e • 

The visible spectra of the blue species formed from HNBB bears 

little similarity with the above spectra and the blue species .. 

has extinction coefficients which are approximately twice as 
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large. These differences suggest that both aromatic rings 

of HNBB are involved in charge delocalisation; which in turn 

would be explained if the blue. "species is the dian ion ( 7. 9). 

Stron~ evidence for the blue species being the dianion, formed 

1 by removal of two chain protons from HNBB, is given by H n.m.r. 

measurements, (which will be reported below), and by conductance 

measurements. The conductance measurements, reported in 

Table 7.4, show that the blue species is formed by the reaction 

of two amine molecules per-HNBB molecule~ Visible spectra, 

recorded with a microcell when the equilibrium·had been reached 

after about two minutes, were identical to those of the blue 

species formed in more dilute solutions. The curvature ob-

served for· the plot in Figure 7.4 indicates that the overall 

equilibri1,1m constant for dianion formation, Kp,c' is not 

infinitely high, and allows the calculation (at I = 0.12~) 

of a very approximate value forK ,defined by equation 7.4, 
p, c . 

. . 165 
of ca 200. Polarography measurements - have also shown that 

HNS accepts two electrons per molecule in one step to give 

the dianion. 

The possibility that the blue species is a radical also 

had to be considered, although from previous work 7 it is known 

that tri-nitroaromatic compounds show a preference for forming 

anions rather than radicals. E.s.r. measurements149 indicate 

that no radicals are present when the blue species is formed. 

Further evidence that supports this conclusion is that the 

-formation of the.blue species proceeqs to completion even in 

~he presence of free radical inhibitors such as di-tert-butyl 

nitroxide or oxygen. 

Acidification of the blue species by aqueous HCl produces 

g so~ig whi~h. after purification and solution in[2 H6J DMSO, 
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TABLE 7.4 Conductance measurements for the reaction between 
HNBB (0.04M) and DABCO inDMSO. 

fT ;-r I 3 · a1 b LDABCOJ ~ 10 Excess Conductance mho 

0.01 0.885 

0.02 1.67 

0.03 2.41 

0.04 3.23 

0.05 3.76 

0.06 4.42 

0.07 4.90 

0.08 5.35 

0.09 5.64 

0.10 5.78 

0.12 5.91 

0.16 6.01 

0.25 6.04 

a. A plot of Excess Conductance versus [DABCO] is shown 

b. 

in Figure 7.4. This gives for the ratio HNBB:DABCO 

a value of 1:1.875. 

. -1 
.mho = ohm . 
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gave a spectrum identical to that of HNS. Bands were observed 

in the approximate ratio of 2:1 for ring protons (o9.10) to 

olefinic protons (o7.13). A broad band was also observed at 

o5.10 presumably due to water present in the damp sample. 

The formation of the dianion presumably occurs via the 

monoanion. If the monoanion were present in relatively large 

concentrations it would be expected that it would react as a 

165 carbanion. However the blue species has not been observed 

to react with ketones to form any products by nucleophilic 

attack at the carbonyl bond. Also if the monoanion is present 

in relatively large concentrations there is the possibility 

of deuterium exchange. 
1 

The H n.m.r. spectrum in [ 2H6]DMSO 

was recorded of the solid that came down on adding deuterium 

oxide to the blue species. The major bands observed were at 

o9.17, 9.10, 7.13 and 3.33. The bands at o9.17 and o7.13 are 

approximately in the ratio of 2:1 and are assigned to the ring 

protons and olefinic protons of HNS respectively. The bands 

at 89.10 and 83.33 are approximately in the ratio of 1:1 and 

are assigned to the ring protons and chain protons of HNBB 

respectively. The slight difference in chemical shifts re-

ported here with those reported in earlier chapters is assumed 

to be caused by the n.m.r. spectrometer. No deuterium incor-

poration was observed in either HNS or HNBB. 

1 . 
All-. H n .m. r. measurements for the reaction of HNBB 

(0.10~) with DABCO were made in (2H6JDMSO. The spectrum of 

HNBB shoW'edbands. at o9.10 (ring protons) and o3.37 (chain 

protons) , which are within experimental error of the spectrum 

of HNBB reported in Chapter Four. The spectrum of DABCO in 

[2H6] DMSO produces one large singlet at 82.6. The spectrum 
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recorded one·min~te after the addition of five molecular 

equivalents of DABCO to HNBB shows two sharp bands at o8.20 

and 0 6.10. With time the o8.20 band moved downfield eventually 

reaching a position of o9.10, while the 0 6.10 band moved upfield 

stopping at o5.80. The final spectrum, taken after thirty 

minutes, shows major bands at o9.10, 7.5, ·1.10 and 5.80, with 

a few smaller bands in the o8.9-8.35 region. The band at 

o 8. 20 is attributed to the ring protons of the dianion ·which 

is in rapid equilibrium, on the n.m.r. timescale, with HNS. 

This band therefore moves downfield to ~9.10 where it is known 

the ring protons of HNS resonate. Also the band at o7.10 can 

be attributed to the olefinic protons of HNS. Earlier it was 

shown the product of the reaction between HNBB and DABCO is HNS. 

The bands at o7.50 and those between o8.9 and a8.35 are attrib­

uted to one or more species produced by some unknown reaction 

or reactions. Ninety seconds after the addition of half a 

molecular equivalent of DABCO the band·at o9.10 {ring protons) 

collapses to form a broad band; a broad band at o8.57 appears, 

attributed to the ring protons of the dianion; and a pronounced 

· curvature in the baseline at about o6.2 is observed, probably 

attributable to the proton on the nitrogen atom of the conjugate 

.acid of DABCO. After eight minutes the band at a8.57 has 

moved downfield to o9.13 and over the next five minutes ·sharpens. 

As this band moves.downfield a band at o7.53 appears and in­

creases in intensity for the next six minutes; as do the bands 

in the 88.68-8~43 region. After about twelve minutes a band 

at· o7.17 appears and grows in intensity with time. The'final 

spectrum after th.irty-six minutes ·shows bands at o 9.13, attrib­

utabl~ to the ring protons of HNS and unreacted HNBB; at 0 7 .1 7, 

attributable to the olefinic protons of HNS; at 0 7.5 and sever~l 
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small bands between o8.68 and o8.43, attributed to some species 

produced by an unknown reaction. A slight curvature of the 

base line ca o5.8 is also noticeable presumably due to the 

protonated DABCO proton. A band at o3.40 was also observable 

which may be due to the chain protons of HNBB, although the 

appearance of several bands with chemical shifts in this region, 

due to some unknown species, does not make this assignment 

certain. Spectra in the presence of onemolecular equivalent 

and two molecular equivalents of DABCO produce· similar bands 

for the dianion as those given for half and five molecular 

equivalents. 

The kinetic data for the formation of the dianion.has been 

interpreted using Scheme 7.1. Here the rate limiting step is 

the removal of a proton from the -CH2 cH2 ~ link between the 

( 7. 1) + R'.RNH 
k 
P, ( 7. 8) + R .. R~H2 

k 
-p 

k 
2J2:a (7.9) + R .. ~H 

k 2 
-2p 

(7.8) + R .. RNH 

Scheme 7.1 

picryl rings to form the monoanion. This is followed rapidly 

by the loss of a second proton to form the dianion, which is 

in rapid equilibrium with the monoanion. The rate expression 

derived from Scheme 7. 1 is equation 7 .1. If k 2p [Am]>> k -p [ArnH ~] 

then equation 7.1 reduces to equation 7.2. When there is no 

added amine salt present in solution then equation 7.2 becomes 
. + 

equation 7. 3 as [ArnH J 'VO. 

•., 



k obs 

k2pkp[Arn]2 + k_pk-2p[AmH+J2 

k 2p [Am J + k _ p (AmH+J 

k [AmH+J 2 

kobs = kp [Am] + ](~:[Am] 2 . 
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{equation 7 .1) 

{equation 7.2) 

Equation .7.3 only applies if there is >95% conversion of 

HNBB t:·o dian ion. 

k · = k rArn1 
obs p ~ ~ 

{equation 7. 3) 

. -1 -1 
Equation 7.3 allows a value for kp of 1.05±0.05 1 mol s. 

to be calculated from the data in Table 7.5, for the reaction 

of HNBB with DABCO in DMSO with no added amine salt present. 

TABLE 7.5 Kinetic data for the reaction between HNBB 
-6 . 0 {2.5 x 10 ~) and DABCO in DMSO at 25 C 

k /1 
_:1 -1 b 

mol s OD600 p [DABCO]/~ 

0.01. 1.1 1.1 0.0195 

0.02 2.1 1.05 0.0195 

0.04 4.2 1.05 0.0200 

0.06 6.4 .1.07 0.0200 

0.08 8.2 1.03 0.0200 

0.10 10.0 1.00 0.0195 

a. ·kp = kobs/[Am] 

b. Optical densities show the reaction has gone to 

completion at the concentrations studied. The cell 

pathlength was 2mm. 

Data for this reaction in DMSO containing 0.1~ DABCO 

perchlorate and 0.2!1 DABCO perchlorate are given in Table 7.6. 
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For th~$e:data equation 7. 2 applies and plots of kobs [Am} 

C i]
2 . -1· -1 

versus Am give values_ for kp of 1.1±0. 05 1 mol s and 

-2 -1 -1 k /K 2 of (1±0.2} x 10 ,lmol s • The overall equilibrium 
-p p . 

constant K (= k K2 /k } is defined in equation 7.4. 
p,c p P -P . Com-

bination of the rate coefficients 

K = K' • K
2 p,c .p P = (equation 7.4) 

give a value for K of 110. p,c This value is in agreement 

with the approximate K value of 200 calculated from the p,c 

conductance measurements. 

165 
It has been found that the presence of oxygen increases 

the yields of HNS produced from HNBB in the presence of base.· 

Therefore using de-gassed DMSO, preparing the reagents under 

nitrogen, and by an ingenious modification to the stopped-flow 

spectrophotometer to allow the kinetics to be measured under 

nitrogen, a study of the reaction of HNBB with DABCO in DMSO 

containing 0.1~ perchlorate was made. The data are incorporated 

in Table 7.6. Within experimental error the rate coefficients, 

found by using equation 7.3, remained the same as those for 

. -1 -1 
the reaction studied under air, i.e. k 1.1 1 mol s , 

p 
-1 -1 k 2 /K 2 0.01 1 mol s . - p p ' Ho~ever, as DMSO.contains oxygen 

atoms there exists the possibility that these oxygen atoms 

might participate in enhancing the reaction yield (and perhaps 

changing the reaction mechanism) instead of dissolved oxygen. 

To test this possibility the kinetics of the reaction were 

measured in de~gassed acetonitrile under nitrogen. These data 

ar~~ given in Table 7. 7. The value for k 
p 

-1 -1 of 1.1 1 mol s 

was calculate~ using equation 7.3 and is, within experimental 

error, identical to those k values measured in DMSO. 
. p 



TABLE 7.6 Kinetic arid eguilibrium.data for the reaction 
. . -6 

between HNBB (5 x 10 M) and DABCO in DMSO 

containing DABCO perchlorate at 25°c 

[bABCO perchlorate] /~ [DABCO]/~ 
-1 a -1 k · /s k /s obs . calc 

a. 

0~01 0.01 

0.01 0.02 

0.01 0.04 

0.01 0.06 

0.01 0.08 

0.01 0.10 

0.02 0.02 

·0.02 0.04 

0.02 0.06 

0.02 0.08 

0.02 0.10 

O.Olb 0.01 

O.Olb 0.02 

O.Olb 0.04 

0.01-b 0.06 

O.Olb 0.08 

O.Olb 0~10 

. -1 
Calculated using kp 1.1 1 mol 

0.026 

0.028 

0.044 

0.063 

0.076 

0.111 

0.042 

0.063 

0.079 

0.093 

0.118 

0.024 

0.024 

0.044 

0.067 

0.090 

0.111 

-1 s k ··/K 
-p 2p 

-1 -1 '0.01 1 mol s and equation 7.2 • 

. b. The1se data· Ji~ere-·measured under nitrogen. 

0.021 

0.027 

0.047 

0.068 

0.089 

0.111 

0.042 

0.054 

0.073 

0.093 

0.114 

0.021 

0.027 

0.047 

0.068 

0.089 

0.111 

188 
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TABLE 7~7 Kinetic data for the reaction of HNBB (2.5 X 10- 6~) 

with DAB CO in acetonitrile, at 25°C, under nitrogen 

. [DABCO] IM 1o2k I -l kall -1 -1 b 
obs s mol s 00600 p 

0.01 1.3 0.0141 

0.02 2.5 0.0173 

0.04 4.4 1.1 0.0182 

0.06 6.6 1.1 0.200 

0.08 8.5 1.1 0. 200 

0.10 10.3 1.0 0. 200 

a. k = k b I rAm l . . Only for those concentrations where p 0 s ~ '..J 

there is >90% conversion of HNBB to dianion. 

b. Measured using a 2mm pathlength cell. 

Due to the insolubility of DABCO perchlorate in acetonitrile 

no rate measurements could be made in acetonitrile containing· 

O.lM DABCO perchlorate. Comparison of the optical density 

values for formation of the dianion in acetonitrile with those 

for formation of the dianion in DMSO show complete conversion 

t·o the dianion occurs at lower DABCO concentrations in DMSO 

than in acetonitrile. This indicates K is slightly smaller 
p, c .. 

in acetonitril~·than in DMSO which by inference because the 

·. 
kp values are identical suggests k_PIK 2P is smaller in aceto-

nitrile than DMSO. I. 

7.3.2 Reaction with piperidine 

( -5 The visible spectra of HNBB either 1 x 10 M or 

2x 10-5M) with·piperidine (0.005- 0.1~) in DMSO showed that 

initially a red species, with maxima at 450nm and 516nm; was 
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formed ~nd this ·was ~onverted, indicated by good isobestic 

points, into a blue species with absorption maxima at 620nm 

(large and broad} and 378nm (s~all} . Figure 7.5 shows an 

example of these spectra. When piperidine concentration <0.005 

M only the blue species is observed. These spectra are inter-

preted as a-adduct formation followed by the formation of the 

dianion. In the presence of 0.1~ piperidinium chloride only 

the spectrum due to the blue species was recorded with the 

absorption maxima at slightly higher wavelength; 630-640nm 

(large and broad) and 380nm (small}. This time, however, the 

blue species converts, indicated by reasonably good isobestic 

points, into another red species with maxima at 444nm and 520nm. 

This final spectrum suggests that another a~adduct has been 

formed. It is believed that amines react with HNBB to produce 

HNS, and therefore the final a-adduct probably results from 

some interaction of HNS with piperidine. The spectra of HNS 

and piperidine will be reported in Chapter Eight. Although 

they have similar maxima (A 450n~ and 520-530nm} to those . · max 

of the second species they are not identical. 

Cond~ctance measurements, (measured when the equilibrium 

was reached after aa two minutes}, given in Table 7.8, have 

shown the stoichiometry of the reaction to form the blue species 

is 1:2 HNBB: piperidine, therefore indicating that the blue 

species is the .dianion (7.9}. As with DABCO it is seen in 

Figure·7.6 that a plot of excess conductance versus piperidine 

.. concentration, for the data in Table 7.8, is curved indicating 

that the overall equilibrium constant for dianion formation, 

K is·not infinitely high. p, c' Again using equation 7.4 and at 

I = 0.12~ a very approximate value for K of 1000 1 m61-l can 
p,c 

be calculated for the deprotonation of HNBB by piperidine. 
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TABLE 7.8 Conductance measurements for the reaction of 
HNBB (Q.04~) with piperidine in DMSO 

192 

I:Piperidine] /~ 
3 · a b 

10 Excess Conductance /mho 

0.01 0.92 

0.02 1. 77 

0.03 2.61 

0.04 3.53 

0.05 4.09 

0.06 4.88 

0.07 5.54 

0.08 6. 2.3 

0.09 6.39• 

0.10 6.59 

0.12 6.66 

0.16 

0.20 6. 68 . 

0.25 6.78 

a. A plot of Excess Conductance versus [Piperidine] is 

b~ . 

shown in Figure 7.6. This gives for the ratio 

HNBB :·piperidine a ~alue of 1:1.875. 

mho= ohm- 1 . 
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1 ' 
H n.m.r. measurements made in (2H6]DMSO confirm the 

formation of the.dianion. Spectra for the addition of one, 

two, five and ten molecular equivalents of pj.peridine to HNS 

dissolved in [2H6]DMSO were recorded. Once again the band 

attributable to the ring protons appears at o8.2. Another 

band also appeared at o6.7{2), or o5.10(5), or o6.10(10): its 

slightly different position depending on the molecular equiv-

alents of piperidine, indicated by the bracketed numbers, used. 

This band may be the result of the nitrogen proton of the 

piperidinium ion rapidly exchanging with the chain protons of 

the dianion. Bands attributable to HNS at o9.2 and o7.2 were 

' only observed after ca thirty-six minutes in solutions con-

taining one molecular equivalent of piperidine. In the other 

solutions the band at o8.2 just decayed slowly with time. The 

formation of the a-adduct expected before the formation of the 

dianion, as indicated by the visible spectra, was not observed. 

At the concentrations used for 
1

H n.m.r. studies it is probable 

that the a-adduct is formed and converts to the dianion very 

rapidly; too rapidly for its observation by the 1H n.m.r. 

technique used. 

Study of the reaction qf HNBB with piperidine in DMSO 

on the ?topped~flow spectrophotometer showed two colour forming 

processe~ at 450nm~ The first process is interpreted as 

6-adduct formation at the 3-position. Evidence that it is 

the 3-adduct rather than the !-adduct will be given later. 

{ 7 .1) .+ 2R"'RNH 
k3 

~ ( 7. 2) + R"'RN!i 
k_3 

Scheme 7.2 kAmH+ 1 l kAm 

{ 7. 3) + R"'RNH2 
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The general rate expression for ;·a-adduct formation at the 

3-position, derived from Scheme 7.2, is equation 7.5. If 

there is no added piperidinium salt then ~~ is very small 

(approximately zero) and provided conversion of HNBB to the 

adduct ,95% ·then equation 7.6 applies. 

= 

k3kAm [Am] 2 + k -3kAmH+ (AmH+] 

k -3 + kAm [Am] 

k3kAm [_Am] 2 

k -3 + kAm [Am] 

(equation 7. 5) 

(equation 7. 6) 

fast As a plot of k b versus piperidine coricentration 
0 s 

squared, for the data in Table 7.9, is found- to be linear 

then the condition k_ 3 >> kAm[Am] must apply, indicating p'roton· 

transfer is rate limiting, and equation 7.6 becomes equation 7.7. 

From the slope of the plot a value for K3kAm of 

· (equation 7. 7) 

(1.1±0.05) x 104 12 mol..:.. 1 s-l is calculated. The second 

process observed for piperidinium concentrations >O.OlM is 

believed to be due to the formation of the 1:2 adduct. No 

. rate coefficients can be calculated f kslow as the. rom obs process 

has not gone to complete conversion at the piperidine concen-

trations \.lSed. Howev~r·, rough calculations show the reaction 

appears to second order with respect to amine concentration. 

Attempts to calculate the equilibrium constants K 3 , the overall . . . c, 

equilibrium constant for 3-adduct formation, and K
0

, 3 , overall 

equilibrium con~tant for 3~, 3~-adduct formation, from optical 

density measurements failed due to the rapid decay of the a-adduct 

The ~eaction-of HNBB with piperidine has beeri studied in 

DMSO containing 0.1~ piperidinium perchlorate, data in Table 7.10, 

~-'nP.d8_; ~ •. ,~ i __ · __ ~~ __ ·_, 
a v. '""~ piperid.inium ehloride, data in 'rabie 7 .11. In these 



TABLE 7.9 Kinetic data for the reactions of HNBB 

. ( 5 X lo- 6~} with ·piperidine in DMSO at 25°C 

[PiPeridine_]~ ·k~:t/s-1 .. ka b k~c;;s-l calc 00fast 

0.006 o· .. 38 ±O. 2 0.40 0.0218 

0.008 0.62 0. 70 0.0228 

0.01 0.94 1.10 0.0223 

0.02 4.7 4.4 0.0205 

0.04 19 18 0.0205 

0.06 .41 40 . 0. 0205 

0.08 70 70 0.0209 

0.10 0.0227 5.6 

0.15 0.0214 11.6 

0. 20 0.0214 19 .1· 

a. Calculated using K
3

kAm 1.1 x 104 1 2 mol '""" 2 s -l 

and equation .7.7. 

· b. Measured ·at 450nm using a 2mm pathlength cell. 
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ODb 
sl011 

0.0250 

0.0297 

0.0306 

0.0334 

0.0343 

0.0353 

0.0372 
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.TABLE 7.10 Kinetic and eguilibrium data for the reaction of 

HNBB (2 X. 10- 5~) with piperidine in DMSO containing 

0.1~ piperidinium perchlorate at 250C 

lj;>iperidineJ ~ -1 a /-1 0Db(450nm) K c /1 rrol-l kobs/s kcal s c,3 

0.01 42±2 43 0.0044 56 

0.02 45 46 0.0086 29 

0.03 54 52 0.0177 30 

0.04 62 60 0.0273 30 

0.05 78 70 0.0343 28 

0.06 85 82 0.0429 29 

a. Calculated using K
3

kAm 1.1 x 104 1 2 mol- 2 s-l 

. . -1 -1 . 
kAmH+ 410 1 mol s and equation 7.8 • 

. b. Measured using a 2mm pathlength cell. 

--~---------------

TABLE 7.11 Kinetic and eguilibrium·data for the reaction of 

HNBB (1 x 10~ 5~) with piperidine in DMSO containing 

O.lM piperidinium chloride at 250C 

· !J>iperidin~ ~ 
. -1 

kobs/s a / -1 kcal s OD(450nm)b 

.. 0.01 19±1· 20 0.0024 

0.02 24 23 0.0084 

0.03 30 29 0.0155 

0.04 35 . 37 0.0223 

0.05 46 47 0.0250 

0.06 57 59 0.0273 

·a. Calculated using K3kAml~l x 104 1 2 mol- 2 s-1 

-1 . -1 
kAmH+ 190 1 mol s and equation 7. 8.-

b. Calculated using an optical density value for 
,.,·nrr.-·1 --. 
G!€HRf:>i@t€l 8Sfiversion of o. 042. 

K 
3
;1 rrol-l 

c, 

64 

63 

68 

69 

59 

56 
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solutions 6ontaining piperidinium salts orily one colour 

forming. process was observed for the ·-reaction measured at 

450nm. If, once again, k_ 3 >> kArn[Arn) then equation 7.5 

is modified to equation 7. 8. A plot of kobs versus [Am] 2 

k b = K3. kArn [Am J 2 + kAmH+ [AmH i 
. 0 s (equation 7. 8) 

gives values for K3kArn and kAmH+ from the slope and intercept 

respectively. For the data measured in the presepce of 

perchlorat.e salt va"!ues 4 2 -2 for K3kArn -of (1.1±0.1) x 10 1 mol 

and for kAmH+ of 410±20 -!" -1 1 mol s are obtained. Equation 

-1 s 

7.9 defines the overall equilibrium constant K 3 . c, This allows 

]( 3" c, = = (equ~tion 7.9) 

·-1 
a·value to be calculated for Kc, 3 of 32 1 mol from the 

ki~etic data which is in go9d agreement with that calculated 

from optical density measurements. For the data in the presence 

of chloride salt values for K3kArn of (1.1±0.1) x 104 1 2 mol- 2 s-l 

and kAmH+ of 190±10 1 mol-l are obtained. These rate coefficien1 

give a value for K 3 of 58 1 mol-l which ·is also in good agree­c, 

ment with the K 3 value calculated from optical density measure­c, 

ments. 

Data f?r the deprotonation of HNBB by piperidine to form 

the dianion in DMSO containing 0.1~ piperidiuium chloride are 

given in Table 7.12. As for the deprotonation of HNBB by DABCO 

Scheme 7.1 applies, but unlike DABCO the deprotonation of HNBB 

by piperidine is preceded by rapid e-a4duct formation. Again 

assuming k 2P [Am J > > k -p [lillJHl and taking into account the a­

adduct formation equation 7.2 is modified to become equation 

7.10. Equation 7.10 fits the data reasonably well up to a 
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TABLE 7.12 Rate data for the deprotonation of HNBB by 
piperidine to form the dianion (~) in DMSO 

containing 0.1~ piperidinium chloride at 25°c 

[piperidine J ~ 

a. 

b. 

c. 

0.005 0.97 0.90 0. 90 0.035 

0.01 1. 75 1. 70 1. 71 0.035 

o.o2 2.72 2.92 2.98 0.037 

0.04 3.98 3.70 4.02 0.037 

0.06 4.08 3.50 4.14 0.038 

0.08 3.99 3.06 4.05 0.036 

0.10. 4.24 2.65 4.01 0.037 

0.15 .4.43 1.92 4.16 0.037· 

o. 20 4. 68 1. 49 4.61 0.037 

Calculated from equation 7.10 with k 1.8 1 mol-l . p 
-1 s 

-1 -1 -1 
k_p/K 2p 0 1 mol s and Kc, 3 58 1 mol . 

Calculated from equation 7.11 with kp 1. 8.1 -1 -1 mol s • I 

k / 0.16 1 -1 -1 k /K 2 1 -1 -1 mol s I 0 mol s and 
p -p p 

58 1 -1 K mol .. . c, 3 

Measured using a 2rnm pathlength cell and 5 X lo- 6~ HNBB. 
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. . . . 

piperidin~ concentration of 0.04M, using values for k of 
p 

/ ) -l -1 -1 -1 
1. 8 J.> ·mol s and k /K 2 0 1 mol s , . but then the -p p 

observed rate constants become progressi·vely larger than the 

calculated rate constants. If there is an additional re-

action pathway involving formation of the d.ianion via proton 

transfer from. the a-adduct (7.3;R~RN = c5H10N) to give 

(7.10; R~RN = c5H10N), (see Figure 7.7), then the data can be 

well fitted by equation 7.11 and the values k ~.8 1 mol-l s-l 
p 

-1 -1 " . -1 k /K2 0 1 mol s and k 0.16 1 mol -p p p 
-1 s k" is the 

p 

rate coefficient for proton transfer from the a-adduct 

k obs 

k obs = (equation 7.10) 

Scheme 7.3 represents the final interpretation of the data. 

The equilibria K and k will be explained in the dis-. x,c y,c 

cussion section below as they represent alternative pathways 

of (7.10) converting into the dianion (7.9). 

From conductance measurements a very approximate value 

for K of 1000 was calculated. Combining this K val~c p,c p,c 

and k 1.8 1 mol-l allows k /K
2 

(= k /K ) as ca 1.8 x lo- 3 
P . -P P P p,c 

to be estimated. This low value is in agreement with the 

small value of k~p/K2p required by the kinetic·data. 
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Figure 7.7 

.(7.10) (7.11) 



Scheme 7. 3 

( 7. 3) + R~~H 2 + R~RNH 

K~ 1lk~ 
+ 2RR~~H 2 ( 7. 1) + 3R ~RNH . ( 7. lb) 

~ lbx,c 
(7.8) + R~~H 2 + 2R~RNH 

-p 

K y,c 
(7.9) 

y 
k-2p 

+ 2R~R~H2 + R~RNH 

I\.) 

0 
I\.) 
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7.3.3 Reaction with pyrrolidine 

Pyrrolidine, being a secondary amine, reacts 

in an analogous way to piperidine with HNBB. The visible 

spectra of HNBB (2 x 10~5~) with pyrrolidine (0.001 - O.SM) 

-therefore are similar; an initial red species being formed, 

4 -1 -1 With absorption maxima at 450nrn (£ 2.1 X 10- 1 mol ern ) 

and 530nrn at pyrrolidine concentrations 0.1~, followed_ by 

the formation of a blue species with maxima at 380 and 630nrn. 

The r.ed species has the s~ctnrn ~cted for a 1:1 a-adduct while 

that of the blue species is expected for a.dianion. At high 

pyrrolidine concentrations the maxima rnoved~455 and 520nrn 

4 -1 -1 
and the extinction efficient at 455nrn of 4 x 10 1 mol ern 

indicates formation of a 1:2 a-adduct, possibly with the 

structure ( 7. 7) . Even at these higher pyrrolidine ~oncen-. . 

trations the a-adduct formation is followed by the formation 

of the dianion. 

Study of the reaction between HNBB and pyrrolidine in 

DMSO cont_aining 0.1~ neutral tetraethylammonium perchlorate 

salt by stopped-flow spectrophotometry shows two separate 

colour forming processes. The first process was measured 

kinetically and is attributed to amine attack at the 3-position; 

data in Table 7.13. Again this statement will be justified 

below. Only optical density measurements of the second process 

were made due to experimental difficulties. It is assumed 

these measurements are produced by the 1:2 adduct. 

The data in Table 7.13 ~~-best interpreted usinq cquat ion 

7.6 but in the more convenient form of equation 7.12. Pre-

151 . 
viously in Chapter Six and for a related system the ratio 

kArn/k_ 3 has been observed to have a higher value for reaction 
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TABLE 7.13 . Kinetic and equilibrium data for the reaction 

of HNBB (1 x 10- 5M) with pyrrolid{ne in DMSO 

containing O.lM tetraaethylammonium perchlorate 

[Pyrrolidine]/~ 
. -1 a -1 ODb k b /s . k /s 
0 s calc · fast 

0.008 15.5 15.1 0.0419 

0.009 18.3 18.5 0.0410 

0.010 21.2 22 0.0419 

0.015 43 43 0.0391 

0.020 70 69 0.0419 

a. Calculated using K3kAm 3.1 x 105 12 mo1- 2· s-l 

-1 
kAm/k_ 3 40 1 mol and equation 7.12. 

b. Measured .with a 2mm pathlength cell at 450nm. 

ODb 
slow 

0.0516 

0.0535 

0.0545 

0.0575 

0.0645 

with pyrrolidine than with piperidine. Therefore, the limit 

k_
3 

>> kAm[Am] which leads to equation 7.7 ·for the reaction 

·with piperidine does not apply for the reaction with pyrrolidine. 

The reciprocal of the slope 

_[Am]_ 
k obs 

= 1 + (equation 7 .12) 

for a plot of [Am]/k b versus 1/[Am] yields a value for 
0 s 

5 2 -2 -1 . 
K 3kA~ of (3.1±0.3) x 10 1 mol s and a value for k 3 of 

-1 -1 7750±1000 1 mol s can be calculated from the reciprocal of 

the intercept. 

-1 . mol . 

Combination of these values gives kA /k 3 40 i 
rn -

In Table 7.14 data for the reaction of HNBB with pyrrolidine 

in DMSO containing pyrrolidinium perchlorate. Here pyrrolidine 



TABLE 7.14 Kinetic and-equilibrium data for a-adduct 
formation from HNBB (2 x 10 5M) and 

pyrrolidine in DMSO at 25oc 

[pyrrolidine] /~ [pyrrolidine a -1 kb ;s-1 crF kobs/s perchlorate] ~ cal 

0.004 0.01 0.009 

0.006 0.01 39 40 0.017 

0.008 0.01 45 45 0.027 

0.010 0.01 50 50 0.032 

0.012 0.01 57 57 0.043 

0.015 0.01 67 68 0.053 

0.01 0 21 22 0.084 

0.01 0.001 23 25 0.071 

0.01 0.002 27 28 0.066 

0.01 0.004 32 33 0.056 

0.01 0.007 41 41 0.044 

0.01 0.010 50 50 0.034 

0.01 0.020 75 78 0.022 

205 

Kd /1 mol-l 
c,3 

75 

70 

74 

62 

73 

76 

55 

73 

80 

77 

68 

71 

a. Solutions made up to constant ionic strength, I = 0.1~, 

·with tetraethylammonium perchlorate. 

b. Calculated from equation 7.13 with K3kAm 3.1 x 105 12 

-·i ...;.1 -1 -1 -1 
mol )s , kAm/k_ 3 40 1 mol and kAmH+ 3900 1 mol s . 

c. Measured at completion of the fast colour forming re-

action at 450nm with a 2mm pathlength cell. 

d. Calculated from OD~ [AmH+]/(0.084-0D) [Am] 2 . 
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concentrations were limited so that only the first process, 

formation of the 3-adduct, was observed. The data are best 

fitted using equation 7.13 with the v~lues K3kAm 3.1 x 105 1 2 

-2 -1 -1-1 -1 
mol s , kAmH+ 3900 1 mol sand kAm/k _ 3 40 1 mol . 

k obs = 
K

3
kAm[Am] 2 + kAmH+[AmH+] 

1 + kAm[Am)/k_3 
(equation 7.13) 

-1 A value for K of 79 1 mol using equation 7.9 is calculated c,3 

which is in good agreement with that obtained from the optical 

densities. 

Data for formation of the blue dianion are in Table 7.15. 

With pyrrolidine concentration <0.08~ a good fit is obtained . 

-1 -1 using equation 7.10 with values for k of 5.5 l mol s and 
. p 

k /K
2 

of 0.007 l mol-l~~ Combination of these quantities 
-p p 

gives a value for K (= k K
2 

/k . ) , the overall equilibrium 
p,c P P -P 

constant for formation of the dianion, of 800. As observed 

in the similar reaction with piperidine, the rate data at 

higher amine concentrations require the use of equation 7.11 

which includes a term involving k .. , (k .. 0. 4 1 mol-l s -l) . . p p 

Hence, with pyrrolidine there is also evidence for the formation 

of the dianion by a pathway initially involving proton transfer 

to amine from the adduct (7.3; R .. RN = c
4

H
8
N), as shown in 

Scheme 7.3. 
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TABLE 7.15 Rate data for formation of the blue dianion 
from HNBB and pyrrolidine in DMSO containing 

0.1~ pyrrolidinium perchlorate at 25°C 

[pyrrolidine] ~ 102 kobs/s-1 102 ka ;s-l 
cal 

102 kb /s-l. 0Dc(640nrn) 
calc 

a. 

b. 

c. 

0.005 4.0 

0.008 4.6 

0.01 6.1 

0.02 8.5 

0.04 10.2 

0.06 9.2 

0.08 10.7 

0.10 10.0 

0.15 11.5 

0. 20 11.7 

Calculated from equation 

k_p/K2p 0.007 1 mol-l s -1 

Calculated from equation 

k_p/K 2p 0.007 -1 -1 1 mol s 
. -1 

Kc, 3 75 1 mol . 

4.1 

5.1 

5.8 

8.7 

10.2 

9.1 

7.7 

6.6 

4.7 

3.5 

7.10 with 

and K c,3 

7.11 with 

k' o. 4. , 
p 

4.1 0.024 

5.1 0.032 

5.8 0.032 

9.0 0.036 

11.0 0.038 

10.8 0.039 

10.3 0.033 

10.1 0.-037 

10.3 0.036 

11.3 0.036 

k 5.5 -1 -1 1 mol s , 
p 

75 -1 1 mol . 

kp 5.5 
-1 -1 1 mol s 

-1 -1 and 1 mol s 

For 5 x 10- 6~ HNBB measured with a 2rnrn pathlength cell. 
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· 7.3.4 Reaction with n-butylamine 

The reaction of HNBB with n-butylamine in DMSO 

provides evidence for all the processes shown in Scheme 7.4. 

Visible spectra recorded with a conventional spectrophotometer 

showed maxima at 460nm and 520-530nm typical of 1:1 a-adducts. 

Conversion into the dianion was slow even in solutions con-

tainirig n-butylammonium salts. The blue dianion converts 

even more slowly (good isobestic points) into a second red 

species. This species is observed in DMSO containing 0.1~ 

n~butylammonium chloride and 0.1~ n-butylamine and has maxima at 

456nm and 510nm. These maxima are similar to those produced 

when HNS reacts with n-butylamine (spectra reported in next 

chapter) . It is believed HNBB is converted to HNS by amines 

although it ha~ onli been shown for the reaction of HNBB with 

DABCO. Therefore this second species may be the a-adduct 

formed between HNS, or some derivative of HNS, with n-butylamine. 

A 1H n.m.r. spectrum, recorded about one minute after 

mixing in [ 2H6 ]DMSO, showed bands of equal intensity at o8.38 

arid o2.33 attributed respectively to the ring and methylene 

prot6ns of the 1-, 1'-di-adduct (7.6; R'RN = CH
2

cH
2

cH
2

CH
2

NH). 

Then conversion to the dianion followed with a band at 68.2, 

as observed previously for DABCO and piperidine. 

The a-adducts were sufficiently stable to allow calculation 

of Kc,l and KD,l from the optical density data, which are 

defined in equations 7.14 and 7.15 respect~vely, and with an 

extinction coef~icient for complete formation of the di-adduct 

at 460nm of ca 6 x 104 1 mol-l. cm- 1 . Optical density measure-

ments have been measured in DMSO containing 0.1~ n-butylammonium 

perchlorate; data reported in Table 7.16; 0~02~ ri:..:butt~ammoriitilri 



Scheme 7.4 

( 7. 3) + R ... R~H 2 + 

K1! 
. c,l, 

R ... R~H 2 (7 .1) + 4RR ... NH """ ( 7. 5) + + 

~ 
( 7. 8) + R ... R~H 2 + 

2R ... RNH 

KD,l 
2R ... RNH 

K2 
P:::. 3R ... RNH. 

IIIII; 

( 7. 6) 

( 7. 9) 

+ 2R ... R~H 2 

+ 2R ... R~H 2 + 2R .... RNH 

N 
0 
\.0 
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chloride and 0.08~ tetraethylammonium perchlorate (Ionic 

strength I= 0.1~), data reported in Table 7.17; O.l~n-butyl-

ammonium chloride, data reported in Table 7.18. 

of the equilibrium constants 

K c,l 
[7. 3] [AmH+] 
[7 .1] [Am] z-

[7.6] [AmH+] 
[7.1] [Am]2 

The values 

(equation 7.14) 

(equation 7 .15) 

are calculated to be: in DMSO containing 0.1~ n-butylammoniurn 

-1 . -1 
perchlorate Kc,l 1150 1 mol , KD,l 17 1 mol ; in DMSO 

containing 0.02~ n-butylammonium chloride (I = 0.1~ made up 

-1 
using tetraethylammonium perchlorate) K 1 1500 1 mol , c, 

-1 
KD,l 18 1 mol ; in DMSO containing 0.1~ n-butylammonium 

chloride Kc,l 2400 1 mol-l, KD,l 20 1 mol-1 . As found in 

. 86 151 
related work ' and the previous chapter specific effect~ 

due to the chloride ions are present. 

Kinetic measurements were limited to low n-butylamine 

concentrations where only the adducts of 1:1 sto~chiometry were 

present. Two rapid well separated processes were observed 

when the reaction of HNBB and n-butylamine was examined by 

stopped-flow spectrophotometry. ·These processes are taken to 

be the formation of the 3-adduct, (7.3; R~RN = CH
3

cH
2

cH
2

cH
2

NH) 

followed by formation of the 1-adduct, (7.5; R~RN = CH 3cH2cH 2cH2~ 

The rate data in Table 7.19 for the faster process were obtained 

in solutions without added n-butylammonium salt. Scheme 7.2 

represents the faster process and equation 7.6 is the relevant 

rate expression. However, the data in 'l'able 7.19 corresponds l 

= (equation 7 .16 J 

to equation 7.16, a limiting form of equation 7.6 when 



TABLE 7.16 Equilibrium data for a-adduct formation from 

HNBB (2 x l0- 5f;1) and n-butylam~~~-~~-;~~-
containing 0.1~ n-butylammonium perchlorate 

at 25oc 

[n-butylamine]/f;1 OD (460nm) OD(calc) 

0.00097 0.010 0.007 

0.00192 0.026 0.024 

0.00395 0.100 0.090 

0.00590 0.164 0.172 

0.00799 0.263 0.248 

0.00980 0.334 0.323 

0.0194 0.515 0. 519 

0.0381 0.628 0.680 

0.0594 0.813 0.806 

0.0792 0.891 0. 901 

0.0990 0.954 0.964 

0.198 1.13 1.11 

0.396 1.16 1.17 

0.594 1.17 1.18 

1.16 1.19 1.19 

211 

-1 
a. Calculated with values of Kc,l 1150 l mol ; KD,l 17 l 

mol-l and with optical densities for complete conversion 

to the 1:1 adduct of 0.595 and to the 1:2 adduct of 1.19 . 

. i 



212 

TABLE 7.17 ~quilibrium data foro-adduct formation from 

HNBB (2 x 10-5M) and n-butylamine in DMSO 

containing 0~02~ n-butylammonium chloride and 

0.08M tetraethylammonium perchlorate at 25°C 

[n-butylamine]/~ OD ( 460nm) a OD (Calc) 

0.00373 0.429 0.419 

0.00595 0.540 0.541 

0.00791 0.618 0. 602 

0.00987 0.667 0.652 

0.0147 0.768 0. 752 

0.0196 0.841 0.835 

0.0291 0.960 0.959 

0.0384 1.01 1.03 

0.0598 1.12 1.12 

0.0797 1.15 1.15 

0.0997 1.16 1.17 

0.199 1.20 1.19 

0.399 1.18 1. 20 

0.598 1.20 1.20 

-1 
a. Calculated with values of Kc,l 1500 1 mol , KD,l 18 1 

mol-l arid with optical densities for complete conversion 

to the 1:1 adduct of 0.60 and to the 1:2 adduct of 1.20. 



TABLE 7.18 Equilibrium data for a-adduct formation from 

HNBB (2 x 10-SM) and n-butylamine in DMSO 

containing O.lM·n-butylammonium at 25°C 

[n-butylamine]/~ 

0.00098 

0.00193. 

0.00393 

0.00595 

0.00791 

0.00986 

0.0147 

0.0195 

0.0290 

0.0383 

0.0598 

0.0797 

0.0996 

0.199 

0.398 

0.598 

0.797 

OD(460nm) a OD (calc) 

0.018 0.013 

0.055 0.048 

0.158 0.158 

0.265 0.269 

o .. 340 0.354 

0.418 0.416 

0.510 0.510 

0.560 0.564 

0.636 

0.686 0.696 

0.837 0.816 

0.930 0.930 

1.00 0.965 

1.08 1.10 

1.14 1.14 

1.14 1.15 

1.16 1.16 

213 

. -1 
a. Calculated with values of Kc,l 2400 1 mol , KD,l 20 1 

mol-l and with optical densities for complete conversion 

·to the 1:1 adduct of 0.58 and to the 1:2 adduct of 1.16. 
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TABLE 7.19 Rate data for formation of the 3-adduct 

(~; R~RN = CH
3

CH 2CH
2

CH
2

NH) from HNBB(S x 10-GM) 

and n-butylamine in DMSO at 25°c 

[n-butylamine]/~ 
-1 ka/1 -1 -1 

k b /s mol s OD(460nm) 
0 s . 3 

0.1 17.4 1740 0.019 

0.015 27 1800 0.019 

0.02 31 1550 0.019 

0.025 37 1480 0.020 

0.03 69 1720 0.020 

a. k3 = kobs/[Am] 

Using equation 7.16 a value for k
3 

of 

In the presence of n-butylammonium salts the formation 

of the 3-adduct is too fast for measurement by stopped-flow 

spectrophotometry but optical density measurements are possible. 

The formation of the 1-adduct is shown in Scheme 7. 5. Treat-

ment of (7.4), the zwitterionic intermediate, as a. steady-state 

intermediate leads to the kinetic expression of equation 7.17. 

KCX 
(7 .1) + 2R~RNH l > (7. 4) + R~RNH 

k_l 

· Scheme 7. 5 

If kAm[Am] >> k_ 1 this reduces to equation 7.~8. 



= kl. [Am] 
1 + K· [Am] 2 /[AmH+]. + 

c,3 

k~lkAmH+[AmH+] 
kAm[Am] 
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(equation 7.17) 

(equation 7.18) 

The kinetic and equilibrium data reported in Table 7.20 

were measured in DMSO containing 0.1~ n-butylarnrnonium perchlorate 

From the optical density for the formation of the 3-adduct a 

value for K 
3 

of 25±5 1 mol-l is calculated. c, Using this 

quantity in equation 7.18 the following values of k
1 

150 1 mol-l 

s-l and k_ 1kAmH+/kArn 0.14 s-l fit the kinetic data. Combinatior 

-1 
of _the rate coefficients give a value for K 1 of 1100 1 mol , c, 

which is in good agreement with that obtained from the optical 

density measurements in Table 7.16. 

require that kAm/k_
1 

>> 5000 l mol-l. 

The data given here 

The same procedure is followed for the data reported in 
DMSO. contairiiilg· 

Table 7.21 measured-inA6.o2~--n-butylarnrnonium chloride and 0.08~ 

tetraethylammonium perchlorate. Here values for K 
3 

31±5 1 c, 
mol-l, k

1 
150 1 mol-ls-land k_

1
kAmH+/kAm 0.10 s-l fit thcdr:rta f, 

amine concentrations ~ 0.4~. K 1 calculated from the rate c, 

coefficients gives a value of 1500 1 mol-l, which is in good 

agreement with that obtained from optical density measurements 

in Table 7.17. The poor agreement between measured and 

calculated values for amine concentrations > 0.04~ may be due 

to appreciable formation of the 1'-, 1'-adduct at these con-
·Diisq-- ~_<)nta~~i?. . 

centrations. For the reaction-1nf\O.l~ n-butylarnrnonium chloride 

equation 7.18 .is again used to fit the data; data given in 

Table 7.22. However, this data does not include optical densit~ 

measurements ftif tHe formation of tne 3~adducft 
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TABLE 7.20 Kinetic and eguilibrium data for o-adduct 

formation from HNBB (1 x 1o- 5~p and n-butylamine 

in DMSO containing 0.1~ n-butylammonium 

perchlorate at 25°c 

[n-butylamine]/~ 00a(460nm) ~ -1 . . -1 kc 0Dd(460nm) 
3;1 mol k b /s c, 0 s calc 

0.002 6.7 7.3 0.0024 

0.004 4.2 4.1 0.0071 

0.006 3.2 3.2 0.0146 

0.008 3 .o 3. 0 0.0205 

0.010 2.9 2.9 ·0.0255 

0.015 3.1 3.1 0.0353 

0.020 0.0042 29 3.5 3.4 0.0414 

0.030 ·0.0081 28 0.0526 

0.040 0.0110 23 4.8 4.7 0.0575 

0.060 0.0173 21 0.0716 

0.080 0.0232 22 0.0800 

a. At completion of the rapid colour forming reaction. 

The value for complete conversion to 3-adduct is 0.040 

as determined in a solution containing no added n-butyl-

ammonium perchlorate. 

b. Calculated using 00(460) [AmH+]/[0.040-0D(460)] [Am] 2 . 

-1 -1 
c. Calculated from equation 7.18 with k 1 150 1 mol .s , 

-1 -1 
k_ 1kAmH+/kAm 0.14 s and ~c, 3 25 1 mol . 

d. At completion of the slower colour forming reaction 

giving the 1-adduct. 
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·TABLE 7.21 Kinetic and equilibrium data for a-adduct 

formation from HNBB (5 x 10- 6~) and n-butyl-

amine in DMSO containing 0.2~ n-butylammonium 

chloride and 0.08~ tetraethylammonium perchlorate 

at 25oc 

·[n-butylamine]/~ ma(460mn) ~ 
3
;1 rrol-l -1 kc md(460nm) k b /s c, 0 s calc 

0.002 1. 39 1. 30 0.0040 

0.003 1.06 1.11 0.0092 

0.005 1.08 1.12 0.0155 

0.0075 1.27 1. 30 0.0205 

0.01 0.0026 27 1. 48 1.50 0.0237 

0.015 0.0067 29 1. 75 1. 80 0.029.7 

0.02 0.0088 33 1. 79 1. 95 0.0343 

0.04 0.0159 33 1.98 1. 77 0.0458 

0.07 0.0186 22 2.60 1.25 0.0535 

0.10 0.0214 3.07 0. 93 0.0565 

a. At completion of the rapid colour forming reaction. 

A value for complete conversion to the 3-adduct is 0.022 

as determined in solution containing no added n-butyl-

ammonium perchlorate. 

b. Calculated using OD(460) [AmH+]/[0.022-0D(460)] [Am] 2 . 

-1 -1. 
c. Calculated from equation 7.18 with k 1 150 1 mol s , 

k_
1

kAmH+/kAm 0.10 s-l and Kc, 3 31 1 mol-l. 

d. At completion of the slower colour forming process, giving 

the !-adduct. 
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TABLE 7.22 Kinetic data for a-adduct formation from 
HNBB (1 x 10 S~) and n-butylamine in DMSO 

containing O.lM n-butylammonium chloride at 25°C 

[n-butylamine]/~ kobs/s 
-1 ·a -1 k /s calc 

0.002 3.1 3.3 

0.003 2.5 2.5 

0.005 2.1 2.0 

0.0075 2.0 1.9 

0.010 2.1 2.0 

0.015 2.5 2.4 

0.020 3. 0 2.8 

0.040 3.5 3.5 

a. Calculated from equation 7.18 with k 1 150 1 mol-l s-l 

k_ 1 kAmH+/kAm 0.06 s-l a~d Kc, 3 50 1 mol-l. 

shown previously in Chapter Six and elsewhere151 that equilibriun 

constants of 1:1 adducts measured in solutions containing sub-

stituted ammonium ·chloride ions are double those measured in 

solutions containing substituted ammonium perchlorate ions. 

This allows a value for K 3 of 50 1 mol-l to be estimated, c, 

(i.e. twice th~ value of K 3 measured in solutions containing c, 

Using the n-butylammonium perchlorate) . 

-1 -1 
kl 150 1 mol s and k_ 1kAmH+/kAm 0.06 

-1 
values K 3 50 1 mol , c, 
-l . th t. 7 18 s Wl equa 10n .. 

the data in Table 7.22 ,~~~·well fitted. Again using the rate 

coefficients a value for K 1 of 2500 1 mol-l is calculated, c, . 

in good agreement with the K 1 value calculated from the . c, 

optical density measurements in Table 7.18. 
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Rate data for formation of the dianion are reported in 

Table 7.23 and were measured at 640nm using a conventional 

spectrophotometer. The dianion is formed as shown in Scheme 

7.1. · From this scheme equation 7.19 is obtained if it is 

+ assumed k
2 

(Am] >> k [AmH ] and the prior formation of the 
p -p 

1-adduct is taken into account. Equation 7.19 corresponds 

(equation 7.19) 

well with the data for n-butylamine concentrations ~ 0.1~. 

However, equation 7.19 only allows for the parent to react 

with the amine to g.ive the dianion. If in addition there 

is a pathway for deprotonation of the a-adduct then equation 

7.20 would be predicted to fit the data. The most probable 

Scheme 

7.6 depicts the processes involved in the formation of the 

dianion. The e_quilibria designated K and K will be x,c y,c 

explained below in the discussion section. They are the two 

possible pathways for (7.11) to convert into the dianion. 

h 1 bt · d k 0.8 1 mol-ls-lk. /K
2 

1 x 10-4 1 mol-l T e va ues o alne are p -p p 

= ~p[Am]+kpKc,l[Am]3/[AmH+] 
1 + K 1 (Am]Zj[AmH+] 

c, 
+ (equation 7. ~ 

·Combination of the former two 

quantities gives a value for K (K . K2p) of 8000. p,c p 
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TABLE 7.23 Rate data for formation of the blue dianion 

from HNBB (2 x 10- 5~) and n-butylamine in D~SO 
containing (O.lM) n-butylammonium chloride at 25°C 

[n-butylamine]/~ 103 ka /-1 103 b -1 103 c -I k /s k /s obs 5 calc calc 

a. 

b. 

c. 

0.001 1.9 1.8 1.8 

0.002 2.0 2.0 2.0 

0.003 2.4 2.3 2.3 

0.004 2.6 2.6 2.6 

0.006 2.7 2.7 2.8 

0.008 2.9 2.6 2.7 

0.010 2.9 2.4 2.6 

0.015 2.2 1.8 2.3 

0.020 2.0 1.4 2.1 

0.040 2.0 0.8 2.0 

Measured at 640nm with a conventional spectrophotometer. 

-1 -1 
Calculated from equation 7.19 with kp 0.8 1 mol s 1 

1 x 10-4 l moC 1 s-1, -1 
k /K 2 /and K 1 2500 1 mol 
·-p pi\ cl 

Calculated from equation 7.20 with k 0.8 -1 -1 1 mol s p 

k /k2 1 X 10- 4 
1 

-1 -1 k' 0.03 -1 -1 
and mol s I 1 mol s -p p p 

K· 2500 1 -1 
c 1 l 

mol . 
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7.3.5 Reaction with benzylamine 
' 

Benzylamine reacts with HNBB in the same way 

as n-butylamine. Visible spectra of HNBB (1 x 10-SM) with 

benzylamine (0.001 - 0.1~) in DMSO show a red species with 

tw9 maxima typical of a 1 :·1 a-adduct. At a benzylamine 

concentration of 0.001~ the maxima are at 454nm and 530-540nm, 

and with increasing benzylamine concentrations shift towards 

each other until at a benzylamine concentration of 0.1~ the 

maxima are at 462nm and 520nm. In solutions containing added 

benzylammonium salts the red species is converted, indicated 

by good isobestic points, into a blue species giving the ex-

pected maxima for the dianion at 620nm (broad) and at 380nm 

(small). Once again conversion of the blue dianion to a second 

red species is observed; maxima at 460nm and 520-530nm are 

typical of 1:1 a-adduct formation. Again the maxima are at 

similar wavelengths to those observed for a-adduct formation 

between HNS and benzylamine (see Chapter Eight). This suggests 

that HNBB produces HNS. from its reaction with benzylamine which 

then reacts with the excess benzylamine present .. 

Conductance measurements on solutions of HNBB and 

benzylamine in DMSO have been made. These measurements are 

reported in Table 7.24. It took about one hour (at low benzyl-

amine concentration) to twenty minutes (at high benzyiamine 

concentration) for the equilibrium to be reached. This indic-

ates that the stability of the a-adduct is high, and therefore 

allows a greater possibility for a side reaction, e.g. decem-

position reactions of the substrate, which could lead to the 

conductance measurements here having larger errors than the 

conductance measurements reported earlier in this chapter. 



TABLE 7.24 Conductance measurements for the reaction of 
HNBB (0.04~) and benzylamine in DMSO. 

[Benzylamine]/~ 

0.01 

0.02 

0.03 

0.04 

0.05 

0.06 

0.07 

0.08 

0.09 

0.10 

'o .12 

0.16 

0. 20 

0.25 

3 a · b 
10 Excess Conductance /mho 

0.86 

1. 62 

2.37 

3.12 

3.60 

4.22 

4.71 

5.10 

5.26 

5.47 

5.56 

5.68 

5. 76 t 

5.77 
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a. ·A plot ·of Excess Conductance versus benzylamine concen-

tration is shown in Figure 7.8. This gives the ratio 

HNBB: amine a value of 1:1.875. 

However, dianion formation is still indicated by two amine 

molecules reacting per HNBB molecule to produce the blue species. 

The conductance data are shown plotted against benzylamine con-

centration in Figure 7.8 and there is curvature in the plot 

in_ dicating the equilibrium constant K is not infinitely high. . p,c 

'A ~alc~lation (at r = O.l3M) using equation 7.4 produces an 
.. ;,: ' .. :. - ' ·. 

Cl.PP~oximatE; Y.<?-lue for K of ca 200 •. A more accurate value .·.· .. · . '·. . , - p,c 

for K will be given with the kinetic data for dianion form-
, · Pd~ 

!=ltion~ 
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Optical density data, presented in Table 7.25, were 

measured at the completion of the a-adduct forming reactions 

in the presenceof 0.1~ n-butylammonium chloride. Values for 

-1 -1 . 
Kc,l 140 1 mol and KD,l of 1.1 1 mol were obtained by 

fitting the data to equations 7.14 and 7.15. 

TABLE 7.25 Equilibrium data for a-adduct formation from 
HNBB (2 x lo-S~) and benzylamine in DMSO containing 

O.lM benzylammonium chloride at 25°C. 

[benzylamine]/~ OD(460nm) d OD (calc) 

0.00196 

0.00399 

0.00597 

0.00795 

0.00992 

0.0148 

0.0196 

0.0292 

0.0385 

0.0607 

0.0890 

0.101 

0. 202 

0. 404 

o. 606 

0.809 

0.006 

0.017 

0.029 

0.051 

0.066 

0.137 

0.182 

o. 303 

0.372 

0.491 

0.549 

0.595 

0.720 

0.920 

1.06 

1.08 

0.003 

0.013 

0.027 

0.046 

0.068 

0.134 

0. 200 

0. 314 

0.393 

0.498 

0.551 

0.589 

0.737 

0.934 

1.02 

1.07 

-1 
a. Calculated with values of Kc,l 140 1 mol ; KD,l 1.1 1 

mol-l and with optical densities for complete converSion to 

the 1:1 ~dd~ct of 0.57 and to.the 1:2 adduct of 1.14. 
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Kinetic studies were again limited to the formation of 

adducts of 1:1 stoichiometry. In DMSO containing no added 

benzylammonium salt a value for k3 of 550 
-1-1 1 mol s was· obtained 

using equation 7.16 for the data in Table 7.26. Data obtained 

. in the presence of 0.1~ benzylammonium perchlorate are in Table 

7.27~ From the optical density measurements for completion 

of the faster process, formation of the 3~adduct, a value £or 

-1 
K 3 of 1.25 1 mol was calculated. c, 

The kinetic data for 

the slower process ~ere interprete~ using Scheme 7.5 and equation 

7.18. Values of k
1 

60 1 mol-l s;.. 1 and k_
1 

kAmH+/kAm 0.8 s- 1 

-1 
were calculated, which combined gives K 1 75 1 mol . The c, 

same procedures were used for the data in Table 7.28, obtained 

in the presence of 0.1~ benzylammonium 

. -1 -1 
of k 1 60 1 mol s ,· k_ 1kAmH+/kAm 0.4 

and K 
1 

150 1 mol-l were calculated. c, 

chloride. Here values 

s-1 , K 
3 

2.2 1 mol-l 
c, 

TABLE 7.26 Rate data for formation of the 3-adduct from 
-6 0 

HNBB (5 x 10 ~) and benzylamine in DMSO at 25 C 

[benzylamine]/~ 

a. 

0.04 

0.06 

0.07 

0.08 

.0.09 

0.10 

k3 = k b /[Am] . 0 s 

-1 
k b /s 0 s 

20.4 

32 

37 

42 

51 

57 

ka/1 -·1 -1 OD(460nm) mol s 3 

510 0.017 

540 0.021 

530 0.021 

530 0.022 

570 0.022 

570 0.021 
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TABLE 7.27 Kinetic and equilibrium data for a-adduct 

0.006 

0.008 

0.010 

0.020 

0.040 

0.060 

0.080 

0.100 

0.150 

0.200 

o~ 3oo 

o. 400 

o. 600 

. -5 
formation from HNBB (1 x 10 ~) and benzylamine 

in DMSO containing 0.1~ benzylammonium perchlorate 

at 25oc 

0.'012. 1. 25 

0.019 1. 25 

0.024 1.25 

0.030 1. 40 

13.6 

10.5 

8.8 

5.9 

4.9 

5.0 

5.5 

6.2 

7.4 

8.1 

13.7 0.0011 

10.5. 0.0026 

8.6 0.0031 

5.2 0.0102 

4.4 0.0236 

4.9 0.0306 

5.5 0.0372 

6.1 0.0400 

7.5 0.0477 

8.4 0.0545 

a. At comple.tion of the rapid colour forming reaction. 

A value for complete conversion to the 3-adduct is 0.36. 

b. Calculated using 00(460) [AmH+]/[0.036-00(460)] {Am]
2

. 

c. Calculated from equation 7.18 with k
1 

60 1 mol-l s-l 

' -1 -1 
Kc, 3 1.25 1 mol. and k_ 1kAmH+/kAm 0.8 s . 

d. . At completion of the slower colour forming reaction. 
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TABLE 7.28 Kinetic and rate equilibrium for a-adduct 

formation from HNBB (1 x 10- 5~) and benzylamine 

in OMSO containing 0.1~ benzylammonium chloride 

at 250C 

[ ] I 0Da(460nm) __ h ll 1-1 I -l kc /s-1 d 4 ) . benzylamine ~ ~,3 rro . k005 s calc' 00 ( 60nm 

0.006 7.0 0.0026 

0.008 5.5 5.5 0.0040 

0.010 4.6 0.0053 

0.020 3.3 3.2 0.0159 

0.040 3.4 3.4 0.0311 

0.060 4.0 3.9 0.0389 

0.080 4.6 4.7 0.0429 

0.0083 2.4 5.2 5.3 0.0458 

0~ 200 0.021 2.5 

0. 300 0.028 2.2 

o. 400 0.031 1.8 

0. 600 0.037 2.1 

a. At completion of the rapid colour forming reaction. 

A Value for complete cpnversion to 3-adduct·is 0 .. 042. 

b. Calculated from 00(460) [AmH+]I[0.042-00(460)] [Am] 2 . 

-1 -1 
c. C~lculated from equation 7.18 with k 1 60 1 mol s. , 

K 
3 

2.2 1 mol-l and k_ 1kAmH+IkAm 0.4 s.-l c, . 

d. . At completion of the slower reaction. 



229 

The data for formation of the dianion by deprotonation 

of HNBB are given in Table 7.29. The values are in accord 

. -1 -1 
with equation 7.20 with values of kp 0.24 1 mol s , k~ 0.007 1 

mol-l s-1 , k /K
2 

0.002 1 mol-ls-land K 
1 

150 1 mol- 1 . 
-p p c, 

A value for K (= k K2 /k ) of 120 is calculated. p,c P p . -p 

TABLE7 .29 Rate data for formation of the blue dianion from· 

HNBB (2 x 10-5M) and benzylamine in DMSO containing 
0.1~ benzylamrnonium chloride at 25oc 

[benzylamine]/~ 103 ka /s-1 103 b -1 
10

3 ck /s-1 k /s obs calc calc 

0.005 4.7 5.2 5.2 

0.0075 4.2 4.3 4.3 

0.010 4.0 4.1 4.1 

0.020 4.1 4.1 4.1 

0.040 3.3 3.5 3.5 

0.060 2.9 3. 0 2.9 

0.080 2.7 2.2 2.6 

0.100 2.6 1.8 2.4 

o. 200 2.4 1.0 2.3 

a. ·Heasured at 620nm with a conventional spectrophotometer. 

b. 

.c. 

Calculated using equation 7.19 with k 
p 

k /K
2 

0.002 1 mol-l s-l and K 
1 

150 
-p p c, 

0.24 1 mol-l 

1 mol- 1 . 

Calculated using equation 7.20 with 
-1 

k 0.24 1 mol 

k /K
2 

0.002 1 mol-l 
-p p 

Kc,l 150 1 mol-
1

. 

-1 
s 

p 

k~ 0.007 1 mol-l s~ 1 and , p 

-1 
s 

-1 
s 

TABLE 7.30 1H n.m.r. data for HNBB with amines in [ 2
H

6
]DMSO 

Species o ,(ring) ·a(methylene) 

HNBB 9.10 7.13 

8.2 ca 7.00 

2.33 

--------------
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7.4 Discussion 

The results reported in this chapter relate to an ionic 

strength of 0.1~. It has been found that the equilibrium 

~onst~nts K 3 and K 1 measured in s6lutions containing 0.1~ c, c, 

substituted ammonium chloride are about twice as large as those 

measured in solutions containing 0.1~ substituted ammonium 

perchlorate. This has been observed for related compounds in 

the literature151 , 166 and in Chapter Six. The explanation of 

this effect has been attributed to a stabilising association 

between the substituted ammonium ions and chloride ions, which 

In the are observed to reduce kAmH+ by a factor of ca two. 

subsequent discussion for a-adduct formation only the data 

obtained in the presence of perchlorate salts will be used. 

7.4.1 Attack at the unsubstituted position 

The kinetic and equilibrium data for formation of 

the 3-amido-adducts of TNBCl and 1,3,5-trinitrobenzene (TNB) 

are compared in Table 7.31 with the equivalent· data obtain~d 

for HNBB. The data for HNBB have not been statistically ad-

justed. 

Along the series TNB, TNBCl, HNBB, the values for 

K 3 fall for a given amine. c, Amine attack at the unsubstituted 

position of TNBCl and HNBB would be expected to be encouraged 

compared to attack on TNB as the CH2Cl and cH
2
cH

2
Pic substituents 

are electron withdrawing compared to hydrogen, (see Chapter Four) 

However, the lowering in values of K 3 would suggest that the c, 

steric effect~ due to bulky ~ubstituents at the 1-position, is 

dominant. Depending on the amine K 3 values for TNB amido­c, 

adducts are 40 to 80 times larger than Ke; 3 values for TNBCl, 
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TABLE 7.31 Comparison of kinetic and equilibrium data for 
reaction at unsubstituted positions of HNBB, 

a b 
TNBCl and TNB. 

Benzylamine n-Butylamine Pyrrolidine Piperidine 

{HNBB 
550 1700 8000 > 5000 

k3 TNBCl 1000 3000 17000 > 13000 
/1 mol-ls -l TNB 13000 45000 750000 >200000 

K 
{HNBB 

25 25 79 26 
c,3 TNBCl 55 73 240 93 

/1 mol-l TNB 105 1000 3500 2140 

K3R:.fun { HNBB 3.1 X 105 l.lx 104 

TNOCl 5.8 X 105 2.6 X 104 

/12moi2 s -l TNB 1.0 X 105 
6 X 105 

~-3 {HNBB 40 < 2 

=1 
34. < 2 

-1 (1 mol ) · 14 <10 

~+/ {HNBB 3900" 420 
· TNBCl 2400 280 

-1 -1 3000 280 1 mol s TNB 

k_3kAmH+ {HNBB 
450 70 100 >200 

TNBCl 200 41 70 >140 

~-1 TNB 125 75 210 > 90 
/s 

a. Data for TNBCl from Chapter_Six. 

b. Data for TNB from references 151, 152. 
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which are 3 to 4 times larger than K 
3 

values for HNBB. c, 

The steric effect is due to the bulky substituent at the 1-

position forcing the ortho nitro-groups out of the ring-plane 

where they exert their maximum electron withdrawing ability.· 

The larger K value for TNBCl than for HNBB may derive from c,3 

a larger steric effect of the CH2cH 2Pic substituent relative 

to the CH 2Cl substituent, and/or a larger inductive withdrawing 

effect of the CH2Cl substituent relative to the CH 2cH 2Pic 

substituent. The values of k 3 , the rate coefficient for ~mine, 

attack at the 3~position, similarly fall in the order TNB > 

TNBCl > HNBB and largely account for variations in values of 

K Th b . . t d f th . 15 7 -l5 9 . f 1 t d 
3

. e as1.c1. y or er o e am1.nes 1s re ec e , c, 

for a given nitro-compound, by the order in which the K 3 and c, 

k 3 values fall, ie pyrrolidine > piperidine > n-butylamine > 

benzylamine. 

The rate coefficient for proton transfer from a 

substituted ammonium ion·: to an anionic adduct, kAmH +, (see 

Scheme 7.2) was measured for the reactions with piperidine and 

pyrrolidine. The values are similar to those for the corres-

ponding reactions involving TNBCl to TNB and are considered 

typical for the reaction at unsubstituted ring-positions in 

trinitro-aromatic substrates. When reaction occurs at a sub-

stituted ring position it is known (see Chapter Six) that steric 

effects cause large reductions in the rate coefficients for 

proton transfer. 

Earlier the assumption was made that piperidine and 

pyrrolidine; form the 3-adduct with HNBB by attack at an unsub-

stituted ring position. This assumption has been justified by 

the comparison of the HNBB data with that of the TNB and the 

TNBCl data:; 
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7.4.2 Attack at the 1- and 1~-positions 

The data collected in Table 7.32 is for the 

formation of the 1-amido-adduct of HNBB with primary amines. 

Comparison of K 1 with K 3 for benzylamine (K 1/K 
3

=60) c, c, c, c, 

and n-butylamine (K 1/K 3=46) show that t:he 1-adduct is 
C 1 C I 

thermodynamically preferred. This is attrj.buted mainly to 

the steric relief found in the 1-adduct, due to the CH
2

cH
2
Pic 

substituent rotating out of the ring plane. This allows the 

ortho nitro-groups to achieve co-planarity with the ring. An 

additional effect is the electron withdrawing effect of the 

CH
2

cH
2
Pic substituent. Steric hindrance for attack of the amine 

at the 1-position (F-strain) 160 probably accounts for k
1 

values 

being lower·than the corresponding k 3 values. Comparison of 

the final rows in Tables7.31 and 7.32 allow the relative values 

of k_ 1 and k_ 3 to be estimated. It is expected that the aciditl 

of the zwitterionic intermediate relative to that of corres-

ponding substituted ammonium ion, measured by k /kAmH+, will . am 

not vary greatly with the position of attack. 151 Thus com-

parison of the data for benzylamine and for n-butylamine gives 

ratios of k_
3
/k_ 1 of ca 500, indicating slower expulsion of aminE 

from the ·1-positiqn than from the 3-position. 

TABLE 7.32 Comparison of kinetic and equilibrium data for 
reaction at the 1-position of HNBB and TNBCla 

Benzylamine n-Butylamine 

K l (1 
-1 {HNBB 75 1150 

c, :r'10l ) TNBCl 1000 23000 

-1 
K0 , 1 (1 mol ) HNBB 0.6 17 

-1 -1 {I-iNBB 60 150 
Kl (l mol s . ) TNBCl 230 630 

· k_lkAmH+/kAm {HNBB 0.8 0.14 
( s-1) TNBC1 0.23 0.028 

a. Data from Chapter· Six. 
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HNBB and secondary amines are not observed to · 

form 1-adducts. This was also found for TNBCl and secondary 

arnines in Chapter Six. The reason for the non-formation of 

. 103 161 the 1-adduct is presumably for ster1c reasons. ' If the 

1-adduct was formed the bulky secondary amine attached at the 

1-position already containing a bulky substituent, and adjacent 

to ortho nitro-groups, would cause a sterically crowded environ-

ment. Th~ 1-adduct therefore, would be kinetically and/or 

thermodynamically unfavourable. 

The values of KD,l for conversion of the 1:1 a-adduct 

to the 1:2 a-adduct are lower than the K 1 values ·by factors c, 

of 120 for benzylamine and 70 for n-butylamine. A factor of 

40 for the corresponding reaction with ethoxide ions in ethanol 

was obtained in Chapter Four. Statistical correction· of these 

factors reduces them by half, but the conclusion that formation 

of the 1-adduct inhibits formation of the 1-, 1~-diadduct, even 

though the two ~icryl rings are separated by two Methylene 

groups, remains. 

7.4.3 Formation of the dianion by proton transfer 
from the methylene groups 

Conductance measurements have shown the blue species 

is the dianion, formed by the transfer of two protons from HNBB 

to amine. 
1 . 

H n.m.r. measurements have shown it to have the 

structure (7.9). The kinetic studies have· been interpreted 

using Scheme 7.1. Here, the formation of the monoanion (7.8). 

is ·found to be the rate determining step followed by rapid con-:-

version to the dianion (7.9). Appreciable build-up of mono-

anion was not observed. These r~sults imply that the monoanion 

has greater acidity than HNBB. Why should this be so? 



235 

The ready formation of dianions from 2,2'-biindenyl and 

9,9'-bifluorenyl hydrocarbons has been rationalised167 by 

coulombic stabilisation of the anions by simultaneous inter-

action with two metal cations. However, in the systems studied 

ion-association between alkylammonium cations and the dianion 

in DMSO are unlikely, as shown by the conductance measurements. 

The low stability of ·(7;8) relative to that of (7.9) can be 

rationalised in terms of two possible factors. The first is 

the steric strain in (7.8) due to the close proximity of the 

CH2Pic group and an ortho nitro-group which may be partially 

removed during the formation of (7. 9) by ionisation of one of. 

the CH 2Pic hydrogens. The second factor is electronic; there 

is the possibility of the negative charge being delocalised over 

the whole molecule in (7.9). Another electronic factor which 

should be con~idered is the electronic effects in HNBB compared 

to those in the monoanion. In HNBB the CH 2 protons are activ­

ated by a picryl ring and a.picryl ring through a CH 2 group, 

whereas. in the monoanion they are activated by a picryl· ring and 

a c
6

H2 (N02) 3 group coupled through a double bond. The 

c
6

H
2

(N0
2

)
3 

group is known156 , 168 to be electron withdrawing 

relative to: hydrogen despite being riegativE:lY charged. It is 

therefore a possibility that the electronic influence of the 

c
6

H
2

(N0
2

)
3 

group via a double bond might be greater than that 

of the picryl ring via a methylene group. 

summarised in Table 7.33 are the values of k , the rate 
p 

coefficient for proton transfer. kp.decreases with respect to 

amine in the order pyrrolidine > piperidine > n-butylamine, 

DABCO > benzylamine and is similar to that ooserved for a-adduct 

formation. Values are between 14 and 23 times smaller than 

those for the reaction of TNBCl with the corresponding amines. 



TABLE 7.33 Summary of rate data for transfer of methylene protons 

Benzyl amine 

. -1 -1 
k /1 mol s p 

k' I 1 mo 1 -l s -l 
p 

{HNBB 

TNBCl 

HNBB 

a. Data from Chapter Six. 

b. Data from reference 92. 

0.24 

3.4a 

0.007 

n-Butylamine Pyrrolidine 

0.8 5.5 

17b 140a 

0.003 0.4 

Piperidine 

1.8 

42b 

0.16 . 

DABCO 

1.1 

16.41) 

rv 
w 
0'1 
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The formation of the dianion can also be produced ~ia the 

deprotonation of o-adducts. With ~-butylamine and benzylamine 

k~ represents proton transfer of a methylene proton from the 
p . 

1-adduct (7.5) and the ratios of kp/k~ have the values of ll 
. p 

and 14 respectively. 

Schemes 7.3 and 7.6 show how the formation of the di-

anion has been interpreted for the deprotonation of HNBB by 
· ~nd-~~:Pj.-J~~i:? 
secondary~amines respectively. Subsequent discussion will 

concentrate on the deprotonation of the dianion usinq secondary 

amines, but an analogous discussion can be applied to the same 

process using primary amines. 

The data for formation of the dianion (7.9) shows that 

depr.otonation of the a-adduct (7.3) to give (7.10) is rate-

limiting. The species (7.10) then has two possible pathways 

to form the dianion. These are designated in Scheme 7.3 as 

the equilibria K and K x,c y,c Schemes 7.7 and 7.8 show how 

these pathways may proceed in more detail. The equilibrium 

constant K is the overall equilibrium constant for the route 
x,c 

from (7.10) to (7.8) via (7.12) in Scheme 7.7. This pathway . 

is expulsion 6f the amine molecule from (7.10) via the zwitter-

ionic intermediate (7.12) to produce the monoanion, which then 

rapidly loses a proton to give the dianion (not shown in Scheme 

7.7). The equilibrium constant K is the overall equilibrium 
y,c . 

constant for the route which goes clockwise from (7.10) to (7.9) 

in Scheme 7.8. This pathway is the deprotonation of (7.10) to 

form the trianion (7.13), which then expels an amine molecule via 

the zwitterionic intermediate (7.14) to produce the dianion (7.9) 

The data, however, provides no information as to the possible 1 

timing of these processes. 



Scheme 7. 7 

Interpretation of the equilibrium K x,c 
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Scheme 7.8 

Interpretation of the equilibrium K 
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shown in Scheme 7.3 

02 

H 

NRR 

NO-
2 

CH 

I + R ... R~H 2 CH 

N0
2 

(7.13) 

kAm 1l kArnH+ 

H 

~HRR" 

NO-
2 

y ....... 
+ 2R ... RNH 

k -y 

I 
CH 

+ R"'RNH 
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7.5 Derivation of the Rate Expressions 

The rate expressions for the formation of the 1- and 3-

amido-adducts from HNBB are derived in an analogous way to those 

amido-adducts formed from TNBCl in the previous chapter. The 

only new rate expr~ssions used in. this cha~te= were for the 

formation of the dianion (7.9). 

(i) Formation of the dianion by a tertiary amine, ~.e. 

no prior cr-adduct formation, from the substrate only. 

(7.1) +Am 

(7.8) +Am 

k 
p, 

k -p 

k 
-2p 

d[~t 9 ] : k2p[7.8] [Am] - k-2p[7.9] [AmH+] U.> 

d[ 7 · 8 l = k [7.1] [Am] + k .
2 

.[7.9] [AmH+] - k
2 

[7.8] [Am]- k [7.8)[AmH 
dt p - p p -p 

i.e. 

Treating (7.8) as a steady-state intermediate, d[~tB] = 0. 

k
2

[7.1] [Am] + k_ 2p[7.9] [AmH+] 

- k 2p[Am] + k_p[AmH+] [7.8] 

. Substituting (~) into (1) 

k [ 7. 9] [AmH+] .is multiplied by 1. -2p 

. + 
k_ 2p [7. 9] [ArnH ] x 

k2p [Am] + k_p [AmH+] 

k
2 

[Am] + k [ArnH+] 
p -p 

= k_pk _ 2p[ 7. 9] [AmH+]2 + 

k2p[Arn] + 

k 2 k2·. [7. 9] [Am] [AmH+] 
- p p 

k [AmH+] -p 
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Re-inserting into (_~) 

d[7.9] = 
k

2 
k [Am] [7.1] 2- k k 

2 
[7.9] [ArnH+]l 

p p -p - p 
dt 

[7.1] = [7.1] + [7.9] + [7.8] 
0 

As (7.8) is a steady-state intermediate [7.8]~0. 

[ 7. 1] = [7.9] 

Substituting (~) into (4) 

d[ 7 ._ 9 ] = A- k 2pkp[ArnJ
2

[7.9] - k_pk_ 2p[7.9] [AmH+]
2 

dt k
2

p[Arn] + k_p[AmH+] . (i) 

where A = k2 k [ArnJ
2

[7.1] p p 0 

At equilibrium 
d[7.9] 

dt = 0. 

.0 = 
A- k

2 
k [Am] 2 [7.9] k k 

2 
[7.9] [AmH+] 2 

p p e -p - p e 

Subtracting (2) from (&) 

d[7.9] 
dt 

([7.9] -[7.9]). 
e 

In pr~vious ~hapters it has been shown that for a single 

absorbing species present in solution, in this case (7.9), the 

. concentration of that species is related to the optical density 

by the following equation; 

d OD 
dt 

1· 
OD -OD e 

By definition, 

k = 
ObS 

d OD 
dt 

= 

l 

d[7.9] • 
dt 

OD -OD e 

1 
[7.9] ·[7.9] 

e 
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Therefore; 

(ii) Formation of the dianion by a secondary amine, i.e . 

. Prior formation of the 3-amido-adduct, from the substrate only. 

(7.3) + AmH+ 

~ k2 + ( 7. 1) + 2Am . P:::. (7.8) +Am P::.. ( 7. 9) + AmH 

k -p k -2p 

As the formation of the 3-adduct is rapid compared to 

the formation of the dianion, then equation (!) can be derived 
as shown abcve, 

d[7.9J 
dt 

k2EkP[Am] [7.1] - k_pk_ 2p[7.9] [AmH+] 

k 2p[Arol + k_p[AmH+] 

[7.1] = [7.1] + [7.3] + [7.9] 
0 

K c,3 

[ 7 .·3] 

[7. 3] [AmH+] 
= [7.1] [Am]2 

K 3 [ 7. 1] [Am] 2 
c, = 

Substituting (~) into (8) and re-arranging, 

[7.1]" = 
[7.1]0- [7.1] 

Substituting (10) into (4) 

B- k 2 k [Am] 2 [7.9] d[7.9J. _ p E 
d t - ( 1 + K 

3 
[Am J2/ [ 1\m:-:-H =+ ~] )...-;-;( k-

2
---.['"'"'Am.._.J -+-r-k -,...,[ A=-n-=-tl·-:""11 +,....--] 

c, p . -p 

Where B 
. 2 

= k2 k [Am] [7.1 ]. p p 0 

C1J 

(~) 

(~0) 



At equilibrium, d[7.9l 
dt = o. 

Subtracting (~) from (11) 

d[7.9] 
dt 

243 

(7.9) is the principal absorbing species at the wavelength 

at which the reaction was studied, though (7.3) may absorb 

slightly as well. It has been shown in Chapter Six that in 

such cases [7.9] is related to OD by the following equation. 

1 d[7.9] 
dt [7.9]e-[7.9] = 

By definition, 

k = d OD 
obs dt 

Therefore, 

1 
OD -OD e 

1 
OD -OD e 

(iii) Formation of the dianion by a secondary amine from 

the substrate and from deprotonation of the J~adduct. 

+ (7.3) + AmH +Am 

c~k"' 1 I k"' 
~ . -p ~ p . . K . + 

(7.1,>+3Amk~·~kp · (71r K:,c2~+ y,c~;;;; + 2AmH 

.+ AmH + 2PJ-1 ~ k-2p 
. -p ( 7. 8) 

+Am 



In the follot.ving derivation kp » k~p will be assurred so that term 

incorporating k:p is unnecessary; 

d[7.9] 
dt 
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(l3) 

Treating (7.8) as a steady-state intermediate as shown above 

and substituting equations (~} and (~) into (13) 

d[7.9] 
dt 

= ·. [kp[7.1] [Am]+k_ 2p[7.9] [AmH+]l 
k2p· [Am] k [Am] + k [AmH+] 

2P -p 

- k_ 2p[AmH+] [7.9] + kpKc, 3 [Am]~[7.1]/[AmH+] (!!) 

' 
As before (see derivation of equation (i)} the first 

two te~s of (14) can be combined. 

d[7.9] 
dt 

= k 2 pkp[Am]
2

[7.1] - k_pk_ 2 [7.9] [AmH+] 2 

k
2 

[Am] + k [AmH~ 

= [ 7 .1] + [ 7 0 3] + [7.9] + [ 7 0 10] 

K and K are very rapid, .•. £.7.10] ~ 0. x,c y,c 

Therefore, 

= [ 7 0 1] + [ 7 0 3] 

which is equation (~} 

As before, 

[ 7 0 1] = [7.1] - [7.9] 
0 

+ [7.9] 



Substituting (10) into (15). 

d[ 7 •9 ] = B- kpk 2p[Am]
2

[7.9] 
dt (l+K 

3
[Am]Z/[AmH+]) lk

2 
[Am] + k [AmH+]) c, p -p 

_ k_pk_ 2p[AmH+] 2 [7.9] 

k 2 [Am] + k [AmH+] 
p -p 

+ k'K. 
3

[Am] 3 ([7.1] -[7.9]) p c, 0 
[AmH+] + K · [Am]2 c,3 

At . 1 . b . d [ 7 • 9 ] 0 equ1 1 r1urn, dt = . 

B- k2 k [Am] 2 [7.9] 
0 - p p e -

-(1+K 
3

[Am]2/[AmH+]) (k
2 

[Am]+k [AmH+]) c, p . -p 

k 'K 
3 

[Am] 3 ( [ 7. 1] - [ 7. 9] ) 
p c, o e 

+ [AmH+] + K 
3

[Am]2 
c, 

Subtracting (17) from (16) 
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d[7.9] • 
dt 

1 = kpk2p[Am] 2 
-::-[=7-. 9~]:::--e-_......,[=7~.-=-9-=-] ( l+K 

3 
[Am] 2/ [AmH+]) (k

2 
[Am] +k [ArnH+]I 

c' . p -p 

+ 
k

2 
. [Am] +k [AmH+] 

p -p . 

k"K [Am] 3 
p 3 

Using the principles outlined in previous chapters [7.9] 

can be related to OD by the following equation. 

d[7.9] 1 d OD l 
[7.9]e-[7.9] = dt dt OD - OD e 

. By definition, 

kobs 
d OD 1 = '"d"t OD -OD e 
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Therefore, 

k k2 "[Am] 
2 

= p p 
( 1 +K 

3 
[Am] 2/ [ArnH+])(k

2 
[Am] +k [AmH+]) c, p -p 

+ k2 [Arn]+k [AmH+] + 
p -p 

k . k [ArnH+] 2 
-p -2p 

k"K [Am] 3 
p c,3 

[ArnH +] +K 
3 

[Am] 2 
c, ' 

If k 2p [Am] 

k 
obs = k [Am] 

p 
+ [AmH ]+K 

3
[Am]2 

c, 

k"K [Am] 3 
p c:f:3 

(iv) Formation of the dianion by primary amines, &.e. 

prior formation of the 1-adduct, from the substrate and from 

deprotonation of the 1-adduct. · 

Analogous procedu~es to those described above for 

the secondary amines can be used t:o show 

k. 
obs 

+ 
k2 [Am] +k [ArnH+) p -p 

k k [ArnH+] 2 
-p -2p + [ArnH+] + K 

3 
[Am] 2 

c, 

k .. K [Am] 3 
p c,l 

~~·· .. 
' '\ 

I 
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8.1 Introduction 

Another preparation of 2,2',4,4',6,6'-hexanitrostilbene 

(HNS) is using the 'Hungarian Method' 169 
·This method employs 

a copper sulphate/pyridine catalys~ with base to produce HNS 

in high yields from 2,2',4,4',6;6'-hexanitrobibenzyl (HNBB) or 

2,4,6-trinitrotoluene (TNT) in various scilvenis. The use of 

amine bases in the preparation of HNS was mentioned in Chapter 

Seven. Therefore, there is an interest to study the inter-

actions of HNS with amines. 

The interactions of 2,4,6-trinitrobenzyl chloride (TNBCl) 
,. 

and HNBB with amines have been reported in previous chapters. 

Usirig this knowledge the interactions of HNS with amines· in 

DMqO can be predicted. The formation of o-adducts; via 

zwitterionic intermediates, would be expected as ·shown in 

Scheme 8.1. Depending on the amine used addition may occur 

at either the 3- or 1-position. Proton transfer from zwitterion 

to amine may be rate-limiting. Because HNS has two activated 

rings formation of the 1:1 a-adduct may be followed by amine 

attack on the second ring to form a di-anionic sp~cies. Th i.s 

di-anionic species may be formed by amine addition ~t the 1- and 

1'-, 3- and 3'-, or 1- and 3'- positions. Unlike HNBB it is 

~mprobable that deprotonation of HNS will occur to produce the 

conjugate base of HNS. However, amine addition at the olefi·nic 

bond may occur, once again via a zwitterionic intermediate. 

·.The major reaction pathways possible are summarised in Scheme 

8.2. (The structures of the species (8.1), (8.2)', etc .. are 

given in Figure 8.1). This scheme, for compactness, has not 

included free amine molecules, ammonium ions or zwitter-ionic 
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8.2 Experimental 

All visible spectra were measured on a SP 8005 spectro­

photometer. 

Kinetic.and equilibrium measurements were made on a Hi­

Tech SF-3L stopped-flow spectrophotometer or a Pye-Unicam 

SP 8100 conventional spectrophotometer at 25°c. First order 

kinetics were always observed because base concentration was 

kept in large excess of parent concentration. For reactions 

of HNS with amines in the absence of added salts a sufficient 

excess of amine was used to ensure >95% conversion to product at 

equilibrium. For reactions with buffers (amines plus amine salt 

the buffer components were in large excess of HNS concentration. 

The observed rate coefficients are a mean of at least five 

separate determinations, when measured using the stopped-flow 

spectrophotometer, and at least two separate determinations .when 

measured using a conventional spectrophotometer. Examples of 

typical rate measurements are given in Tables 8.1 and 8.2. 

1H n.m.r. measurements were made with a Varian EM 360L 

instrument operating at 60MHz using tetramethylsi~ane as the 

internal reference. 

A Kent ElL 7055 pH meter was used to check the acidity 

of the ammonium salts. Solutions were adjusted so as to 

contain less than 0.1% of free amine or acid. 



TABLE 8.1 Typical results from rate measurements. 

(i) HNS (1 x 10-SM), piperidine (0.1~). 

Formation of 3-adduct measured at 450nm in 

DMSO containing 0.1~ piperidinium chloride. 

(ii) HNS (4 x 10- 5~), pyrrolidine (0.002~). 

Formation of (8.6; R~RN = C,H N); measured at - .. ~ 

252 

510nm in DMSO containing 0.1~ pyrrolidinium perchlorate 

(i) 

t/ms · 11Va 

0 3.00 

10 2.60 

20 2.20 

30 1. 80 

40 1. 50 

60 1.15 

80 o. 80 

A plot of ln/1V versus t 

is linear and yields 

; -1 
k b = 16.4 s 0 s . . 

a. 11V = V - V 
. 00 t 

(ii) 

t/s liODb 

0 b. 531· 

100 0.440 

200 0.384 

300 0.341 

400 o. 307 

600 0.251 

800 0.208 

1000 0.174 

A plot of ln/10D versus 

is linear and yields 

k b. = 1.17 X lo- 3 -1 s 
0 s 

b. !10D calculated using the Guggenheim method. 

t 
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TABLE 8.2 Typical results from rate measurements 

. ( i) 
-5 

HNS (1 x 10 ~), n-butylamine (0.06~}. 

Formation of 1-adduct, measured at 455nm in 

DMSO containing 0.1~ n-butylammonium perchlorate. 

(ii} 
-5 . 

HNS (l x 10 ~}, benzylamine (0.008~}. 

Formation of 3-adduct, measured at 450nm in 

· containing 

( i} 

t/ms llVa 

20 4.0 

30 3.6 

40 3.3 

60 2.6 

80 2.0 

100 1.6 

120 1.2 

A plot of lnllV versus 

is linear and yields 

kobs 

a. 

ll. 50 s -1 = 

llV = V - V 
CX> t 

O.lM benzylammonium chloride. 

( ii} 

t/ms· llVa 

0 4.1 

25 3.5 

50 2.9 

75 2.4 

100 2 .o 

150 1.5 

200 l.O 

t A plot of lnllV versus 

is linear and yields 

kobs = 7.05 -1 s . 

DMSO 

t 
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8.3 Results 

8.3.1 1H n.m.r. measurements 

The reactions between HNS and 1,4-diazabicyclo-

[2,2,2]octane (DABCO), piperidine and n-butylamine 

1 . 
DMSO have been studied by H n.m.r. spectroscopy. 

. 1 
_The H n.m.r. spectrum of HNS (0.02~) in 

DMSO shows two bands with an intensity ratio of 2:1 at 69.13 

t"' 
(ring protons) and 67.15 (olefinic protons) respectively. 

Within the accuracy of the instrument used this spectrum is 

identical tb that of HNS in fully deuteriated 80:20 (v/v) DMSO-

methanol, where bands were measured at 69.10 and 67.12, which. 

was reported in Chapter Five. 

+ Addition of.one molecular equivalent of D~BCO to 

HNS·in [ 2H6 ] DMSO immediately resulted in a collapsing and 

broadening of the band at 69.13 and the disappearance of the 

band at 67.15. The broadening of the low field band suggests 

an electron transfer reaction to produce radicals is involved. 

Also, on mixing a blue colour was observed. With time the 

band at 69.13 sharpened and after seven minutes the band at 

67.15 re-appeared and increased in intensity with time. After 

twelve minutes a spectrum was recorded with bands at n9.13 and 

8 7.15 with an intensity ratio of 2:1. This spectrum remained 

unchanged for a further eighteen minutes when measurements were 

stopped. However the final spectrum indicated that only half 

the number of protons were present in each band compared to the 

first spectrum. 

Spectra of the reaction of HNS with half and one 

molecular equivalent of piperidine in [ 2H6 ] DMSO are similar to 
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that of H.NS with DABCO. That is the band at 67.15 disappears 

immediately the solutions are mixed and returns after about te~ 

minutes~ while the band at 69.13 collapses and broadens. Again 

the solution is a blue colour. Both bands return to their 

original sharpness and the chemical shifts are those of 2:1 

(ring protons:olefinic. protons) but are perhaps not as intense. 

With. two molecular equivalents of piperidine the same initial 

spectra are observed. However the band at 67.15 does not re-

appear and the broadened, less intense, band at 69.13 continues 

to disappear. After sixteen minutes neither of these bands 

are observed. .The first spectrum recorded after mixing HNS 

with ten molecular equivalents of pipetidine shows neither the 

67.15 or the 69.13 bands. 

These spectra are difficult to interpret due to 

the lack of new bands expected for the products. The blue 

colour and broadening of the bands suggests an electron transfer 

process, possibly the formation of the dianion by transfer of 

two electrons to HNS. The dis~ppearance of the bands on· additic 

of two or more molecular equivalents indicates that at least 

two piperidine molecules are needed per molecule of HNS to 

complete this unknown reaction. 

1H n.m.r. spectra for the reaction of HNS with two 

molecular equivalents of n-butylamine show three bands, of equal 

intens~ty, at 69.00, 8.50 (ring protons) and 6.63 (olefinic 

protons) . In Figure 8.2 one of_the~e spectra is shown. These 

spectra are consistent with the formation of (8.4; 

R.RN = cH
3

cH
2

cH 2cri
2

NH) except the olefinic proions ~ould be ex­

. 147 
pected to ~ive an AB quartet. An AB quartet was observed 

for the olefinic protons for the formation of (8.4;R"RN = CD 3 ) 
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and reported in Chapter Five. The chemical shift of 66.63 

is approximately in the centre of where the chemical shift 

values of an AB quartet would be expected. Perhaps the equiv-

alence of these ol~finic protons is due to rapid proton exchange 

with the butylammonium cations present in solution. After 

about an hour all the bands had decayed. With five molecular 

equivalents ~f base bands at 68.37 ~nd 66.60 are observed which 

are never very intense and decay rapidly. These bands may be 

attributable to (8.5; R~RN = CH
3

CH
2

CH 2cH
2

NH). 

1 The H. n.m.r. spectral evidence is generally poor 

and therefore inconclusive. a-Adduct formation between HNS 
. l 

and piperidine was not observed by H n.m.r. but kinetic evidence 

for a-adduct formation will be given below. There is both 

1 H n.m.r. and kinetic evidence (again given below) for a-adduct 

formation between HNS and n-butylamine. 1 The lack of H n.m.r. 

evidence for a-adduct formation between HNS and piperidine will 

be shown later from the kinetic and equilibrium studies to be 

due to its low themodynamic stability compared with the themo-

dynamic stability of the a-adduct formed between HNS and.n-

butylamine. 

8.3.2 Reaction with DABCO 

DABCO being a tertiary amine would not be expected · 

to form a-adducts by. reaction with HNS. The reaction of HNS. 

-5 
(2 x 10 ~) with DABCO (O.l-1~) produces a·blue species followed 

by a brown species. Visible spectra of these solutions show 

the blue species has maxima at 620nm and 480nm and slowly (withir 

about thirty minutes after mixing) converts into a brown species 

with maxima at 486nm and 380nm. 
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·TABLE 8.3 Tabulation 1H n.m.r. data for HNS and its 

adducts with n-butylamine in [ 2H ] DMSO 
6 
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Species 
a . 

o (ring) oa(olefinic bond) 

HNS 9.13(s) 7.15(s) 

H 8.5(s) 6.63(s)b 
a 

Hb 9.0(s) 

8.37(s) 6. 60 ( s) 

a. All shifts measured relative to internal TMS. 

b. 147 Expected to be a quartet as observed for analogous 
'• 

adduct of HNS with methoxide ions; see Chapter Five. 
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The spectrum of the blue species indicates that 

some of the second (brown) species is already present by the 

time it is recorded. The shape and size of the spectru..11 of 

the blue species, as well as its colour, suggest the formation 

of the dianion of HNS (8.7) by addition of two electrons. 

DABCO would not be expected to remove two olefinic protons from 

HNS to form the dianionic conjugate base of HNS. Therefore if 

the dianion (8.7) is produced it would be identical to the di-

anion of HNBB produced by removal of two chain protons. The 

0 N ' 2 

CH 

I 
CH 

0
2

N 

brown species is unknown but could be a Janowsky type complex 

by the attack of the dianion of HNS (8.7) on a neutral HNS 

molecule. It . k f . . t. 149 f HNS 1s nown rom e. s. r. measuremen s o · r · 

-5 (1 x 10 M) with DABCO (0.1~) in DMSO that a free radical species 

ca 0.1% of the original HNS concentration, appears as.the brown 

1 
. . . 149 

co ourat1on appears. Spin-spin splitting values of·~(N)4.7 

gauss and atHJ1.8 gauss were measured. This shows the radical 
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is unusual as a value of a(N) ca 12 gauss for the nitrogen 

170 atoms in the nitro groups of HNS would have been expected. 

At present the radical species had not been identified, but·its 

low concentration suggests its production may only be a minor 

process, and its formation may not be responsible for the brown 

colouration observed. 

8.3.3 Reaction with piperidine 

Visible spectra 6f HNS (1 x 10- 5M) and piperidine 

(0.001 - 0.1~) in DMSO were recorded. A red species with 

maxima at 450nm and 520-530nin is produced first, and slowly 

decays to be replaced by a species with a large _broad maximum 

at about 640nm. Study of the reaction at 450nm on the stopped-

flow spectrophotometer shows one fast colour forming process at 

low piperidine concentrations while at high piperidine concen-

trations the fast process is followed by a slower colou~ forming 

process. Only the fast process was measured and this is assumed 

to be a-adduct formation by amine attack at the 3-position to · 

Evidence to justify this assumption 

will be given later. The following slower reaction at high 

piperidine concentrations may be formation of ~.3; R~RN = c
5

H10N) 

The kinetic and equilibrium data for th~ o-adducit 

formation reaction between HNS and piperidine in DMSO is given 

in Table 8.4. Using Scheme 8.3 the general kinetic expression, 

given by equation 8.1, can be derived. 

k 3kAm[Am]
2 

+ k_ 3kAmH+[Amn+l 

k_3 + kAm[Am] kobs = (equation 8 .1) · 

When there is no added amine salt present and conversion 

to the o-<H_lduct is ~95'l. then equat.i.on 8.1 reduces to equation 8.2 
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(equation 3.2) 

The data in Table 8.4 is best interpreted using equation 8.3 

which is obtained from equation 8.2 if k_ 3 >> kAm[Am] is assumed. 

4 2 -2 -1 
A value of K3kAm(4!·0.4) x 10 1 mol s is obtained. 

(equation 8.3) 

TABLE 8.4 Kinetic data for the reaction of -HNS (1 x 10- 5M) 

with_Eiperidine in DMSO at 25°C 

[Piperidine]~ 

0.004 

0.006 

0.008 

0.01 

0.02 

0.03 

0.04 

-1 
kobs/s 

0.74 

1.7 

2.8 

3.8 

17 

33 

51 

b 
CD (fast) 

0.64 0.0334 

1.4 0.0343 

2.6 0.0343 

4.0 0.0343 

16 0.0334 

36 0.0343 

55 0.0343 

a. Calculated using K
3

kAm 4 x 104 1
2 

mol- 2 s- 1 . 

c 
00 (slo.v) 

0.0353 

0.0410 

0.0429 

0.0458 

b. Measured at 450nm at com'pletion of the 3-adduct formation. 

A 2mm pathlength cell was used. 

c. Measured at 450nm at the completion of the second· dolour 

forming process. 

Rate and equilibrium measurements for the o~adduct 

formation reaction between HNS and piperidine in DMSO_containing 

0.1~ piperidinium perchlorate, data in Table 8.5, or 0.1~ 

piperidinium chloride, data in Table 8.6, have been made using 

stopped-flow spectrophotometry. At the concentrations studied 
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TABLE 8.5 Kinetic and equilibrium data for the reaction of 

HNS (1 x 10- 5~) with piperidine in DMSO containing 

0.1~ piperidinium perchlorate at 25°C 

[Piperidine]/~ 
-1 ka ds-1 OD (450run) ~b /1 mol-l kobs/s cal . c,3 

0.01 31±1 31 0.0060 168 

0.015 33 36 0.0100 140 

0.02 43 43 0.0148 138 

0.025 52 52 0.0191 135 

0.03 60 63 0.0241 152 

0.04 86 91 0.0287 138 

Calculated using K3kArn 4 X 104 12 -2 -1 
kArnH+ 270 a. mol s ' 

-1 -1 and equation 8. 4. mol s 

b. Calculated using an optical density for complete con-

version to 3-adduct of 0.0417 and equation 8.6. 

TABLE 8.6 Kinetic and equilibrium data for the reaction 

between HNS (l x 10-5M) and piperidine in DMSO 

containing 0.1~ piperidiniurn chloride at 25°C 

[Piperidine]~ 
-1 a -1 ODb ( 450run) Kc 

3
;1 mol-l kobs/s. k /s calc c, 

0.0075 14 14 0.0057 324 

0.01 16 16 0.0089 317 

0.015 20 .20 0.0141 274 

0.02 25 27 0.0218 '359 

0.03 44 45 0.0269 296 

0.04 64 71 0.0306 298 

1 

a. Calculated using K3kArn 3.7 x 104 .1
2 

mol-
2 

s-1 , kArnH+ 120 1 

-1 -1 
mol . s and equation 8.4. 

b. Measured using a 2mrn pathlength cell. 

c. Calculated using an optical density for· com~lete conversion 

I t 1 . r : I I • I ~ . 

td 3-~d~utt bf 0.0370 and equation 8.6. 
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only one colour forming process was observed. Both sets of 

data are best.interpreted using equation 8.4, which is a modified 

form of equation 8.1 noting the assumption that k_
3 

» kAm (Am] .. 

In 0.1~ piperidiriium perchlorate 

[Am] 2 is. linear and gives values 

solution a plot of k b versus 
0 s 

4 2 -2 
for K3kAm of 4 x 10 1 mol 

-1 . -1 
s and.for kAmH+ of 270 l·mol s-l Combination of these 

values gives a value for K 3 (defined in equation 8.5) of c, . 
-1 

148 1 mol . 

]{ 
c,3 

This value is in good agreement with the K 
c,3 

(equation 8.5) 

value calculated from the optical density measurements using 

equation ·8.6. In 0.1~ piperidinium chloride solution equation 

8.4 again fitted the data to give a value for K
3

kAm of 

R = [8.2] 
c,3 [ 8. 1] 

3.7 104 12 -2 
X mol 

equation 8.5 gives 

[AmH+] 

[Am] 2 

-1 
and s 

a value 

for 

for 

(equation 8.6) 

. . -1 -1 
kAmH+ of 120 1 mol s Using 

K 
3 

of 310 1 mol-l which is in c, 

reasonable agreement with the Kc, 3 value calculated from the 

optical density values. 

8.3.4 · Reaction with pyrrolidine 

Mixing solution~ in DMSO of HNS (2 x 10- 5
M) and 

pyrrolidine. (0.001-0.1~) results in the rapid formation of a 

red species whose visible spectra, J.max 450nm and 520-530nm, is 

typical of a-adducts. 92 ~here is a slow subsequent reiction 

giving rise to an increase in absorption at 630-640nm. 
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Spectra recorded in the presence of a 0.1~ pyrrol-· 
- I 

idinium perchlorate indicate the slow formation of a species with 

A. ca 510nm. 
max 

This is thought to be the adduct (8.6; 

R~RN = c
4

H
8

N) formed by amine addition to the olefinic bond. 

The analogous reaction of HNS with methanolic methoxide has been 

described in Chapter Five. When [pyrrolidine]<0.05~ little 

of the a-adduct formed by attack on the aromatic ring is observed 

but at higher amine concentrations the visible spectra show fast 

·formation of (8.2; R~RN = c
4

H
8

N) follov.1ed by conversion to (8.6). 

Kinetic data for the rapid reaction giving (R.6; 

R~RN = c 4H
8

N) were obtained by stopped-flow spectrophotometry ih 

solutions containing pyrrolidine in DMSO with and without added· 

tetraethylammonium perchlorate (to maintain constant ionic 

strength) . They are presented in Table 8.7. A very much slower 

colour forming reaction was also observed and optical densities 

at the completion of the reaction are also given. The data in· 

Table 8.7 are interpreted using Scheme 8.3 .and equation 8.7 

( a modification of equation 8.2). 

2 

k obs = 
K3kAm[Am] 

1. + kAm [Am] 

k_3 

(equation 8.7) 

culated rate coefficients which best fit the data. They are 

intermediate between the observed rate coefficients measured in 

DMSO and in DMSO containing 0.1~ tetraaethylammonium perchlorate. 

·The value of kAm/k_ 3 is the parameter most subject to error. 

Further rate and equilibrium measurements have been 

.made on the fast process. ~able 8.8 contains data measured in 
•· 

DMSO containing 0.006~ pyrrolidine with varying.pyrrolidinium 
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TABLE 8.7 Kinetic and eguilibrium data for the reaction of 

HNS (1 X l0- 5b1) and pyrrolidine in DMSO at 25°C 

[Pyrrolidine] /~ ka /s-1 kb /s-1 kc /s-1 d ODe L (450ru ODfast ( 450nrn) obs calc. obs SON 

0.004 10.1 11.1 11.5 

0.005 17.0 18.6 

0.006 23.5 24.0 27 

0.008 35 41 46 

0.010 55 62 60 

a. These measurements were made in DMSO. 

b. Calculated using K3kArn 7.5 x 105 1 2 mol- 2 

-1 mol and equation 8.7. 

0.042 

0.042 

0.042 

0.042 

0.042 

-1 
s 

0.044 

0.044 

0.045 

0.048 

0.050 

c. These measurements were made in DMSO, coritaining O.lM 

tetraethylammonium perchlorate. 

d. Measured at completion of the fast process. 

e. Measured at completion of the second p~ocess. 

'TABLE 8.8 Kinetic and equilibrium data for the reaction of HNS 

(1 x 10- 5~) with pyrrolidine (0.006~) in DMSO 

containing pyrrolidinium perchlorate at 25oc 

[Pyrrolidine perchlorate]/~ k~s/s-l d -1 
K 

3
;1 rrol c, 

0 24 24 0.0419 

0.002 27 28 0.0343 252 

0.004 31 31 0.0311 320 

0.007 37 37 0.0241 263 

0.01 43 43 0.0218 301 

0.02 59 61 0.0155 326 

a. Ionic strength = 0.1~ by using tetraethylammonium perchloratE 

b. 
5 2 -2 -1 

Calculated using K3kArn 7.5 x 10 1 mol s , kArn/k_ 3 21 1 

-1 -1 -1 
mol , kArnH+ 2100 1 mol s and equation 8.8. 

c. Measured at completion of ·the first process. 

d. Calculated using K 3 = 00(450) [ArnH+])[0.0419-0D(450)] [Arn] 2 ; . c, 
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perchlorate concentra~ions. They are interpreted using 

equation 8.8 which is a modified form of equation 8.2. Using 

the previous values for K
3

kAm of 7.5 x 105 1
2 

mol-
2 

s-l and 

-1 . -1 -1 
for kAm/k_ 3 of 21 1 mol a value for kAmH+ of 2100 1 mol s 

can be calculated. The d~ta given in Table 8.9 were measured 

2 + 

k = obs 

K3kAm[Am] + kAmH+[AmH ] 

k + kAm [Am] 
(equation 8.8) 

k_3 

in DMSO solutions containing o. 01-~ or o.on~ pyrrolidinium perchlorate 

They,are again best fitted using equation 8.8 with values for 

K
3

kAm_ of (7.5±0.3) x 105 1 2 mol- 2 s- 1 , for kAn
1
/k_

3 
of 21±6 1 mol-l 

-1 -1 
and for kAmH+ of 2100±100 1 mol s . The overall equilibrium 

constarif K '
3

, defined by equation 8.5, is calculated as 360 1 c, 
-1 

mol , which is in agreement with a value for K 3 calculated c, 

from the optical density data. 

A conventional spectrophotomete;r was used at a 

wavelength of 510nm_to measure a very slow colour forming process, 

which followed the rapid colour forming process measured on the 

stopped-flow spectrophotometer. This reaction is interpreted 

as amine attack on the olefinic bond_ of HNS as shown in Scheme 

8.4. The rate expression allowing for preliminary formation 

of the 3-adduct is given by equation 8~9. However by assuming 

k -[Am] > > k b equation 8. 9 reduces to equation- 8. 10. The value· Am -
+ of k_bkAmH+[AmH ]/kAm[Am] is expected to be small (the equivalent 

term for methoxide attack on the olefinic bond of HNS_in .methanol 

was shown to be very small in Chapter Five) so that equ~tion 8.10 

can be modified into equation 8 .11. For the data given in 
2 + 

kbkAl [Am] k_bkAmH+[ArnH ] 
k 

. . Tl 
+ (equation 8.9 -- (k_b+kAm[Am]) (l+Kc, 3 [Am] 2 /[AmH+] k_b+kAm[Am] obs 

·, 



K c,l = [ 8 • 4] 
[HNS] [Am] 2 

[ HN S] 
0 

= [ HN S] + [8 • 4] + [ 8 . 5] 
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(equation 8.12 

(equation 8.13 

(equation 8.14 

line can be extrapolated to give a value for the optical density 

of complete conversion to the di-adduct of 0.0926. Because a 

curved line is extrapolated this value is subject to large error. 

It is assumed the optical density of complete conversion to the 

mono-adduct is 0.0463, i~e.half that of .the di-adduct. Using 

these values and equations 8.12, 8.13 and 8.14 VQlues for Kc~l 

-1 -1 
of 4500 l mol and for KD,l of 65 l mol fit the data· in · 

Table 8.11. 

Kinetic measurements were limited to low n-b~tylamine 

concentrations where only o-adducts of 1:1 stoichiometry were 

observed. Two fast processes were observed which are taken to 

be amine attack at the 3-position to give (8.2; R"RN = CH3CH2CH2CH2~:n 

followed by amine attack at the 1-position to give (8.4; 

The general rate expressioti derived 

from Scheme 8.3 for formation of the 3-adduct is.given by 

equation 8.1. 

The rate data for the faster process; obtained in 

solutions without added n-butyiammonium ions, is given in Table 

8.12. The data.fits equation 8.15 which is derived from equation 

8.1 when kAni[Arn]>>k_ 3 and [ArnH+] is extremely small. 

for k
3 

of 5300±300 1 ·mol-l s-1 is calcuiated. 

k = k3. [Am] . 
.obs 

A value 

(equation 8.15 
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TABLE 8.12 Rate measurements for formation of 
(~ R~RN = CH 3cH2cH 2cH 2NH) from HNS 
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(5 x lo-6~) and n-butylamine in Dl\1SO at 25°c 

[n-butylamine]/~ k /s- 1 ka/1 -1 -1 ODb (460nm) 
obs 3 mol s 

0.005 26.3 5250 0.0182 

0.006 30.3 5050 0.0186 

0.008 43.3 5400 0.0186 

0.010 54.8 5500 0.0195 

0.012 64.1 5350 0.0186 

b. Mea~ured at completion of the first process. Indicates 

conversion to 3-adduct >95%. 

In solutions containing 0.1~ n-butylammonium 

perchlorate the formation of the 3-adduct is too rapid for rate 

measurements but at higher amine concentrations a value for 

K 
3 

of 146±5 + mol-l can be calculated from the equilibrium c, 

optical densities. These data along with rate measurements 

for the formation of the 1-adduct are given in Table 8.13. The 

scheme for o--adduct.formation by amine addition at the 1-position 

is given in Scheme 8.6, from which the general rate expression, 

given by equation 8.16, is derived. This includes a term which 

allows for preliminary formation of the 3-adduct. The data in 

Table 8.13 best fits equation 8.17, which is a modified form of 

equation 8.16 .· 

k k [Am]2 
lAm 
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TABLE 8.13 Kinetic and equilibrium data for the a-adduct· 

forming reactions of HNS (1 x 10-5M) with n­

butylamine in OMSO containing 0.1~ n-butylammonium 

perchlorate at 25oc 

[n-butylamine]/~ 
a 

oo
3 

(455nm) 

0.001 

0.002 

0.004 

0.006 

0.008 

0.010 

0.015 

0.020 

0.030. 

0.040 

0.050 

·o.o6o 

0.080 

0.0092 149 

0.0205 . 141 

0.0259 151 

0.0287 145 

0.0306 142 

0.0362 

13.2 

9.3 

7.1 

7.3 

7.9 

8~6 

10.2 

11.8 

12.1 

11.3 

10.9 

12.9 

8.9 

7.2 

7.4 

8.0 

8.8 

10.4 

11.3 

10.4 

8.3 

6.7 

a.. ·Measured at the completion of the formq.tion of the 3-adduct. 

76 A Benesi-Hildebrand type plot . gives an optical density fo1 

b. 

c. 

complete conversion to the ·3-adduct of 0.0366. 

00
3 

(4_55) [AmH+] 
Calculated using K = · 2 c 1 3 [0.0366-oo3 (455)] [Am] 

-1 -1 -1" 
Calculated using k 1 840 1 mol s kAm/k_ 1 1575 1 mol 1 

.. .::.1 -1 . . -1 . 
kAmH+ 320 1 mol s 1 Kc 13 146 1 mol ·and equation 8.17. 



k obs = (l+kAm[Am]) (l+Kc, 3 [Am]Z/[AmH+] + 

k_l 
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(equation 8.] 

Using the calculated value for K 3 of 146 1 mol-l c, 

the data for n-butylamine concentrations <0.02~ ~~best fitted 

-1 -1 -1 using the values: k 1 840 1 mol s , kAm/k_ 1 1575 1 mol and 

-k - + 320 1 mol-l s-l F b t 1 · t t · 0 02M AmH or n- u y am1ne concen ra 1ons ~ . Q 

k · th~ observed rate coefficient, is fourtd_to be larger than obs' 

k 
1 

, the calculated rate coefficient. 
ca c . 

In these solutions the 

o~tical den~ity data indicate the presence of appreciable amounts 

of the di-adduct, which prObably accounts for this discrepancy·. 

The equilibrium constant Kc,l calculated from the kinetic para-

meters gives a value of-4200 1 mol-l ·which is in good agree-

ment with that calculated from the optical density measurements 

in Table 8.11. 

0 

The kinetic and equilibrium data measured in the 

presence of O.lM n~butylammonium chloride are given in Table 8.14. 

No independent value for K 3 was measured, but a value of K 3 C I , C 1 

-1 
of 292 1 mol was_ used by assuming, as found previously, that 

equilibrium constants for adducts of 1:1 stoichiometry q.re about 

twice ·as large in solutions containing substituted ammonium 

chloride ions than those containing substituted ammonium perchlor­

ate ions. 92 , 151 Using the parameters k 1 840 1 mol-l s- 1 , kAm/k_: 

157_- 5 1_ mol- 1 , kAmH+ 176 1 mol-ls-land the value forK of 
~,3 

.. -1 ' 
292 1 mol --with equation 8.17,good agreement between kcalc and 

k is obtained. obs It is observed that k b > k 1 for the -- o s ca c 

last two n-butylamine concentrations which again suggests that 

at these n-butylamine concentrations there may be some formatio.n 

of the 1:2 adduct. 
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TABLE 8.14 Kinetic and equilibrium data for the a-adduct 
forming reactions of HNS (1 x lo-s~) with 

n-butylamine in D~SO containing ~-1~ n-butyl­

ammonium chloride at 25oc 

[n-butylamine]/~ 
. -1 

k b /s 0 s 
a -1 

k /s calc 
b OD (455nm) 

0.0006 9.28 9.29 0.0016 

0.0008 8.15 8.16 0.0028 

0.001 7.50 7.35 0.0037 

0.002 5.24 5.50 0.0109 

0.004 5.02 5.18 0.0308 

0.006 5.96 5.81 0.0400 

0.008 6.82 6.54 0.0448 

0.010 8.06 7.16 0.0467 

a. Calculated 
-1 -1 -1 using k 1 840 1 mol · s , kAm/k_ 1 1575 1 mol , 

-1 -1 -1 mol s , Kc, 3 292 1 mol and equation 8.17. 

b. Measured at completion of the colour forming process. 

8.3.6 Reaction with benzylamine 

Visible spectra for the reaction of HNS with benzyl-

·amine in DMSO are similar to those of HNS with n-butylamine. 

In solutions without added benzylammonium salts the visible spectre 

of HNS (1 x 10- 5~) with benzylamine (0.001.,-0.1~) are typical of' 

92 o-adducts and appear to be very stable .. The maxima as the 

amine concentrations increase move from 450nm and 540nm with 

0.001~ benzylamine to 458 and 510nm with 0.1~. benzylamine as 

shown in·Figure 8.3. The first is probably the visible spectrum 

of the 1:1 adduct (8.4; R~RN = c 6H 5cH 2~H) while the second is that 

In solutions con-. 

·taining O.lM benzylammonium chloride, HNS (1 x 10- 5~) and benzyl-
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TABLE 8.15 Equilibrium data for a-adduct formation from 

HNS (4 x 10- 5~) in DMSO containing O.lM 

benzylammonium perchlorate at 250C 

[Benzylamine]/~ OD b (530nm) 
a OD 

1 
( 530nm) 

0 s ca c 

0.00195. 0.007 0.004 

0.00396 0.020 0.015 

0.00594 0.034 0.033 

0.00790 0.058 0.055 

0.00985 0.086 0.081 

0.0195 0.210 0.219 

0.0383 0.365 0. 389 

0.0603 0. 470 ·0.468. 

O.OS04 0.513 0. 507 

0.101 0.540 0.533 

o. 201 0.648 0.641 

o. 402 0.777 0.812 

o. 603 0. 904 0.907 

o. 804 0.963 0.956 

0.979 o. 990 0.980 

1.175 1.005 0.997 

Calculated using K 190 -1 
KD;t . 0. 8 l -1 a. c,l l mol , mol 

280 

and optical densities for complete conversion for· the 

1:1 adduct of 0.52, and for the 1:2 adduct of 1.04. 
.. 
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amine (0.001-0.l~), a-adduct formation is observed with maxima 

at 450 and 530-540nm. Very slowly a maximum at aa ·5oonm appears 

to replace the a-adduct maxima. This is. probably amine attack 

on the olefinic bond to produce the adduct (8.6; c
6

H
5

CH 2NH=RR'N). 

Table 8.15 shows optical density datct of the a-adduct 

formation reactions in solutions containing 0.1~ benzylammonium 

perchlorate. ·Using equations 8.12, 8.13 and 8.14 the values 

for Kc, 3 of 190 l mol-l and KD,l of 0.8 l mol-l are calculated. 

Kinetic studies have once again been limited to 

adducts of 1:1 stoiChiometry. In solutions containing no added 

ben:z:ylammonium ions a value for k
3 

of 1200±150 l mol_\_bas been 

calculated using equation 8.15 for the da~a in Table 8.16. 

TABLE 8.16 Kinetic and equilibrium data for the reaction 
of HNS (l x l0-5~) with benzylamine in DMSO at 25°C 

[Benzyl amine]/ M 
-1 a -1 -1 OD(455nm) k b /s k 3/l mol . s 

0 s 

0~015 16.2±0.5 1100 0.040 

0.020 21.4 1100 0.041 

0.025 25.9 1050 0.040 

0.030 38.5 1300 0.042 

0.035 45.8 1300 0.042 

0.040 48.7 1200 0.041 

Table 8.17 contains the data for the formation of 

·. the 1-adduct in solutions containing 0.1~ benzylammonium perchlor-

·ate. The data ~~best fitted _using equation 8.17 and values 

for K
1

kAm of 6.8 x 104 1 2 mol- 2 s- 1 , for k.AmH+ of 310 1 mol-l s-l 

-1 . -1 
for kAm/k_ 3 of 245 1 mol and Kc, 3 7.3±0.2 l mol . K is c,3 

. I 

'cai8Ui&tea from equilibrium opticai·aehsities_at the higher amine 
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TABLE 8.17. Kinetic and ·equilibriUm data fot a-adduct formation 

from HNS (1 x 10- 5~) and ben~yla~ine in bMSO con­

taining O.lM benzylammonium perchlorate at 25°C 

0.004 

0.006 

0.008 

0.01 

0.02 

0.04 

0.06 

0.08 

0.10 

0.15 

0. 20 

0.25 

0.0177. 7.3 

0.0259 7.2 

0.0315 7.5 

0.0343 7.1 

17.7 

13.~ 

12.9 

11.2 

10.2 

11.7 

14.5 . 

17.0 

17.8 

19.5 

19.0 

18.5 

16.2 

13.5 

11.9 

10.9 

9. 7 . 

11.9 

14.3 

15.9 

16.6 

14.5 

12.8 

0.0019 

0.0036 

0.0062 

0.0087 

0.0106 

0.0438 

0.0526 

0.0565 

0.0595 

0.0655 

0.0706 

0.0757 

a. i'lleasured at completion of the 3-adduct formation reaction. 

b. 

c. 

A Benesi-Hildebrand type plot76 yiel~s oo
3 

for complete 

conversion to the 3-adduct!of 0.0420. 
. . + . 2 

Calculated from Kc, 3:: oo 3 ( 450) [AmH ] I [ 0. 0420-:0D3 { 450)] [Am] .. 
. 4 2 ' -2 .:..1 

Calculated using K1 kAm · 6. 8 x 10 . 1 mol s , kArnH+ 310 l 

-1 -1 -1 -1 
mol s , kAm/k_ 1 245 1 mol , Kc, 3 . 7.3 1 mol and 

equation 8.17. 

d. Measured at completion of the 1-adduct formation reaction. 
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as 220 1 mol . 
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From the rate coefficients K 1 is calculated c, 

At the higher benzylamine concentrations a 

mixture of 1:1 and 1:2 adducts will be present thus causing k b 
0 s 

to be larger than k 
1 

. 
ca c 

Table 8.18 shows data measured in 

solutions containing 0.01 and 0.006~ benzylarnine. At these 

amine concentrations the concentration of the 1:2 adduct is 

very small. The rate and equilibrium coefficients ca~culated 

above fit these data using equation 8.18. The K 1 value cal­c, 

culated using the optical density data is found to be 213±15 1 mol 

which is in good agreement with the K 1 value calculated from c, 

the kinetic data. 

Table 8.19 contains the data for the formation of · 

the 1-adduct in solutions containing 0.1~ benzylammonium chlori~e. 

the data }!t~best fitted using values for K1kAm of 7.4 x 10
4 

1
2 

-2 -1 -1 -1 -1 
mol s , kAmH+ of 160 1 mol s , kAm/k_ 1 of 160 1 mol , 

-1 
K 3 of 16.9±1.5 1 mol (again measured from· optical densities c, 

of the 3-adduct at high benzylamine concentrations) and equation 

8.17. Again at the high benzylamine concentrations there will 

be appreciable amounts of the 1:2 adduct formed and this pro-

bably accounts for the discrepancy between the observed and cal-

culated rate coefficients at these concentrations. 
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TABLE 8.18 Kinetic and equilibrium data for a-adduct formation 

from HNS {2 x 10- 5~) and benzylamine in D~SO con-

tainins benzylarnmonium Eerchlo~ate at 250C 

[Benzylamine -1 ka ~s-l OD{450nm)b 
K c I 

[Benzylamine] ,lrj k b /s 
c

1
1 _

1 perchlorate] /14 0 s cal . 1 mol 

0.01 0.01 2.8 2.7 0.0820 191 

0.01 0.02 3.7 3.7 0.0635 207 

0.01 0.04 5.5 5.5 0.0419 202 

0.01 0.06 7.4 7. 3 . 0.0334 219 

0.01 0.08 8.9 9.1 0.0278 229 

0.01 0.10 11.2 "10. 9 . 0.0214 207 

0.006 0.01 2.2 2.2 0.0555 222 

0.006 0.02 3.4 3 ·. 5 0.0348 214 

0.006 0.04 5.9 6.0 0.0200 . 2-12 

0.006 0."06 8.6 8.5 0.0144 217 

0.006 0.08 10.9 11.0 0.0111 217 

0.006 0.10 13.3 .13. 5 0.0092 221 

Calculated using KlkAm 6.8 104 12 -2 -1 
kAmH+ 310 1 a. X mol s I 

..,.1 ...,..1 
kAm/k_l 245 -1 K 

. -1 
and mol s I 1 mol 1 c 1 3 

7.3 1 mol 

equation 8.17. 

b. Measured at completion of the process. A Benesi-Hildebranc 

type plot76 gives an optical density for complete conversio1 

of 0.125. 

c. Calculated using K = OD{450){AmH+]/[0."125-0D{45dJ[Am]
2

. c 1 1 
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TABLE 8.19 Kinetic and equilibriQ~ data for a-adduct formation 
-5 from HNS (1 x 10 ~) aDd benzylamine in OMSO con-

taining 0.1~ benzylammonium chloride at 25°C 

[Benzylamine]~ oo
3 

( 450nm) a ~ -1 -1 k~al~s-l 00~(450nm) 3
;1 mol kobs/s c, 

0.002 11. 6±0.8 10.9 0.0014 

0.004 8.2 8.7 0.0041 

0.006 7.5 7.6 0.0078 

0.008 7.0 7.0 0.0120 

0.01 6.7 6. B· 0.0164 

0.02 6.9 7.4 0.0334 

0.04 10.0 10.1 0.0477 

0.06 0.0123 14.6 12.2 11.6 0.0526 

0.07 0.0168 18.1 0.0565 

0.08 0.0186 17.0 13.4 11.8 0.0585 

0.10 0.0223 16.6 0.0605 

0.15 0.0287 18.2 14.1 9.6 0.065~ 

a. Measured at completion of the formation of the .3-adduct. 

A Benesi-Hildebrand type plot76 gives a oo3 for complete 

conversion to the 3-adduct of 0.0357. 

b. Calculated using Kc, 3 = OOj (450) [AmH+]/[0.0357-003 (45C)·] [:run] 

4 2 -2 -1 
c. Calculated using K1kAm 7.4 x 10 1 mol s , kAmH+ 160 1 

mol-ls:1 kAm/k_
1 

245 1 mol-l, Kc,
3 

16.·9 .1 mol-l and 

equation 8.17. 

d. Measured at completion of the l~adduct formation reaction. 
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8.4 Discussion 

As observed in the previous two chapters, and in agreement 

. 86 151 with prev1ous work ' , the equilibrium constants K 1 and K ~ 
C t C t:. 

have values ca twice as large in solutions containing 0.1~ 

substituted ammonium chloride as in solutions.containing 0.1~ 

substituted ammonium perchlorate. Also the values of kAmH+ 

are reduced by a factor of two. These observations have been 

.attributed tothe stabilising ability of the substituted ammoniun 

ions with the chloride ions. 86 ~ 151 ·Unless specifically stated 

this discussion will concentrate on the data obtained in the 

presence of perchlorate salts. Also the values of· k 3 , Kc, 3 ' 

K3k.Affi, k 1 and Kc, 1 for HNBB and HNS have been statistically 

corrected. This correction is necessary to . :::tllow for the· pre:­

sence of two picryl rings in these compounds and is achieved 

by dividing the afore-mentioned constants by two. 

8.4.1 Attack at the unsubstituted positions 

Table 8.20 compares the kinetic and equilibrium data 

for amine attack at the unsubstituted or 3-position of HNS, HNBB 

TNBCl and 1,3,5~trinitrobenzene (TNB). The assumption that the 

rate and equilibr~um data for the reaction of HNS with piperidin4 

and pyrrolidine refers to attack at:.the 3-position is justified by the 

way they fit regularly into the pattern for reaction at unsub-

stituted positions. In particular the values of kAmH+ are 

th t d f . tt k t th 3 . . 15 2 h . o~e expec e or a ac a e -pos1t1on, as s own 1n 

Chapters s~x and Seven. 

The equilibrium constant Kc,
3 

increases in the order 

HNBB < HNS~ TNBCl < TNB, after ~tatistic~l correction, for each 

amine used. The reduction in values of Kcia for the substitute 
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TABLE 8.20 Comparison of kinetic data and equilibrium data 
(statistically corrected) for reaction at unsub­
stituted ring positionsa in DMSO at 250C 

Benzylamine n-Butylamine Pyrrolidine Piperidine 

-1 
Kc, 3(1 rrol ) 

{~ TNOCl 
'INB 

· -1 HNS 

{

HNBB 

~-3 (1 mol ) . =l 

275 
800 

1000 
13000 

o. 6 
3.7 
5 

105 

450 
160 
200 
125 

850 
2700 
3000 

45000 

13 
73 
73 

1000 

70 
37 
41 
45 

1.8 
1.7 
7.5 

40004 
X 104 
X 105 
X 10 

40 
180 
240 

3500 

1. 5 .X 10~ 
3.7 X 105 
5.8 X 107 
1.0 X 10 

40 
21 
34 
14 

3900 
2100, 
2400 
3000 

100 
97 
70 

210 

>2500 
>4000 4 

1.3 X 10
5 >2 X 10 

13 
75 
93 

2140 

6000 4 
2 X 104 

2.6 X 10
5 

6 X 10 

< 2 
< 5 
< 2 
<10 

420 
270 
280 
280 

>200 
> 55 
>140 
> 90 

a. Data for HNBB from Chapter Seven; for TNBCl from Chapter 

Six; and for TNB from reference 152 and 153. 

The measured values of HNBB arid HNS have been statistically 

corrected to allow for the presence, in these compounds, 

of two picryl rings. Measured values of k 3 , Kc, 3 ' K3kAm 

have been divided by two. 
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compounds relative to TNB is probably due to the steric bulk 

of the 1-substituent which will force the ortho nitro-groups 

from the ring plane thus reducing their electron withdrawing 

ability. 

The ratio kAm/kAmH+ reflects the acidity of the 

zwitterionic intermediate relative to the acidity of the sub~ 

sti tuted ammonium ion and is 'ttinl_j,ke1:y to show a large variation 

with the nature of the substrate:
152 

(also shown in Chapte~s 

Six and Seven) . Values of k
3

, the rate coefficient for attack 
c 

at the 3-position, increase in the same order as values of K 
3

. c, 

However the k_ 3kAmH+/kAm term changes relatively little with 

substrate and hence as neither does the ratio kAm/kAmH+, then 

the values of k_ 3 are insensitive to substrate structure. ValuE 

of k 3 and Kc, 3 decrease ~n the order pyrrolidine > piperidine, 

n-butylamine > benzylamine but the values of k_ 3 do not vary 

much with the nature of. the amine. These observations may 

indicate that the transition states for amine attack at the 3-

position on these compounds are 11 product like 11
• 

In the results section values of kAmH+, the rate 

coefficient for proton transfer between the anionic adduct and 

the zwitterion, have been directly measured for the secondary 

. Th t. k /K h . 1 b t . t d lS 2 'l ~ am1nes. e ra 10 Am AmH+ as prev1ous y een es 1ma e 

to have a value of 500. Therefore it is possible to calculate 

a value for kAm of ca 106 1 mol-l s-l for p:irrolidine and a valw 

·for kAm of ca 105 1 mol-l s-l for piperidine. The values of 

kAm are significantly smaller than those expected for diffusion­

controlled proton transfer reactions between nitrogen atoms. 

This is attributed to steric hindranc~, particularly severe with 

piperiqihe, when the bulky amine approaches the zwitterion re-
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8.4.2 Attack at the substituted position 

The formation of o-adducts by amine attack at the 

substituted or 1-position of HNS was only observed for the 

primary arnines n-butylamine·and benzylarnine. These arnines, 

at high amine concentrations, also form the di-adducts by attack 

at the 1- and 1~-positions of HNS. The kinetic and equilibrium 

data for these processes are collected together in Table 8.21. 

Values of the equilibrium constants K 
1 

are larger than K c, c,3 

by factors of 29 for n-butylamine and 26 for benzylarnine. The 

values of the rate coefficients k 1 are smaller than k 3 by a 

factor of ca 5. These changes reflect the steric and electronic 

effects of the CH=CHPic group. The 1-adduct is more stable 

than the 3-adduct because of the relief of steric strain, present 

in the parent mole6ule, when the CH=CHPic.group is bent from 

the ring plane. The nitro-groups at the 2~ and 6-positions are 

then able to become co-planar with the ring and exert their 

maximum electron withdrawal. An additional factor may be the 

inductive electron withdrawing effect of the Ch=CHPic group at 

the 1-position. The attack at the 1-position is slower than 

attack at the 3-position which may be attributed to F-strain,
160 

(steric hindrance to the approach of the reagent) . Once again 

it is necessary to note that kAm/kArnH+ will not vary greatly 

with the position of amine attack. Therefore from comparison 

of the third line and final line of data in Table 8.21 the 

ratios of k_ 3/k_ 1 are 100-200, indicating very much slower 

expulsion of amine from the 1-position than. from the 3-position. 

The failure to observe attack at the 1-position in 

the reaction b~tween HNS and secondary amines is probably once 

. . 103,16 
again due to the large steric requirements of such arn1nes. 
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TABLE 8.21 Kinetic and equilibrium data (statistically 
corrected) for a-adduct formation between HNS 
and Erimary amines in DMSO at 25oc 

-1 K 1 ( l mol ) 
cl 

-1 
K

0 1 1 ( l mol ) 

-1 -1 
k 1 (l mol s ) 

·-1 
k_lkAmH+/kAm(s ) 

n-Butylamine 

73 

2700 

37 

2300 

65 

420 

0. 20 

Benzylamine 

3.7 

800 

160 

1000 

0.8 

140 

1.5 

The sterically crowded 1-position due to the presence of two 

bulky groups would make the formation of the 1-adduct kinetica-11~ 

and/or thermodynamically unfavourable. 

The values of K
011 

for conversion of 1:1 adducts 

to 1:2 are lower than the K ~alues by factors of 350 for n-
C1l 

butylamine and 1250 for benzylamine. For comparison in Chapter 

Five it was reported that the corresponding factor for reaction 

with ethoxide ions ·is 80. · Therefore 1 it is shown that even tho1 

the picryl rings are well separated formation of the 1-adduct 

by attack at the 1-position inhibits attqck at the 1'-position. 

Table 8.21 compares data for the reactions of primar 

amines and HNBB 1 TNBCl and 2;4 16-trinitrophenetole (TNP) with 

those of HNS. The data for TNP are taken from the next chapter 

where the reactions of TNP with aliphatic amines in DMSO are 

reported. It is convenient for comparison purposes to report 

some of the TNP data here. K 1 values increase in the order 
cl 
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HNBB < HNS < TNBCl < TNP. Regarding the substrates as 1-

substituted-2,4,6-trinitrobenzenes the order -is the same as 

the inductive electron-withdrawal of the 1-substituent, with 

137 
the ethoxy group being the most powerful. However the 

K 1 values also are controlled by steric effects, as energy c, 

is gained when the 1-substituent rotates out of the plane of 

the ring on formation of the 1-adduct. It is impossible to 

estimate quantitatively the ind~vidual contribution of the 

electronic and steric effects to K 1 .- There is the possib­c, 

ility that adducts formed by attack at the 1-position of HNS 

and HNBB are still subject to steric strain so that the ortho 

nitro-groups are not coplanar with the ring. This is implied 

by the fact that the values of K 
3 

for TNB in Table 8.20, 
c' -

that is for amine attack at an unsubstituted position, are 

similar, for a given amine, to those observed forK 1 for c, 

HNS and are larger than K 3 values for HNBB. c, 

Values of k
1 

for HNBB, HNS- and 'ftJBCl increase in 

the same order as do values for K _ 
1

. However the value of 
- c' 

k 1 for TNP is lower than expected on this basis. Electrostatic 

repulsion between the electronegative entering group and the -

.- 171 ethoxy-substituent may be respons1ble. - Values of k 1 show 

a smaller variation, both with change in su~strate and with _ 

amine, than do values of the ratio k 1k H-+/k . - Am - am 
As before, 

values of the ratio KAm/kAmH+ are not expected to vary widely, 

so that the latter ratios give a measure of k_
1 

values. These 

values necessarily effect the kAm/k_,
1 

ratios which measure the 

susceptibility of adduct formation to base catalysis. Relative· 

ly low values are observed for HNS and TNBCl indicating a high 

susceptibility to catalysis. Values of kAmH+ are in Table 8.22 
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TABLE 8.22 Comparison of kinetic and equilibrium data 
(statistically corrected) for the reaction 
at the substituted ring positiona in DMSO at 25°C 

Benzylamine n-Butylamine 

{ HNBB 37 580 
-1 HNS 95 2100 K 

1 
(1 mol ) 

TNBCl 1000 23000 c, 
TNP 4700 50000 

. -1 { HNBB 0.6 17 
~,l (1 mol ) - HNS 0.8 65 

-1 -1 { HNBB 30 75 
k1 (1 mol s ) HNS 140 420 

TNBCl 230 630 
TNP 95 250 

{ HNBB 0.8 0.14 

k{AmH+/kAm(s-1) 
HNS 1.5 0.20 
TNBCl 0.23 0.028 
TNP 0.02 0.005 

{ HNBB 
> 1000· > 5000 

-1 HNS 245 1600 
~-l (1 mol ) TNBCl 200 2000 

TNP > 3000 > 1000 

rNBB 
> 800 > 700 

-1 -1 HNS 310 320 
kAmH+(l mol s ) TNBCl 46 55 

TNP > 60 > 50 

a. Data for HNBB from Chapter Seven; for TNBCl from Chapter 

Six; and for TNP from Chapter Nine. 

The measured values of Kc,l and k 1 for HNBB and HNS have 

been divided by two to allow for the presence of two 

picryl rings (statistical correction). 



293 

152 Values of kAm will be expected to be ca 500 times larger. 

Nevertheless the values will be several orders of magnitude 

lower than those expected for diffusion-controlled reaction. 

This is attributed to the steric difficulties to the approach 

of the amine molecule to take off the excess proton from the 

. zwitterionic intermediate. There are several other examples 

in the literature of slow proton transfers involving nitrogen 

172-174 centres. Exactly the same explanation was used above 

for the same processes involving proton transfer between the 

anionic ~-adduct and its zwitterion. 

8.4.3 Attack at the olefinic bond 

Following a-adduct formation HNS was observed,most 

clearly with pyrrolidine but also with the other amines reported 

in this chapter, to undergo a very slow reversible reaction to 

give a species with a maxima at ca 500nm. This species appears 

to be very thermodynamically stable and by analogy with related 

146 175 176 systems, ' ' and because of similar observations for the 

reaction of HNS with methanolic methoxide ions in Chapter Five, 

it would seem probable that the species formed is (8.6), re-

sulting from amine attack on the olefinic bond as shown by 

Scheme 8.4. Kinetic data were obtained for reaction of HNS 

with pyrrolidine and indicate that the rate-limiting step is 

reaction of HNS with amine. A rate constant of 0.52 1 mol-l 

was obtained. 
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8.5 Derivation of the Rate Expressions 

The rate expressions for the formation of the l- and 3-

amido-adducts from HNS are derived in an anaiogous way to those 

formed from TNBCl, shown in Chapter Six. 

(a) Formation of the o-adduc.t by attack at the olefinic bond. 

( 8. l) 

K· ·. p 
+2Am~ 

(8.6.Z) + Am---
k_l\IDH + 

d[8.6] -- + d t kAm [ 8. 6. Z] [Am] - kAmH + [ 8. 6] [ArnH ] 

d[8.6.Z] . · + 
dt =_kb[8.l] [Am] + kArnH+[8.6] [AmH ] - k_b[8.6.Z] 

- k Am [ 8 • 6 . Z ] [ f\rn ] · 

If (8.6.Z} is treated as a steady-state intermediate 

then d[ 8d~.Z] = 0. 

["8. 6. z] = 
k b[8.l] [Am] + kAmH+[8.6] [AmH+] 

k_b + kAm [Am] 

Substituting (l) into (l). 

d[8.6] 
dt·. 

· (kb[8.l] [Am. ] + kAmH+[8.6][AmH+]' 
= kAm [Aml . k + k [Am] . . . . ) 

. -b . Am . 

. . + 
kAIDH+[8.6] [ArnH ] 

·and re-arranging,·. 

d[8.6] 
dt 

. ( 2 ). 

( 3) 

( 4) 
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[8.1] = [8.1] + [8.2] + [8.6] + [8.6.Z] 
0 

[8.6.Z] ~ 0 as (8.6.Z) is treated as a steady-state 

intermediate. 

K ,; [8.2] [AmH;] 
c,3. [8.1] [Am] 

Substituting (.§_) into (.?_) and re~arranging, 

[8.1] - [8.6] 

[ 8 .ll = l+K 
0

[Am]Z/[AmH+] 
c,3 

Substituting (1.) into (i} 

d[8.6] 
dt. 

At equilibrium, d[~t 61 = o. 

2 
kbkAm [Am] ( [ 8. 1] - [ 8. 6] ) 

0 . o e 
- ( k _ b + k Am [Am l l ( 1 + K c , 

3 
[Am 1 z; [ AmH +]) 

Subtracting (2_) from (~) and re-arran9ing, 

1 
2 

= kbkAm[Am] 

(.?_) 

(.§_) 

(1.) 

d [.8. 6] 
dt ([8.6] -[8.6]) e . 0< b+k [Am] ) ( 1 +K 

3 
[l\rn] 2 /[ AmH+]) 

- Am . c, 

Relating [8.6] to OD. 

The parent does not absorb at the wavelength chosen to 

study the reaction. At the wavelength chosen (8.6) is the 

major absorbing species and (8.2) may also have a significant 

absorption, while the. species ( 8. 6. Z) being a steady-state 

intermediate will have a very small negligible absorption. 

Therefore, 

OD = ,_. S • G [ 8 • 6] + c 
8 

• 2 [ 8 • 2] 



Re-arranging, 

C . 2 +~ OD = [8.6] s
8

_
6

- s
8

_2Kc, 3 [Am] /[AmH] 

· l+K [Am]2j[AmH+] 
c,3 

2 + s
8 2

[8.1] K 
3

[Am] /[AmH.] 
. 0 c, where A = 1 +K 3 [Am] 2 I [AmH+]. c, 

Differentiating (12) 

d OD 
dt 

= _d-=-[ 8-::--·:.....::6;.._,_] 
dt 

. At equilibrium, (12) becomes (l_!). 

combining with 

1 1 = 

+ A 

(13) . . 

d 00 
eft oo· -oo 

e 

d[8.6]· 
dt [8.6] -[8.6] . e . 

·By definition, 

d 00 
kobs = dt 

Therefore, 

1 
OD -00 e 
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(14) 
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9.1 Introduction 

c--:·- . 
Important evidence for the SNAr mechanism of aromatic 

substitution has come from studies of base catalysis of re-

actions with amine nucleophiles. 79 , 177 ,l7 8 The base catalysed 
. . 

s.tep, kB[B) in Scheme 9.1, may involve rate-limiting proton 

. 179 180 . . 
transfer ' · from the zwitterionic intermediate (9.1), or 

rapid interconversion of (9.1) into its deprotonated_form 

followed by general acid-catalysed leaving group departure 

. 102 103 (SB-GA mechan1sm). ' The latter mechanism is likely to 

hold in dipolar aprotic solvents such as dimethyl sulphoxide 

.(DHSO). where leaving group expulsion is difficult. 
181 

Thus 

X 

+ RR"NH > + HX 

EWG 

( 9. 1) 

Scheme 9.1 

in an elegant study of the reactions of 1-ethoxy-2,4-dinitro- .. 

naphthalene with n-butylamine and t-butylamine in D~SO Orvik 

182 . 
and Bunnett were able to observe in separate steps forma~ion 

of intermediates with the structure (9.1)' and their ~cid 

catalysed conversion to substitution products. 'l'he structure 

. 183 187 
spectroscopy. ' 
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EtO J'.1e0 NHR 

c 
( 9. 2) (9.4) 

(9.3; R = Me) have also been observed by n.m.r. as a transient 

intrC!rrneo iate clurtn0 re::)_ctj 0w:; 0f 2, 4, 6- trin j troan i ~~c>J <· ('!'I'J/\) '"i U 

. l' h t' . . 64,184 
~r1mary n 1p a 1c am1nes. 

ary amines the anionic adducts, such as (9.4/ .formed from 'l'NA 

and piperidine, may have long lifetimes and.in some cases do 

not yield the expected substitution products. 185 , 186 

Previously the kinetics of the reaction of 1,3,5-trinitro-

151-153 benzene (TNB) and 2,4,6-trinitrobenzyl chloride (TNBCl), 

reported in Chapter Six, with primary and secondary aliphatic 

amines have been examined. Here r~latively stable o-adducts 

are formed by attack at ring-carbon atoms c~rrying hydrogen or, 

in the case of 'l'l\113Cl, CH 2Cl groups and micleophil.i.c substi.tuUrm 

is not observed. It has been shown that in these reactions 

proton transfer from zwitterionic adducts to amines may be rate-

limiting. Reduction below the values expected for diffusion 

controlled reactidn of·the rates of proton transfer were attrib-

uted to steric effects which are particularly severe (i) when 

reaction involves secondary amines, or (ii) when the bulky CH 2Cl 
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group is at the reaction site. 

In this chapter the reactions of 2,4,~-trinitrophenetole 

(l-ethoxy-2,4,6-trinitrobenzene) (TNP) with n-butylamine, 

benzylamine and piperidine in DMSO have been examined. The 

results provide evidence for three types .of process as shown 

in Scheme 9.2. These are the reversible formation of o-adducts 

by attack at the 3-position or 1-position and, in the case of 

react'ion with primary amines, acid catalysed expulsion of 

ethoxide to yield N-substituted picramides. It is known that 

the reaction products may undergo further reaction with excess 

182 amine either by proton transfer or l b d ···t· fl4,l.f,l.,JBII )y . usc a cu ·1.on 

but these reactions have not been studied here. 

The results allow comparison of the effects of H, CH 2Cl 

and OEt ring-substituents on the rates and equilibria.for re-

action with amines, and also comparison of the 2,4,6-trinitro-

phenetole system with the 1-ethoxy-dinitronaphthalene system. 
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9.2 Experimental 

Visible spectral measurements were made with Pye-Unicam 

SP 8005, Pye-Unicam SP 8100, or Hi-Tech SF-3L stopped-flow 

spectrophotometers. 

Kinetic and equilibrium measuremerits were made· on the 
. . . . 0 

latter two instruments at 25 C using freshly prepared solutions 

of reagents. Examples of the rate measurements are given in 

Tables 9.1, 9.2 and 9.3. Rate coefficients are the mean of 

at least five separate determinations, measured on the stopped-

flow spectrophotometer, and at least two separate determinations, 

measured on the Pye-Unicam SP 8100, and are precise to ±5%. 

1 . 
H n.m.r. measurements were _made on 0.1~ solutions of the 

substrate in [ 2H6 ] dimethyl sulphoxide (DMSO) using a Varian 

EM 360L instrument. 

A Kent ElL 7055 pH meter was used to check the ~cidity 

of the ammonium salts. Solutions were adjusted so ~s to c0nt~ir 

less than 0.1% of free amine or acid. 



TABLE 9.1 Typical results from rate measurements 

(i) TNP (1 x 10- 5~) 1 n-butylamine (O.OOSM). 

a-adduct formation; slow process. Heasured 

at 435nm in DMSO. 

(ii) TNP (1 x 10~ 5~) 1 n-butylamine (0.008~). 

a-adduct formation; fast process. Heasured 

at 435nm in DMSO. 

( i) 

t/s AVa 

0 4.2 

2 3.4 

4 2.6 

6 2.2 

8 1.8 

10 1.5 

12 1.2 

A plot of lnAV versus t 

is linear and yields 

-1 
k b = 0.104 s 

0 s 

a. t:,V = v -v 
00 t 

( ii) 

t/ms ·AVa 

10 3.2 

20 2.4 

30 1.9 

40 1.5 

50 1.1 

60 0. 9 

A plot of ln/\V versus t 

is linear and yields 

-1 
k b = 26.40 s 

0 s 

303 
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TABLE 9.2 !Y£ical results from rate measurements 

(i) TNP (1 x 10- 5~), benzylamine (0.02~). 

o-adduct formation; slow process. ~-'leasured 

at 434nm in DMSO containing 0.01~ benzylarnmoniurn 

chloride. 

(ii) TNP (9.34 x 10- 5~), benzylarnine (0.06~). 

Substitution process, measured at 380nm in DMSO 

containing O~-Olr-1 benzylarntnoniurn chloride. 

( i) 

t/s t:,.Va 

0.0 4.5 

0.1 3.8 

0.2 3 .l 

0. 3 2.6 

0. 4 2.2 

0. 5 1.8 

0.6 1.5 

A p~ot of lnr:,V versus t 

is linear and yields 

-l 
k b = 1. 83 s 

0 s 

a. 

b. 

AV = V -V · 
'" t 

( ii) 

t/s t:,.ODb 

0 0..312 

5 0.281 

10 0.251 

15 0.224 

20 0. 203 

25 0. 1'81 

30 . 0.160 

40 0.129, 

A plot of lnt:,.V versus t 

is linear and yields 

-1 
k b = 0.022 s 

0 s 
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TABLE. 9.3 Typical results from rate measurements 

· (i) ~NP (2 x 10- 5~), piperidine (O.Ol5M). 

a-adduct formation;. fast process. Measured-at 

434nm in DMSO containing ~bl~ piperidinium 

perchlorate. 

(ii) TNP (1 x 10- 5M), piperidine (0.015~) . 

a-adduct formation; slow process. .Measured·at 

434nm in DMSO contaihing ~01~ piperidinium chloride. 

( i) . 

t/ms i-..va 

0 2. ~0. 

10 2.20 

20 1.80 

30 ·1.40 

40 1.10 

60 0. 65 

· A plot o~ lnhV versus t 

is linear and.yields 

-1 
k b = 25.33 s 
. 0 s . 

a. ·hV ::;:V'-v · 
co· · t 

( ii) 

t/s · · iWa · 

0.2 5.3 

0. 4 . 4.5 

0.6 3.8 

0.8 3.3 

.1.0 2.8 

1.2 2. 4. 

1.6 1.8 

A plot of ln~V versus t 

is linear.and jields 
. . -1 
k b = 0.793 s 

0 s 
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9.3 Results 

9.3.1 Spectroscopic measurements 

The visible spectra, recorded one minute after 

mixing, of solutions of TNP (2 x 10-SM) in DMSO containing 

n-butylamine ( 0. 601 - 0 .l£P show maxima at 4 35nrn ( E 2. 7 l mol-l 

cm- 1 ) and 505nrn (E 1.8 x 104 l mol-l cm- 1 ) .· The spectrum is 

typical 25 - 27 ' 188 of ~ 1:1 a-adduct. Very similar spectra are 

observed for TNP in the presence of benzylamine (A 435,505nm) . max · 

and piperidine (A 435,495nm). max · Examination by stopped-flow 

sp~ctrophotometry showed that for each ·amine there were two 

distinct colour forming reactiorts whose rate coefficients .were 

·separated by at least an order of magnitude. 'l'his is inter-

preted as fast formation of the 3-adducts followed by conversion 

to the l,adducts, as shown in Scheme 9.2. The spectra recorded 

one minute after mixing correspond to the thermodynamically 

more stable (but more slowly formed) 1-adducts.· The justificatj 

for this interpretation is~ 

(i) that nucleophilic attack at unsubstituted ring positior 
25-27, 

is almost always faster than at substituted positions; 

(ii) that the rate parameters calculated for the faster 

process correlate well with those determined152 for 

attack at the unsubstituted position in TNB, and 

. ( . . . ) . th f . . d . th 1H . t -F . 1.1.1. 1.n e <;:ase o . · p1.per1. l.l.ne . e n .m. r. spec rum o_ 

the thermodynamically rr.ore stable adduct indicates 

attack at the 1:-position. 

With n-butylarnine and benzylamine the visible ab­

sorption (\riax 435 ~ 505nm). gradually fades and a new band is 

'· formed at ca 360nm. This change, ·whose rate is greatly enhancec 

·by the addition bf ainrnonium salts; is attributed to the. acid 
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catalysed departure of ethoxide (step 4 in Scheme 9.2). 

Spectra are shown in Figure 9.1. With piperidine the adduct 

formed is very stable and fading is very slow in the presence 

of added piperidinium ions. 

The 1H n.m.r. spectrum of TNP in [ 2H6 ] DMSO shows 

bands at o9.2 (ring protons), 4.3,(q), J =7Hz, (OCH2 ) and 

1 , 3 5 , ( t) , _ ( CH 3 ) • This spectrum is unchanged after several hours. 

In the case of reaction with n-butylamine conversion to the 

product, N-butyl-2,4,6-trinitroaniline is relatively fast and 

the spectrum obtained in the presence of one equivalent of 

base shows a singlet at o8.95 due to ring protons of the·product 

and bands due to liberated ethanol. 

9.3.2 Kinetic analysis 

Rates of reaction were measured under first-order 

conditions. For reactions with buffers (amine plus amine salt) 

the buffer components were· in large excess of the TNP concen-

tration which was usually 1 x 10~ 5~. For reactions with amines 

in the absence of added amine salts sufficient excess of amine 

was used so that >95% conversion to adduct was achieved at 

equilibrium. U d th d . t . t . 9 1 1 . 15 2 n er ese con 1 1ons equa 10n . app 1es. 

(equation 9.1) 

By assuming that zwitterionic forms may be treated 
1~ 

as steady"":'state interrne.diates, · so that the general rate expression 

for reaction at the unsubstituted 3-position is given by equation 

9.2,. ·When k_
3 

>> k [Am] then this simplifies to equation 9.3. . Am 
+ If kArn[Arn] >> k_ 3 and when no added salt, ArnH , is initially 

present equation 9.2. becomes equation 9.4. 



FIGURE 9~1 Visible spectra of TNP (2 x 10- 5~) in DMSO containing (A) 0.01~ n-butylamine and 

(B) 0.01~ n-butylamine and 0.01~ n-butylamine perchlorate. The spectra were re­

corded two minutes after mixing and correspond to (A) the adduct (9.6;R=H,R~n-But), 
and (B) the reaction product (9.7;R=H,R'=n-But) 
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k 
2 . + 

= k 3kArn [An\] + k_ 3kArnH+[ArnH ] (equation 9·. 2) obs 

k_3 + kA lAm] 

kobs 
. 2 m + 

= K3kArn[Am] + kArnH+[ArnH ] (equation 9 .. 3) 

kobs = k3[Arn] (equation 9.4) 

The reactions yielding 1-adducts Nere, for each 

amine, considerably slower than those giving the 3-adducts so 

that the rates could be measured consecutively. Also the 

formation of the 3-adducts may be treated as a mobile equilib-

. 75 . 
r+um compared to the attack at the 1-positipn. Equation 9.5 

expresses the rate of reaction in terms of coefficients for 

the forward and reverse reactions. 75 Using s t.:wdard ntC:! thods 

it can be shown that the general express i.on ·for rcac t ion t.~t the 1.-

position is given by equation 9.6. 

applies then equation 9.7 is obtained. It is also convenient 

to use equation 9.8 which applies in the absence of added amine 

salt, where kr will be negligible, and where the fractionation 

_of parent and 3-adduct is expressed in terms of (OD) 3 , the ab­

sorption observed for the 3-adduct, and (OD
00

)

3 , the absorption 

for complete conversion of parent to 3-adduct. 

k obs 

k = k + k obs f r 

k
1 

[An\] · 
= l+Kc, 3 [Am]2/[AmH+] 

1 + (OD) 3 
(OD ,) 

3
- (OD) 

3 

. (equation 9. 5) 

(equation 9-. 7) 

(equation 9.8) 



31.0 

-The rate expression appropriate to the conversion 

of adducts (9.6) to products (9.7) catalysed by substituted 

ammonium salts has been ·derived previousl~and is given by 

equation 9.9. When the equilibrium between parent and adduct 

(9.6) is almost entirely in favour of the adduct equation 9.9 

simplifies to equation 9.10. 

k obs = 

2 + 
k 4Kc,l[Am] JAmH ] 

K l [Am] 2+ [AmH+] c, 
(equation 9.9) 

(equation 9.10 

9.3.3 Equilibrium constants 

K 3 , the equilibrium constant for the overall con­e, 

version of TNP into its 3-adduct (9.5), is defined by equation 

9 .ll. Equation 9.12 relates Kc, 3 to K
3 

(=k 3/k_ 3 ) and to the 

acid dissociation constants of the zwitterion, K 9 · 1 and pro-
a ' 

Am I-I+ 
tonated amine K a The rate coefficients·ass6ciatcd with 

formation of the 3-adduct are related to K by equation 9.13. 
c,3 

K c,3 
= [ 9 • 5 ] [ AmH +] 

[TNP] [Am] 2 

K ·= 
c,3 

K K 9.1 
3 a 

AmH+ 
K 

a 

(equation 9.11 

(equation 9.12 

(equation 9.13 

Expres~ions exactly analogous to equations 9.11, 

9.12 and 9.13 apply to Kc,i the equilibrium constant for form­

ation of the !~adduct (9.6). 
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9.3.4 Reaction with n-butylamine 

Data for the reaction in the absence of added 

n-butylammonium ions are given in Table 9.4. The rate data 

for the more rapid reaction giving the 3-adduct conform to 

equation 9.4 and yield a value for k
3 

of 3200 l mol-l s- 1 . 

The invariance with base concentration of the calculated values 

-1 
of k 3 allow an estimate for the ratio kAm/k_ 3 > 200 l mol . 

The data for the slower reaction giving the 1-adduct yield, 

using equation· 9.8, a value for k
1 

of 220 l mol~l s-l and allow 

an estimation of a lower lim.it for the ratio kAm/k_ 1 of 1000 l 

-1 
mol .. 

Measurements were also made, Table 9.5, in the 

presence of varying concentrations of amine and with 0.01~ 

n-butylammonium perchlorate. The reaction at the 3-position 

was too rapid to allow rate measurements but optical density 

measurements at the completion of this reaction gave a value for 

K 3· of 15±1 l mol- 1 . The rate of reac·tion· at the 1-position c, 

was measurq.ble and the results shov1 that kAm [Am] »k_ 1 so that 

equation 9.7 applies. At amine concentrations >0.002~ the 

second term in equation 9.7 (the k term) will be negligibly r . 

small, hence knowing the value of Kc, 3 a value of k 1 of 250 l 

mol-l s-l can be calculated. This is quite close to the value 

obtained in the absence of salt. talcul~tion of values for the 

first term in equation 9.7 (the kf term) is now possible for 

the four lowest amine c6ncentrations and hence determine values, 

by difference, for the kr term. 

ratio k_lkAmH+/kAm of 0.005±0.001 

These give a value for the 

-1 s . Combination of-this 

value with the value of k_ 1 gives value for Kc, 1 (==k 1 kAm/k_lkAmi/ 

of 50,000 1 mol-l which is in agreement with that obtained-from 



TABLE 9.4 Kinetic data for reactions of TNP with n­
butylamine in DMso·at 250 giving 3-adduct 
and 1-adduct 

(OD)~ 

0.0005 0.0017 0.10 

0.00075 0.0040 0.14 

0.001 0.0057 0.19 

0 .. 002 ·0.014 0.27 

0.003 0.022 0. 28 

0.004 0.025 0.27" 

0.006 21.5 3600 0.035 

0.008 26 3200 0.037 

0.010 31 3100 0.038 

0.015 48 3200 0.038 

a. Calculated from equation 9.4 . 
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210 

220 

230 

.210 

220 

.200 

b. Optical density, 435nm, at completion of the faster 

colour forming reaction. 

c. Calculated from equation 9.8 . 
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TABLE 9 . .s Kinetic and eguilibrium data for the o-adduct 
formin9: reactions of TNP with n-butylamine in 
DMSO containin9: 0. 01[1 n-butylammonium 12erchlorate 
at 250C 

[BuNH2 )/~ (OD) a -1 kb /s-1 kc. OD d K 
1
;2. rol-l K 3;2. ool 3 c, obs calc 1 c, 

0.0006 0.22 0.23 0.029 53,000 

0.0008 0.26 0.26 0.033 47,000 

0.001 0. 30 0. 30 0.036 45,000 

0.002 0.53 0.53 0.042 

0.006 1. 44 1. 44 

0.008 0.0042 16 1. 80 1. 83 

0.01 0.0055 15 2.20 2.2 0.044 

·o.o2 0.016 14 3.3 3.1 0.044 

0.03 0.026 16 

0.04 0.031 15 3. 0 3.0 0.044 

0.05 0.034 14 

a. Optical density, 435nm, at completion of the reaction 

forming the 3-adduct. A Benesi-Hildebrand. type plot 

gives a value for complete conversion (OD
00

) 3 of 0.044~ 

b. For attack at the 1-position. 

c. Calculated from equation 9. 7 with k
1

. 250 2 mol-ls -l, 

-1 . -1 
Kc, 3 15 2 mol and k_ 1kAmH+/kAm 0.005 s . 

d. Optical density, 435n~, at completion of the slower 

adduct-forming reaction. 
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the equitibrium optical density data. 

The product forming reaction was measured at 360nm 

using a conventional spectrophotometer and the data, Table 9.6, 

·accord well with equation 9.9 with k 4 8.3 l mol-l s-
1

, Kc,l' 

-1 
50,000 l mol . 

9.3.5 Reaction with· benzylamine. 

The behaviour and treatment of data is very similar 

to that observed with n-butylamine. The data in Table 9.7 

obtained in the absence of added salt give values for k3 of 

900±100 1 
-1 -1 

.and kl of 100±10 1 
-1 -1 

At the mol s mol s . 
benzylamine concentrations used, the proton transfer steps 

not ~ate-limiting in the formation of either }-adduct or 1-

-1 
adduct, and it is estimated that <kAm/k_

3 
> 100 1 mol and 

-1 
kAm/k_ 1 > 3000 1 mol . 

urc 

Measurements were also made in solutions containing 

0.01~ benzylammonium perchlorate or benzylammonium chloride. 

. 86 151 It has been shown prev1ously ' and in Chapter Six that the 

anion present may affect the values of rate and equilibrium 

constants obtained. However, at the low salt concentration 

used here th~ effects are not large. the data in Tables 9.8 

and 9.9 were treated independently using the approach outlined 

for the n-butylamine data. The rate data yield a value for k 1 

of 95±5 
. -1-1 . 

1 mol sand values for the ratio k_lkAmH+/kAm of o.o2 

in the presence of perchlorate and 0.018 -1 with the chloride s 

salt. The varues of K 1 obtained from combination of these c, 

values, 470b 1 mol-l (perchlorate) and 5300 1 mol-l (chloride) 

are ip good agreement with those determined i::1dependently from 

equilibrium optical densities. 

s -1 
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TABLE 9.6 Rate data for formation of ~-(n-butyl)picramide 

from TNP and butylamine containing n~butylammonium 

perchlorate, 0.01~, in DMSO at 25°c 

a. 

b. 

[BuNH 2 ]~ 
ka -1 kb-

obs /s calc 

0.0002 0. 015" 0.014 

0.0004 0.038 0.037 

0.0006 0.053 0.053 

-0.0008 0.057 0.063 

0.001 0.071 0.069 

0.002 0.075 0.078 

0.01 0.083 0.083 

0.02 0.081 0.083 

0.04 0.083 0.083 

0.05 0.084 0.083 

0.06 0.086 0.083 
" 

Measured on Pye-Unicam spectrophotometer at 360 nm. 

-1 -1 
Calculated from equation 9'. 9 with k 

4 
8. 3 ~- mol s , 

K 50,000 1 mol-l. 
c,l 



TABLE 9.7 Kinetic data for reaction of TNP with benzylamine in DMSO at 25°c 
~iving 3-adduct and 1-adduct 

-1 a -1 -1 b 
[PhCH 2NH2 ]/~ kfast/s k 3/t mol S (OD) 3 

-1 k~/ 1 mol-ls -.l k /s slow 

0.0010 0.093 93 

0.0016 0.0015 0.143 93 

O.Od2d 0.0023. 0.183 97 

0.0040 0.0083 0.345 108 

0.0060 0.0141 0.437 109 

0.0080 0.0186 0. 487 110 

0.010· 0.0259 

0.020 18 900 0.0357 

0.040 32 800 0.0400 

0.050 44 900 0.0419 

0.060 52 900 0.0410 

0.070 65 900. 0.0419 

0.080 72 900 0.04.29 

a. Calculated from equation 9;4. 

b. Optical density, 434 nm, at completion of the faster colour-forming reaction. 

c. Calculated from equation 9~8. w 
I-' 
~ 



TABLE 9.8 Kinetic and equilibrium data for the a-adduct forming reaction& of TNP with 
benzylamine in DMSO containing 0.01~ benzylamrnonium perchlorate at 250M 

[ PhCH
2 

CH-
2

] /~ 

0.001 

0.0015 

0.002 

0~003 

0.004 

0.006 

0.008 

0.01 

0.02 

0.04 

0.06 

0.08 

0.10 

6.15 

o. 20 

a 
OD 3 _ 

0.0088 

0.0150 

0.0195 

0.02:78 

0.0334 

Kc, 3/ Q mol-.l 

0. 7 5 

0.87 

0.87 

0.87 

o. 97 

kb -1 
obs/s 

0. 26 

0. 3.1 

0.42 

0.57 

0.79 

0.92 

2.0 

3.5 

kc 
calc 

0.29 

0.29 

0.43 

o. 60 

0.78 

0.95 

1.9 

3.4 

d 
(OD) 1 

0.017 

0.023 

0.031 

0.037 

0.040 

0.044 

0.047 

0.046 

0.046 

0.047 

0.046 

0.047 

0.047 

0.046 

0.047 

Kc,l/£ mol-l 

5700 

4400 

sooo. 
4400 

3900 

.J 

a. Optical density, 434nm, a·t completion of the reaction forming the 3-adduct. 
Hildebrand type plot gives a value for complereconversion, (OD

00
) 3 of 0.042. 

A Benesi-

b. For attack at the 1-position. 

c. Calculated from equation 9".7 with kl 95 £. mol-ls-1, Kc, 3 9.87 Q. moi- 1 , and kl~AmH+/~0.02 s-l 

Optical density, 434. nm, at completion of the slower colour forming reaction. 
w 
I-' 
-...) 
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TABLE 9.9 Kinetic and equilibrium data for the a-adduct 
forming reaction of TNP with benzylamine in DMSO 
containing O.OlM benzylammonium chloride at 250C 

(OD); 

0.0008 0.012 5500 

0.001 0. 28 0.28 0.018 6300 

0.0015 0.026 5600' 

0.002 o. 29 0. 28 0.033 6100 

0.003 0.038 5000 

0.004 0.43 0.42 0.042 5800 

0.006 0.59 0. 60 0.046 

0.008 0.77 0.78 0.047 

0.01 0. 94 0.95 0.047 

0.02 l. 80 1.8 0.046 

0.04 0.0062 1.08 3.50 3. 3 0.047 

0.05 0.0092 1.12 0.047 

0.06 0.0114 1.03 0.046 

0.08 0.0164 1.00 0 .. 046 

0.10 0.0214 1.04 0.047 

a. Optical density, 435nm, at completion of the reaction 

forming the 3-adduct. A Benesi-Hildebrand type plot gives 

a value for complete conversion, (00
00

) 3 , of 0.042. 

b. For at~ack at th~ 1-position. 

-1 -1 
c. Calculated from equation 9.·7 with k 1 95 £ mol s . , 

: -1 -1 
Kc, 3 1.05 £mol , and k_ 1kAmH+/kAm 0.018 s 

d. Optical "density, 435nm, at completion of the slowe.r colour 

forming reaction. 
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Rate data for the formation of the product 

N-benzylpicramide were measured at 380nm and are in Table 9.10. 

-1 -1 
They yield values for k 4 of 2.6 1 mol s in the presence 

of 0.01~ perchlorate and 2.2 1. mol-l s-l with the chloride salt. 

9.3.6 Reaction with piperidine 

Examination by stopped-flow spectrophotometry of 

the reactions of TNP with piperidine 0.008-0.04~, without added 

salts indicated two processes. The more rapid was colour 
) 

forming and re~ulted in nearly ~omplete conversion bt TNP to 

adduct at all amine concentrations used. This is taken to be 

the formation of the 3-adduct (9.5; R~RN = c
5

H
10

N). A very 

much slower reaction, representing isomerisation to the 1-adduct 

(9.6; R~RN = c5H10N), gave inconveniently small changes in 

optical density. Data for the faster process, giving the 3-

adduct, are in Table 9.11. Since no added piperidinium ions 

are present the term in equations 9.2 and 9.3 involving [AmH+] 

~ill be negligibly small. These data, in contrast to those 

observed to primary amines, conform to the case ~here k 
3

;>k [Ar - Am 

and yield a value for K
3

kAm of 44000:t 3000 1 2 mol-l s ...:l Our 

. results allow a iimit of kAm/k_ 3 <5 to be .set. 

Data obtained in the presence of 0.01~ piperidinium 

salts are in Tables 9.12 and 9.13. Here two processes were 

measurable giving rise to 3-adduct and 1-adduct respectively. 

The rate data for the faster reaction lead to values for 
. . . . -1 

Kc, 3 (=K 3kAm/kAmH+) of 27±5 1 mol with perchlorate salt and 

30±5 1 mol-l ~ith chlor{de salt. These values ~re in good agre 

ment with those obtained from equilibrium optical densities. 



TABLE 9.10 Rate data for formation of ~-benzylpicrarnide 

from TNP and benzylamine contain:i.ng benzyl­

~nium salts, O.OlM, in DMSO at 25°c 

0.0008 0.01 0.0055 

0.0009 0.01 0.0065 

0.001 0.01 0.0077 

0.0015 0.01 0.012 

0.002 0.01 0.015 

·o.oo3 0.01 0.020 

0.004 0.01 0.020 

0.005 0.01 0.022 

0.01 0.01 0.023 

0.02 0.01 0.022 

0.04 0.01 

0.06 0.01 0.022 

0.08 0.01 0.021 

0.10 0.01 0.021 

0.01 0.01 0.026 

0.02 b.Ol 0.026 

0.04 0.01 0.026 

0~06 0.01 0.026 

·o.o8 . 0.01 0.025 

0.10 0.01 0.025 
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2. 2 

2.2 

2.2 

2.2 

2.2 

2.4 

2.2 

2.4 

2. 3 

2.2 

2.5 

2.2 

2.1 

2.1 

2.6 

2.6 

2.6 

2.6 

2.5 

2.5 

a. Measured at 380 nm using a Pye-Unicam 3100 instrument.· 

b. Calculated. frof!l equations. 9. 9 and 9.10 using· a value for 

K of 5300 ~mol-l (chloride salt). 
c,l 



TABLE 9.11 Rate data for formation of the 3-adduct 

from TNP arid piperidine in DMSO at 25°( 

[Piperidine)/~ 
-1 kab /[piperidine) 2 

kobs/s 0 s 

0.008 3.0 47,000. 

0.01 4.8 48,000 

0.015 10.3 46,000 

0.02 17.5 44,000 

0.025 27.2 43,000 

0.03 37.7 42,000 

0.035 52.2 43,000 

0.04 67.8 42,000 

2 -2 -1 a. This column gives values for K3kAm/£ mol s 
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TABLE 9.12 Kinetic and eguilibrium data .for adduct formation from TNP and EiEeridine in 
DMSO containing o._OlM · piEerid'inium Eerchlorate at 25°c 

[Piperidine]~ 
a -1 ·b (OD)c -1 kd c:Js-1 ke (OD)f K 

1
/£ mol-l kfas~s . k K 3;t mol calc 3 c, sl calc . 1 c, 

a. 

b. 

c. 

d. 

e. 

f. 

0.006 o. 27 0.27 0.032 

0.008 0. 38 0.38 0.037 

0.010 20 20' 0.0072 21 ·0.50 0.51 0.040 

0.015 25 26 0.0141 23 0.043 

0.020 32 33 0.0205 24 1.12 1.10 0.046 

0.025 44 44 0.0259 26 0.046 

0.030 52 55 0.0297 27 1.43 1.43 0.047 

0.040 1.62 l. 59 0.047 

0.060 1.66 l. 67 0.046 

Represents attack at the 3-position. 
2 -2 -1 

Calculated from equation 9.3: with K3kAm 44,000 £ mol s 

Optical density, 434 nm, at completion of rapid colour-forming reaction. 
complete conversion (OD,.,) 3 is o.o42. 
Represents attatk at the 1-po~ition. 

610 

610 

610 

560 

Value for 

' 3 2 -2 -1 -1 -1 
Calculated from equation 9.6 with K1kA 5 .. 6 x 10 £ mol s , k + 9 £ mol s 1 

· -1 · _ 1 m AmH 
Kc 13 27 2- mol 1 kAm/k_ 1 3 £ mol 

Optical density 1 434 nm, at completion of slower colour-fonnimg reaction. Value for (00 } 1 is 0.0465. 
00 

w 
N 
N 
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TABLE 9.13 Kinetic and equilibr~um data for adduct formation from TNP an<=!_piperidine in DMSO 
containing O~OlM EiEeridinium chloride at z5oc 

[Piperidine]~ a -1 kb (OD) c . . -1 k~lcJs-1 ke (OO)f K 
1
;£. mol-l kfast/s · K 3;£. mol 

calc 3 c, calc 1 c, 

0~004 0.027 720 

0.006 0.25 0.25 0.035 630 

0.008 0.35 0.:36 0.040 600 

. 0.010 16 18 0.011 31 0.48 0.48 0.049 
-

0.015 23 24 0.018 30 0.79 0.77 0.050 

0.020 31 .31 0.025 31 1.02 1.01 0.050 

0.025 43 42 0.030 30 1.18 .1.17 0.051 

0.030 55 53 0.033 30 l. 29 1.29 0.051 

0.040 0.038 32 l. 36 l. 40 0.050 

a. Represents attack at the 3-position. 

. b. 
2 -2 -1 -1 -1 

Calculated from equation 9. 3 with K3kAm 4 4, 000 £ mol s , kAmH+ 1400 Q. mol s . 

c. Optical density, 434nm, ·at ccmpletion of rapid colour-fonning reaction. Value for canplete conversion 

(00~) 3 is 0.0455. 

d. Attack at 1-position. 

Calculated fromequation 9.6 with ·K!k"· 5.6 x ·103 .£. 2 mol""' 2 s-l k + 7 Q, mol-ls-i 
· ~rn · ' · AmH ' 

-1 ' -
Kc, 3 30 t mol and kAm/kl. 4 Q, mol . 

e. 

f. Op.tical density, 434 nm, at completion of slower colour-forming reaction. Value for 

(OD~)l is 0.0505. 

w 
1\.) 

w 
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The interpretation of the rate data for isomer-

isation to the 1-adduct requires the use of the complete rate 

expression, equation 9.6. However at sufficiently low amine 

concentrations the condition k~ 1 >>kAm[Am) applies so that 

equation 9.14 is obtained. 

2 = KlkAm[Am] + 

kAmH+[AmH+] (l+Kc, 3 [Am)
2

/[AmH+] 

(equation 9.14 

Plots of the ledt hand side of this equation vercus 

[Am] 2 were linear at low amine concentrations. For the data 

measured with perchlorate salt, the slope gave a valu~ for 

.- 3 2 -2 -1 
K1kAm of (5.6±0.2) x 10 1 mol s and the intercept a value 

-1 -1 
for kA~H+ of 10±2 1 mol s . An alternative method for 

-1 
calculating kAmH+ is to combine the value of Kc,l' 600 1 mol , 

obtained from equilibrium densities with t.he value for R-1,kAm; 

-1 -1 
this gives kAmH+ 9 1 mol s . Using the ·known values for 

these pararn.eters, values of the ratio kAm/k_ 1 were calculated 

for each experimental value. using equation 9.6 .. The value 

obtained was 3±1 1 mol- 1 . The rate coefficients calculated 

with these parameters agree with the experimental values over 

tha whol~ concentration range. 

is calculated to be 1800 1 mol-l s-l Similar treatment for 

·the run containing the chloride salt.yielded values for K1kAm 

3 2 -2 .:..1 . -1 . -1· 
of 5. 6 x 10 1 mol s , kAmH+ 7 .Q. mol s and the ratio 

-1 ·kAm/k_ 1 of 4 1 mol . 

It should be noted that while· the values obtained 

for K1kAm and kAmH+ have relatively low error limits, the values 
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for the ratio kAm/k_ 1 and hence also k 1 depend critically on 

the value used for K 3 . 
C I. 

The values given above represent 

the 'best' values, however the data in Table 9.13 values for 

kAm/k_ 1 are calculated to be 10 1 mol-l if Kc, 3 were 25 1 mol-l 

~1 -1 
instead of 30 1 mol , and 0 if K 3 were 35 1 mol . c, 

. 1 
The visible and H n.m.r. spectra indicate that 

the 1-adduct (9.6; R ... RN = c
5

H
10

I:-J) is stable in solution for 

several hours. Hence conversion to the product of nucleophilic 

substitution is very slow even in the presence of piperidinium 

ions. 
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9.4 Discussion 

9.4.1 The effects of chloride ions 

A salt concentration of 0.01~ was used for the 

work presented in this chapter, using either the perchlorate 

or chloride anions. Comparisons of values obtained with 

benzylarnmonium and piperidinium salts are in Table 9.14. 

The data show that values of the equilibrium constants K 1 and 
· C 1 

K 3·· are significantly higher when measured in the presence of c, 

chloride ions. A similar effect has been observed in the 

. . 86 151 
previous three chapters and 1n related work ' and has been 

attributed to association of the chloride ions with substituted 

ammonium ions as shown in Scheme 9.3 . The effects observed 

. here are smaller than those observed with the substrate 2,4 ,6-

K 

TNP + .2R'RNH + Cl-
c ,. 

Scheme 9.3 

trinitrobenzyl chloride, reported in Chapter ·six~· where O.lM 

chloride ions were used. The value for KC
1

- of ca 10 l mol-l 

obtained previously (reported in Chapter Six) would with a 

chloride concentration of 0.01~ give rise to a 10% increase in 

values of K 1 and K 3 . This is in line with the increases c, c, 

observed in Table 9.14. The main effect of chloride ions on 

rate coefficients is to lower values for the rate coefficients, 

kAmH+' for reaction of substituted.ammonium ions with anionic 

adducts. .In the following discussion we shall use values 

obtained using perchlorate salts. 



TABLE 9.14 Effects of__ chloride ions on equilibrium and rate const·ants 

-1 -1 -1 -1 K 3/Q, mol K 1;Q, mol . k1/Q, mol s c, c, 
. I -1 

k ~ 1 k.Ai-mt ._ kAffi < 5 1 > 

Benzylammonium perchlorate 0.87 4700 95 0.020 

Benzylammonium chloride 1.05 5300 95 0.018 

Piperidine perchlorate . 27 600 

Piperidine chloride 30 650 

kAmH+/Q, mol-ls -1 

9 

7 

w 
N 
-.J 
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9.4.2 Reaction at unsubstituted ring-positions 

In Table 9.15 the data for formation of adducts 

of the structure (9.5)are compared with those for formation 

of adducts (9.8) and (9.9) formed respectively from 2,4,6-

trinitrobenzyl chloride (TNBCl) and 1,3,5-trinitrobenzene (TNB). 

Since reaction occurs in each case at an unsubstituted ring -

positiorr_'steric factors at the reaction centre should be similaJ 

for the three substrates. Thus valUes of k
3 

measuring the 

H 

NRR"' 

( 9. 9) 

rate of·amine attack and values of K 
3 
m~asuring the stabilitie 

c, 

of the adducts decrease in the order piperidine > n-butylamine 

> benzylamine which is that expected from the relative basic­

ities of the arnines. 157 , 158 , 189 Before comparing the values 

of these parameters for the three different -nitro-compounds it 

must be stated that the data for TNP refers to an ionic strength 

of 0.01~ while those for TNB and TNBCl were measured with 0.1~ 

salt. Values of k 3 will not be expected to vary with ion 

strength
151

,
152 

but the values of Kc,
3

, which retate to the 

information of ionic products from neutral reagents, will in-. 

crease with increasing ionic strength. We estimate that if 
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TABLE 9.15. Comparison of kinetic and equilibrium data for 
reaction at unsubstituted ring positions of 

2,4,6-trinitrophenetole (TNP)a, 2,4,6-trinitro­

benzyl chloride (TNBCl)b and 1,3,5-trinitro-

_benzene (TNB)c 

n-Butylamine Benzylamine Piperidine 

TNP 3200 900 > 9000 . -1 -1 k
3
/t mol s · TNBCl 3000 1000 >13000 5 

TNB 45000 13000 >2 X 10 

-1 
TNP 15 0.87 27 

.Kc, 3/ i mol TNBCl 73 5 93 
TNB 1000 . 105 2140 

k_3kAmH+ -1 TNP 210 1000 . >320 

k . (s ) TNBCl 41 200 >140 
Am TNB 45 120 >900 

TNP > 200 >100 < 5 -1 
kAm/k_3(2 mol ) TNBCl >1000 >140 < 2 

TNB 1200 l20 <10 

TNP · >4.2 X 10
4 . 5 

1600 -1 -1 >10 4 
kAmH+/2 mol s TNBCl >4 X 10

4 
3 X 10 4 280 

TNB 6 X 104 1. 5 X 10 280 

a. Data for TNP measured with 0.01~ salt. 

b. Data foi TNBCl, measured with 0.1~ salt, from Chaptei Six. 

c .. Data for TNB, measured with O.lM salt, from references 151,; 
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activity coefficients follow Debye-Huckel theory changing the 

salt concentration from 0.01 to o.i~M will incre~se K values 
c 

by a factor of 2. Values of kAm will be increased and values 

of kAmH+ reduced as the ionic strength is increased. 

Taking account of ionic strength effects values 

of k 3 and Kc, 3 are, for a given amine, very similar for TNP 

and TNBCl. Both sets of values are lower by at least an order 

of magnitude than corresponding values for reaction with TNB. 

The inductive electron-withdrawal of the ethoxy group (or 

CH2Cl group) might be expected to enhance th~ stabilities of 

the 3-adducts formed from TNP (or TNBCl) relative to TNB. 

However; the steric effect of the substituent is probably the 

47 major factor. Thus the crystal structure of TNP shows the-

ortho nitro-groups are rotated from the ring-plane by 32° and 

61° respectively so that they cannot exert their maximum electro 

withdrawing influence. 

Comparison for a given amine, of the values (or 

inequalities) of kAmH+ and the ratio kAm/k_ 3 show that there 

is not a wide variation with the nature of the nitro-compound. 

This probably results from the fact that in each case addition 

is occurring at an unsubstituted. ring position. Nevertheless 

the values of kAmH+ are ca two orders of magnitude smaller for 

reactions involving piperidine. This is attributable
152 

to 

the greater steric bulk of piperidine which reduces the rate of 

proton transfer from the piperidinium ion to the anionic adduct. 

Similarly values of kAm for proton transfer from the zwitterioni 

intermediate to amine will be reduced when reaction involves the 

secondary amine. This is a major factor in the lower values 

of the ratio kArtl/k:..:: 3 observed for piperidine relative to the 

primary amines, and accounts for th~ bhserV~tion that in the 
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overall equilibrium the.proton transfer step remains rate-

determining at much higher amine concentrations for secondary 

than for primary amines. 

9.4.3 Reaction at the substituted position 

In Table 9.16 the values of parameters for the 

reaction at the ethoxy substituted ring-position are summarised. 

For a given amine the value of the equilibrium constant K 1 c, 

is considerably higher than the value of K 
3

. c, 
The ratios 

K 1/K 3 are 3300 for n-butylamine, 5500 f_or benzylamine and c, c, 

. 22 for piperidine. The polar effect 6f the ethoxy group at 

the reaction centre will be expected to increase the value of 

K1 relative to K
3 

and there may also be a small increase in the 

9 1 AmH+ ' 
ratio, K · /K , of acidities of zwitterion and substituted .a a 

ammonium ion. However the major factor is likely to be the 

47 relief of steric strain present in the parent when the ethoxy 

group is twisted from the ring-plane during formation of the 1-

adducts. This will manifest itself in a large value for the 

That the value of the ratio is very much lower 

for the reaction with the secondary amine piperidine than for 

reaction with the primary amines probably indicates that the 

adduct ( 9. 6; R"''RN = c
5

H
10

N) , where two bulky groups are at the 

C-1 position, is itself subject to steric strain. It is note-

worthy that in the reaction of TNBCl with piperidine, reported 

in Chapter Six, attack at the 1-position was not observed pre-

sumably because of steric strain. 

As has been noted in Chapter Six and in related 

t 25-27,140. ff' . . f h 1 sys ems · rate coe 1c1ents, k
1

, or attatk at t e -

position are considerably lower than corresponding values of k 3 
I 

for attack at the unsubstituted 3-position. Since values of 
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TABLE 9.16 Summary of kinetic and equilibrium data for amine 
attack at the 1-position of 2,4,6-trinitrophenetole 

in DMSO at 25°C 

n-Butylamine Benzylamine Piperidine a 

-1 k 1/Q. mol s -1 
250 95 ( 1800) 

. -1 
4700 600 K 

1
/Q. mol 50,000 c, 

-1 
k_lkAmH+/kAm(s ) o.oosb 0.020b ( 3) b 

. . . -1 -1 
kAmH+/Q. mol. s >50 >60 9 

. 2 -2 -1 
106 105 

K:I. k.zuu/Q. mol s · >2.5 X >3 X 5600 

-1 
kAm/k_ 1 (Q. mol ) >10,000 >3000 ( 3) 

-1 k 4/Q. mol s -1 8.3 2.6 very slow reactic 

a. Values in parentheses de~end critically.on value taken 

forK. 3 , and should be regarded only as "best estimates". c, 

b. Since values of the ratio kAmH+/kAm will not vary greatly 

with the nature of the amine (ref.l52) these values give 

approximately th~ ratios of k_ 1 values for the three amin~s 
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.· K1/K3 are large this indicates that for a given amine value·s 

of k_ 1 will be several orders of magnitude smaller than values 

The susceptibility to base ~atalysis of adduct 

·formation depends upon -the value of the ratio kArn/k_ 1 . If 

at a given amine concentration kArn[Arn]>>k_ 1 then base catalysis 

is ~ot observed~ This is the situation which applies to our 

measurements with. the primary amines n-butylamine and benzylamin1 

_and inay be· attributed to.the low values of k_ 1 . Nevertheless 

v.rith piperidine our results indicate that formation of the 1-

adduct :is subject to catalysis by piperidine and we estimate 

that the value of kArn/k_ 1 is ·reduced to ca 3. · The data in· row 

3 of Tabl~ 9.16 indicate that the value of k_ 1 for reaction with 

piperidiri~ will be much greater than for reaction with the prima: 

~ines; the bulky piperidine being expelled more rapidly. Thert 

is al~o evidence that the proton transfer between zwitterion 

· q.nd ·amine i kArn,. is considerably reduced for the reaction with · 

·. s~condary amine., Thus it ~as possible_t~ defermine a value o~ 

9 1 mol-l s-l for kArnH+, the.rate coefficient for protonation 

.. of ~9.6; R'RN ... = c
5

H
10

N) by piperidinium ions. This very low 

Value 1 Ca ··2q ti~eS' Sffialler. t~an the COrreSpOnding Value .fOr re..,. 

action.at the unsubstituted'po~ition (Table 9.15) I results from 
. ' 

.tp~ .9~y~r!; ~i:.e.ric congestion around the 1-posi tion. The value. 

is lower than those for reaction involving p'rimary amines. Hen< 
.. : .. ' .. ', . + . 
-~ince the valu~ o£ the ratio K~9 

• 1 /ka ArnH is . not expecte·c1 to shm 
l· •• • ' 152 . ·. 
· · -~arge·variations with the nature·of the amine, the value of 

' . + 
-~Am (=:=]{~H+K~ 9 · 1(KaArnH) will be smaller.for the reaction with. 

. . ~·· \.(' . . ' 

·-· .. 

piperidin'e, 'than wi~~ primary ~irie!; . 

. As has been. observed in related t ·. 103 ' 166 ' 182 · .. ... ,. ·:····". .. . , ... , . , , ... ,.sys ems . 



334 

of the leaving group, is very much lower for the reaction with 

piperidine than for the reaction with primary.amines. The 

result is that the adduct (9.6; R'RN = c
5

H10N) remains in 

s·olution for several hours with little decomposition. The 

reason for this increased stability is almost certainly steric. 

in origin. The k 4 step involves proton transfer to the ethoxy 

· group of the anionic intermediate coupled with r.otation of 

the piperidine~moiety into th~ ring plane. The rate of proton 

transfer will be reduced by steric congestion and there is 

evid~nce 103 , 182 for unf~vourable stereoelectronic/conformational 

effects when the transition state contains the piperidine group. 

9.4.4 Comparison with related reactions 

In Table 9.17 the data reported in this chapter 

is compared with those for reaction with amines of l-ethoxy-

2,4-dinitronaphthalene103 and 1-methoxy-2,6-dinitro-4-methoxy-

166 carbonyl-benzene. In each case nucleophilic substitution 

of the alkoxy group proceeds through detectable intermediates 

whose structures are respectively (9.6), (9.10) and (9.11). 

The values of the equilibrium constant K 
1 

decreases in the 
c, . 

order (9.6) > (9.10) > ULll), largely reflecting the electron 

EtO NRR' 

(9.11) 
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TABLE 9.17 Comparison of data for attack at the 1-position 
of 2,4,6-trinitrophenetole, 1-ethoxy-2,4-dinitro-· 
naphthalene and 1-methoxy-2,6-dinitro-4-methoxy­
carbonylbenzene 

Adduct 

(9. 6) (9.110)a (.9. 11) b 

kl/£ 
-1 -1 {n-Butylamine 250 31.8 mol s Piperidine 1800 240 100 

k 1/£ 
-1 {n-Butylamine 50,000 540 mol Piperidine 600 ·1. 55 0.083 c, . 

. -1 
{n-Butylamine 0.005 0.059 k_lkAmH+/kAm(s ) 
Piperidine 3 154 1200 

kAm/k_l(£ 
-1 {n-Butylamine >10,000 -mol ) 

Piperidine 3 > 20c 0.28 

a. From ieferenc~s 103 and 182. 

b.. From reference 166. 

c. ·Estimated from reference 103. 
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withdrawing ability of the ring substituents. 25- 27 Values of 

k
1 

decrease in the same order and it is expected that k_
1 

values will increase in this order. The value of the ratio 
. + 

kAm/kAmH+ (::Ka
9 ·

1
;KaAmH ) reflects the acidity of the zwitter-

ionic intermediates relative to that of the corresponding sub-

stituted ammonium ions and will also depend on the electron 

withdrawing ability of ring substituents. Previously a value 

. of 500 has been estimated for this q~antity in a t~initro-

152 
activated compound, and lower values are expect~d in the 

formation of (9.10) and (9.11). These changes coupled with 

the increases in the rat;i.o k~lkAmH+/kAm along the series (9.6),· 

(9.10)' (9.11). 

Values of the ratio kAm/k_ 1 are lower in the 

formation of ( 9. 6) and ( 9 .11) than in the formation of ( 9 . 10) . 

A major factor here is likely to be a reduction in the value 

of kAm as the reaction centre becomes increasingly sterically 

crowded. 166 The it3 that the formation of ( 9. 6) consequence 

and. (9 .11) is more susceptible to base than is the formation 

of ( 9. iO) ~ 

In conclusion.the results reported in this chapter 

indicate that increased steric crowding at the reaction centre, 

engendered for example, by a change from primary amines to. 

piperidine, results in. (i) a reduction in the rate of proton 

transfer from zwitterionic intermediates to amine catalyst; 

and (ii) slower leaving group departure. There is evidence
151 

that the first of these factors may be less ~evere in aqueous 

or partially aqueous media where proton transfer may proceed vi( 

interstitial water molecules . Ho~6ver ~oth these factors wiLl 

. increase the probability of the observation of base catalysis 
. . 

duririg nucleophiiic substitution r@~Q~18R~: 
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9.5 Derivation of the Rate Expressions 

The rate expressions for the formation of the 3-adduct 

and 1-adduct of TNP with amines are derived in an analogous 

way to those for TNBCl shown in Chapter Six. 

(i) The rate expression for the acid catalysed expulsion 

of ethoxide from the 1-adduct to give the N-substituted 

picramide. 

. TNP + 2Am 
I< 

c,t. > ( 9. 6) 

(9.7) +Am+ EtOH 

The reaction is followed by measuring the formation of 

(9.7). Therefore, 

d[9.7] = k4[9.6l [AIDH+] 
dt 

[TNP] = [TNP] + [9.6] + [ 9 . 7] 
. 0 

K = 
[ 9 . 6 ] [ AmH +] 

c,l [TNP.] [Am] 2 

Substituting for [TNP] in (~_)by using (_~) . 
[TNP] = [ 9 . 6] (1 + [AmH+] 

J 
+ [9.7] 

0 
Kc,l[Am]Z 

Re-arranging, 

[.9 • 6] = - [9.7]) 

2 .. 
K l [Am] c, 

· ~ubstituting (~) into (!) 

d[9.7] 
dt 

2 + . 
= ([TNP] - [9.7]) k4Kc,l[Am] [AmH] 

. o Kc' 1 [Am] 2+ [AmH+] 

At equilibrium, d[~t7 l = 0 

(.§_) 



Subtracting (1) from (~) 

d[9.7] = dt 

k 4Kc,l[Am]
2

[AmH+] 

K 
1

[Am] 2 +[AmH+] c, 

Relating [9.7] to OD 

([9.7] -[9.7]) e (~) 
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(9.7) is the only absorbing species at the wavelength used 

to f6llow the reaction. 

OD = E 9 . 7 [9.7] 

At equilibrium, 

Subtracting (.2_) from (10) 

OD -OD e 

Differentiating (.2_) , 

Hence, 

·dOD 
dt = d[9.7]· 

E9.7 dt 

d OD 1 = dt OD -OD e 

The definition of kobs is 

k 
d OD . 

Hence 

= obs 

·combining 

k ·obs 

dt 

(~) , (i3) 

d[9. 7] 
dt 

1 
OD -OD 

e 

and (lJ.) 

(lO) 

(11) 

(12) 

1 (13) 
[9.7] -[9.7] 

e 

(14) 
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10.1 Introduction 

This chapter is a collection of miscellaneous results, 

often incomplete, which could not be reported in the previous 

chapters. These results will be given under the following 

headings: 

(a) The reaction of 2,4,6-trinitrobenzyl chloride with 

sodium hydroxide in water and in 30:70 (v/v) DMSO-water; 

(b) Preliminary studies of the interactions between 2,4,6-

trinitrobenzyl chloride and hydroxide ions in mixed 

solvents; 

(c) Preliminary studies of the interactions of 2,2',4,4',6,6'­

hexanitrobibenzyl with sulphite ions in water; and 

(d) Kinetic and equilibrium studies of the interactions of 

1,3,5-trlnitrobenzene with thioglycollic acid in water. 



341 

10~ 2 Exper.imental 

Visible spectral measurements were made using a Pye­

Unicam SP 8005, SP 8100 or Hi-Tech SF-3L stopped-flow spectra-

photometer. All rate measurements were ~ade using the latter 

instrument at 2S°C with the concentration of nucleophiles 

always in large excess over the substrate concentration so 

that first-order kinetics weie observed. The rate coefficients 

are the mean of at least five separate determinations and are 

precise to ±5%. Examples of rate measurements are given in 

Table 10.1. 

A Kent pH ElL 7055 pH meter and a combination electrode 

.were used for pH measurements. 

1H n.m.r. measurements were made using a Varian EM 360L 

instrument using tetramethylsilane as an internal reference. 
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Tl.BLE 10.1 Typical results from rate measurements 

(i) TN~Cl (1 x 10-5M), sodium hydroxide {0.04~). 

First process. Measured at 455nm in water. 

(ii) -5 TNB (1 x 10 ~)~ thioglyco1lic acid (0.006M). 

M~asurab1e process. Measured at SOOnm in water 

containing 0.026~ sodium hydroxide and 0.0274~ 

sodium chloride.a 

(i) 

t/s tNb 

0.0 4.70 

0. 5 3.60 

1.0 2.80 

1.5 2.20 

2.0 1.60 

2.5 1. 20 

3 .o 0 .• 85 

A plot of ln~V versus t 

is linear and yields 

kobs 0.55 -1 = s 

a. Ionic strength I = 0.3M 

b. ~v = 

'.' 

v - v 
00 t 

(ii) 

tjms ~vn 

0' 5.1 

10 3.2 

20 2.4 

30 1.9 

40 1.5 

50 1.2 

60 0. 9 

A plot of ln~V versus t 

is linear and yields 

kobs 24~0 
-1 = s 
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10.3 The ~eaction of 2,4,6-Trin~trobenzyl Chloride with 
·Sodium Hydroxide in Water and in 30:70 (v/v) Drv!SO-water 

10.3.1 Introduction 

As stated previously, 2,2~,4,4~ ,6,6~-hexanitro-

stilbene (HNS) can be prepared by the reaction of 2,4,6-

trinitrobibenzyl chloride (TNBCl) with base. 2 ' 12 The re-

2 action mechanism postulated for this preparation requires 

the formation of the conjugate base (10.1) by removal of a 

side chain proton (see Chapter One). As the side chain proton 

could be removed by hydroxide ions, present in the reaction 

(10.1) 

mixture, it is of interest to study the interactions of TNBCl 

with hydroxide ions. In this section the initial reversible 

reactions of ~NBCl with sodium hydroxide in ~atei, and in 

30:70 (v/v) DMSO-water are reported. 

10.3.2 Re~ctions with hydroxide ions in water 

Figure 10.1 shows the visible spectra of TNBCl 

· (2 x lo~ 5M) in aqueous sodium hydroxide measured with a con-

v~ntion~l spectrophotometer. In the more dilute solutions 

[NaOH]<O.l~ the spectrum is similar to tho~e of 1:1 a-adduc~s 

f d f t . . t t. d b 25:-27 '82 h . ·. orme rom r1n1 ro-ac 1vate su strates s ow1ng a 

maximum at 445 nm with shoulder at 500 nm. In more concen-
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Figure 10.1 

Visibl~ectra of TNBCl, recorded one minute after 
mixing, in water containing the following concentrations of 

. sodium hydroxide, A, 0.01~; B, 0.05~; C, 0. ·1~ D, 0.5~ 
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trated solti~ions a single bioad maximum at 490 nm is observed 

indicating some further mode of reaction. By use of stopped-

flow spectrophotometry the initial spectrum of a solution 

containing 0.1~ base was measured within five seconds of 

mixing. It showed two absorption maxima at 455 nm and 500 nm 

and was similar to that of the time-stable species observed in 

· more ·dilute solutions. 

Two processes were observed using the stopped-

flow spectrophotometer. Only the fast process was measured 

and the rate and equilibrium data are given in Table 10.2. 

As_the hydroxide concentration was in large excess over TNBCl 

concentration the reaction was first order. The data are 

. interpreted using Scheme 10.1. Evidence that the 1-hydroxy-

adduct is formed rather than th~ 3-hydroxy-addutt will be 

given later. The data fits equation 10.1, derived using 

0 2N 
kf . + OH . :::. 

< k r 

N02 

( 10. 2) 

-
kf[OH k obs 

- + k r 
(equation 10. 

75 -1 -] 
standard methods, and gives a v~lue for kf_of 11±0.1.1 mol s 

-1 
s 

. 9ives 
Combining these valuest_an equilibrium 

constant K(=kf/kr) of. 110 1 mol- 1 , which is in good agreement 

with that obtained from the optical densities. 

1 . 
H n.m.r. measurements in deuterium oxide would 

I 

be the best technique to distinguish between the possible 
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TABLE 10.2 Kinetic and equilibrium data for the fast colour 
forming reaction of TNBCl (1 x 10 SM) with 

sodium hydroxide in watera at 25°C 

[NaOH] b /~ kobs/s 
-1 0Dc(445 nm) Kd/ Q, mol -1 

0.01 o. 21 0.016 110 

0.02 0.33 0.022 120 

0.04 0.55 0.024 90 

0.06 0.74 0.027 110 

0.08 1.05 0.028 117 

0.10 1.17 0.028 

a. The solvent contains l% by volume of DMSO. 

b. 

c. 

I = 0.1~ with sodium chloride. 

A Benesi-Hildebrand plot76 gives a value of 0.031 for 

complete conversion to adduct. 

d. Calculated using K = OD(445)/[0.031-0D(445)] [NaOH]. 

structures (10.3) and (10.4),but due to the low solubility of· 

TNBCl in water this technique cannot be used. However , com-. 

,parison of the rate and equilibrium data with those for reaction 

. of l,i,5-trinitrobenzene (T~B) 78 strongly s~ggests that these 

me·asurements relate to the formation of the 1-hydroxy adduct 

The argument is as follows. It is known that the 

( 10. 5) 

H 

OH 
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thermodynamic stabilities of adducts formed by attack of 

th 'd 82 th 'd 82 1 h't 162 . ( . d . me ox1 e, e ox1 e, su p 1 e or am1ne reporte 1n 

Chapter Six) nucleophiles at the 3-position of TNBCl are 

lower than those of the corresponding adducts formed from 

TNB. This is probably due to the steric.bulk of the CH2Cl 

substituent which forces the ortho nitro-groups from the ring 

plane, thus reducing their electron withdrawal ability. How-

ever· the value of 110 Q. mol-l observed for hydroxide attack on 

TNBCl is much higher than the value.of 3.7 l mol-l fot the re-

action of hydroxide with TNB to give (10. 5) . The value is 

however compatable with the formation of (10.3) since attack 

at.the 1-position will result in rotation of the CH2Cl sub­

stituent from' the ring plane with a consequent reduction in 

steric interaction. Since nucleophilic attack at unsubstituted 

. 140 
ring positions is generally a faster process than attack at 

substituted ·positions the failure to observe (10.4) can be 

attributed to the relatively low thermodynamic stability ex-

pebted for this adduct in water. 

The kinetic preference for attack at unsubstituted 

positions, and higher thermodynamic stability for the adducts 

. formed by attack at the substi~uted position, is confirmed by 

comparing the data for reaction of TNBCl and TNB with hydroxide 

and methoxide ions given in Table 10.3 .. The ratios of equili-

brium constants for the two substrates are 30 and 18 for the 

reaction with hydroxide and methoxide ions respectively. 

140 190 Measurements for compounds ' related to TNBCl 

with hydroxid~ ions have shown that·ionisation pf added·hydroxyl 

groups can occur to give a di-anionic species. When this type 



TABLE.l0.3 Comparison of rate and equilibrium data for reactions of TNB and TNBCl 
with hydroxide ~ons in ~ater and methoxide ions in methanol 

H 

o2N 

N02 

k f 37.5 

OH ·· .. ClH2C 

o2N 

N0 2 

11 

OH H OMe 

o2N ..-No2 

N02 N0 2 

7300 770 

OMe 

kr ·g. 8 0.1 330 2.2 

K 3.7 110 20 350 

Reference 78 This chapter 78 82 

w 
.b 
00 
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of di-anionic species is formed its spectrum usually differs 

only slightly from that of the 1:1 hydroxy-adduct·. Also the 

equilibrium between the hydroxy adduct and its di-anionic form 

would be expected to be established very rapidly, 140
r
190 as 

it would involve proton transfer between two oxygen atoms. 

It has been found that in 0.1~ base the spectrum recorded by 

stopped~flow spectrophotometry is different from that obtained 

at equilibrium. This is not in accord with rapid deprotonation. 

Therefore the spectral change observed in solutions where 

[NaOH]~O.l~ is reasonably attributed140 ' 191 to formation 6f 

a di~adduct by hydroxide attack at the 1- and 3-positions and/ 

or the 3- and 5- positions. 

No evidence for the production of the conjugate 

base of TNBCl (10.1) is provided by these results. (10.1) 

is observed in methano1 82 where it gives a distinctive visible 

spectrum. ·Thus it can be presumed that in water or in media 

composed of a large water content the formation of (lO.l)is 

unlikely, and therefore such solvents are not suitable for 

HNS synthesis.
2 

10.3.3 Reaction with hydroxide ions in 30:70 (v/v) 
DMSO-water 

Visible spectra of TNBCl (2 x 10- 5~) and sodium 

hydroxide (0.001 - 0.1~) in 30:70 (v/v) DMSO-water were recorded 

on a conventional spectrophotometer. At sodium hydroxide con-
25-29 

centrations .~o. 2~ a spectrum typical of a a-adduct was observed. 

When [Na:OH] = 0.001~ maxima were observed at 440 and 512 nm 

which with increasing [NaOH] = 0.02~ they were observed at 448 

and 490 nm (shoulder). As [NaOH] was further increased the 

spectrum started to resemble those of 1:2 o-adducts. Thus at 
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[NaOH] = 0.1~ a single broad maxima was observed at 490 nm. 

The interpretation of these spectra is that applied to the 

spectra of the same reaction in water. That is formation of 

the 1:1 adduct (10.3) followed by formation of the 1:2 adduct, 

probably (10. 6) . Once again the distinctive visible spectrum 

of the conjugate base of TNBCl (10.1) was not observed. 

1
H n.m.r. measurements in 70:30 (v/v) [ 2H

6
] DMSo-o 2o 

were attempted to try to discover the structure of the adducts 

formed. On addition of sodium deuterioxide· the bands at 69.08 

92 
(ring protons) and 65.00 (CH 2 protons) due to TNBCl dis-

appeared and were not replaced. As the spectrum was recorded 

one minute after mixing it is believed that the cr-adduc~ formed 

is very unstable even in 70:30 DMSO-water solution. A further 

difficulty encountered during the 1H n.m.r. measurements was 

·a solid precipitating from the solution. This may be I INS. 

Using stopped-flow spectrophotometry two well 

s~parated colour forming processes are observed and both were 

measurable. The rate and equilibrium data are in Table 10.4. 

Both proce~ses produce reasonably linear plots for kobs vePsus 

[NaOH] . Therefore the data will be interpreted using Scheme 

10.2 The rate expressions derived from Scheme 10.2 are 

2c1 HO 

N0
2 

+ 2 OH ~' :::::::~ + OH 

(10.2) 

Schem:e 10. 2 

HO 

J6 2 

CH2Cl 

N0·-
2 

OH 

H 

( 10. 6) 
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TABL:g; 10.4 Kinetic and eguilibrium data for the a-adduct 
formation reactions of TNBCl (1 x 10 5~) with 

sodium hydroxide in 30:70 (v/v) DMSO-water at 25°C 

[NaOH]a/~. -1 b 00fast (490nm) 102 ksla/s-1 102 kc(c kfast/s kfast(calc) 
slow 

0.01 0. 60 0. 70 0.020 

0.02 1. 25 1.40 0.022 

0.03 2.09 2.10 0.024 

0.04 2.56 2.80 0.025 6.2 5.8 

0.06 4.56 4.20 0.025 6.4 6.9 

0.08 5.70 5.60 0.025 8.2 8.1 

0.10 7.78 7.00 0.025 9.0 9.2 

a. I = 0.1~ using sodium chloride. 

b. 

c. 

Calculated using k
1 

0.70 ~mol-l 

Calculated using k~ 0.~7 ~ mol-l 

and equation 10.2. 

s-l and equation 10.2. 

-i -1 
s ' k_2 0.035 s 

equations 10.2 and 10.3. 

k fast 

k slow 

= kl [OH + k (equation 
-1 

k2Kl 
+ k (equation = l+K-;}OH=] -2 

A plot of kf ·t versus [OH-] is· linear with a iero . as 

10. 

10. 

·or near zero intercept and gives a value for k
1 

of 70 £ mol-ls- 1 . 

The optical density values show that complete conversion for the 

1:1 adduct is attained at lower sodium hydroxide concentrations 

in 30:70 DMSO-water than in water. An approximate value of ca. 

· 500 £ mol-l for the equilibrium constant K
1 

can be calculated 

from the optical densities. It is known 25 - 29 1:1 a-adducts are 

more stable in aprotic solvents or media containing an aprotic 

solvent, due to the ability of ~protic solvents to ~olvate the 
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large polarisable 1:1 a-adduct and desolvate the small nucleo-

phile ... 

As K1 is large (estimated as ca 500 ~ mol-l from 

equilibrium optical densities) it can be assumed that 

K 1 [0H-]>>l and therefore equation 10.3 is modified to give 

equation 10.4.. Thus a plot of kslow versus [OH-] is linear. 

-1 -1 
A value for ~_ 2 of 0.57 ~ mol s calculated from the slope 

k 
slow + 

and a value for k_
2 

of 0.035 s-l from the intercept. 

(equation· 10. 

However, 

these rate coefficients are likely to be subject to large 

errOrs ·.due to them being based on limited data. A value for 

Another possibility for the second process is 

shown by Scheme 10.3 below. This is hydroxide attack on the 

CH
2
Cl group·resulting in nucleophilic displacement reaction 

to form 2,4,6-trinitrobenzyl alcohol (TNBOH) . 

. 0 N. 
2 

+ OH .... 

(10. 3) 

+ Cl 
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The rate expression is given by equation 10.5(a). Again if 

-1 -K1 '\, 500 .£ mol then K1 [ OH ] > > 1 and equation 10.5 (a) is reduced · 

to equation lO~S(b). 

k
2

[0H-] 
k = obs l+K1 [oH=r (equation 10.5 

= (equation 10.5 

Equation lO.S(b) sho.·Jsthat kobs is a constant when K1 [0H-]>>l. 

The limited kinetic data does not allow the formation of TNBOH 

to be discount~d but it appears unlikely. However, TNBOH will 

not be strongly coloured and as the visible Sfectra show a 

strongly coloured species is formed then the formation of 

TNBOH ~~- a major reaction can be eliminated. 

10.4 Preliminary.Studies of the Interactions between 2,4,6-
trini trobenzyl Chlo·ride and hydroxide ions in mixed solven1 

10~4.1 Introduction 

The Shipp-Kaplan2 reaction, i.e. the conversion 

of 2,4,6-trinitrotoluene (TNT) to HNS using alkaline hypo-

chlorite, uses a 2:1:2 (v/v/v) tetrahydrofuran (THF)-methanol-

(MeOH) -water:, ·-,~·-· ··: solvent. It is well known that the first 
"":--' 

step of the reaction converts TNT to TNBCl but the intermediate 
. ..na.--wliich --TlUCl: · 

;ci-~~;n~~~te·d~to HNS, and· hence the reaction mechanism, is 

unknown. (A-fuller description of the Shipp-Kaplan reaction 

is give~ in Chapter One). 

. k' . t d' 8,82,83,92,94,117,118,142 Prev1ous 1net1c s u 1es . . 

(which includes the data in· Chapter Six) of the reactions of 

TNT and TNBCl have been made with a variety of bases in differ-

eht ~olvent ~y~tems~ but kinetic st~dies of the Shipp-Kaplan 
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reaction itself in the solvent system 2:1:2 THF-MeOH-water 

have been made. This section is a record of the preliminary 

visible spectra of the interaction of TNBCl with base in 2:1:2 

THF-MeOH-water, which are a necessary precursor for kinetic 

studies~ These spectra are incomplete and the information 

gained from themunsatisfactory. It should be stressed that 

the interpretations of the reactions are generally subjective 

as conclusive evidence can rarely be obtained from visible 

25-29 spectra. 

In the solvent 2:1:2 THF-MeOH-water the methoxide 

ions are in equilibrium as shown by Scheme 10.4. The equili-

brium constant K~a is defined by equation 10.6. The value 

MeOH + OH 

K,. 
ha. MeO 

Scheme 10.4 

forK' of 4.5, at 25°C, is known. 134 
ha The equilibrium concen-

( e·qua tion 10 ~ 6 

XMeOH[OH ] 

where XH 0 2 

and x~lleOH 

= 

= 

the mole fraction of water, 

the mole fraction of methanol. 

.trations of methoxide ions and hydroxide ions can be changed 

by the addition of sodium hydroxide ions. Equations 10.7, 

10~8 and 10.9 allows the calculation of the equilibrium concen­

trations of the methoxide ions [MeO-] and hydroxide ions [OH-] . e . . · . 4 

from the original concentration of hydroxide ions [OH-]
0 

added. 

When the concentrations used to measure the visible spectra 

are reported they will be given in terms·of added sodium 
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[OH - [MeO-] [OH -]e + = ]0 . e (equation 10.7 

[OH-] . 
XH20[Me0-]e 

= . e X K"' 
MeOH ha 

(equation 10.8 

- [MeO-] [l XH 0 l [OH ]0 = + 2 . e 
X K"' 

MeOH ha 

(equation 10.9 

hydroxide with the methoxide concentrations at equilibrium given 

in brackets immediately afterwards. 

In previous chapters very dilute substrate con-

centrations were used~ Here higher concentrations, 0.001-0.01~ 

were used. This required the use of a variable pathlength 

(usually ca 0.4mm) microcell. 

10.4.2 Results and discussion 

Using a lOmm pathlength cells visible spectra of 

solutions with TNBCl t2 x 10- 5~) and 0~001-0.01~ NaOH 

. -4 -3 
(5.5 x 10 - 5.5 x 10 ~ methoxide ions) in 33/67 (v/v) MeOH-

water were recorded. Initial spectra after about one minute 

show two ·maxima at 438nm and 510nm. At added sodium hydroxide 

concentrations ~0.008~ the lower wavelength maximum decays 

rapidly and the higher wavelength maxinmm decays slowly. At 

added sodium hyd~oxide concentrations of O.OlM the decay of 

the initial spectrum coinc~des with the growth of a maximum of 

ca 478 nm. The initial spectrum would suggest a-adduct form.:. .. 

. . . 25-29 
ation of 1:1 sto1ch1ometry while the single maximum at an 

added sodium hydroxide concentration of 0.1~ would ·suggest a· 

a-adduct of 1:2. stoichiometry. 25 - 29 There are two nucleophi1~i 

present; MeO and OH . The 1:1 o-aclduct of TNBCl and methoxicl' 

. . . 182 h 43 d ] . ions in methano.. as maxima at 0 an· 510nm whi .e 1n the 
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previous section it has been reported that the spectrum of 

the 1:1 a-adduct formed by TNBCl and hydroxide ions in water 

· give maxima at 445 nm and 500 nm. In their own solvents the 

1-methoxy-adduct is ninety-five times more stable than the 1-

hydroxy-adduct and k 1 is twenty times larger. Changing to a 

33~67 MeOH-water solvent should not change the relative values 

192 . 
too much and therefore the adduct observed in 33:67 MeOH-

water is probably the 1-methoxy-adduct of TN~Cl. 

Visible spectra of 0.001~ TNBCl in 50:50 (v/v) 

MeOH-water 5 x 10- 5~ - 0.1~ added sodium hydroxide (3.6 x 10- 5 -

7.17. x 10- 3M methoxide ions) have been reco~ded us~ng a cell 

with a pathlength of 5mm. At added hydroxide ion concentration: 

~4 x 10 4~ _(2.87 x 10- 4~ methoxide ions) show double maxima, 

. 25-29 typical of a-adduct format1on,. at 430 and 510 nm. These 

maxima decay very slowly. At added hydroxide concentration of. 

4 x 10- 3~ (2.87 x 10- 3~ methoxide ions) a maximum started to 

sho~ after ~bout an hour at 472 nm, which continued to grow very 

slowly. The initial species is presumably that assumed to be 

formed in 33:67 MeOH-water, the 1-methoxy-adduct. For com­

parison, it has previously been observed193 in methanol that 

maxima at 424 nm and 500 nm were formed in the reaction of 

O.OOOlM TNBCl with 0.001~ NaOH. The species that produces this 

spectrum slowly decays~ With 0.1~ NaOH the species formed has 

maxima at about 430nm and 500nm, which is very stable. After 

eighteen hours a new species with a single maximum at 478nm 

is observed. 

The next set of visible spectra to be recorded were 

for 2:1:2 THF-MeOH-water solutions containing 2 x 10- 5~ TNBCl 

and 0.001-0.01~ added hydroxide ions (4.41 x 10- 4 - 5.59 ~ 1~~ 
. I ! ; ~ ; ': : , .: . I I ' ; ! ( • ~ 

methox 1.Cie ions) . 
. ~ ... " " II' ' i , t .. • 1 

Initial spectruih ineasured i:.wo minutes after 
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mixing of the red species formed show two maxima at 432nm 

and 512nm. At the added sodium hydroxide concentration of 

-3 
0.01~ (5.59 x 10 ~ methoxide concentration)· these maxima have 

extinction coefficients of ~.25 x 10 4 i mol-l em-~ and 

4 -1 -1 
1.6 x 10 ~mol em respectively. After about thirty 

minutes spectra of a purple species, formed from the red species 

had maxima of 600-650nm (very broad), 480nm (with shoulder at 

.430nm) and ;370nm. An example of these spectra is shown in 

Figure 10.2. The initial spectrum of the red species is inter-

preted as a-adduct formation by methoxide attack at the 1-

position. In methanol this produces maxima at 430nm and 

510nm. The purple species is interpreted as formation of the 

conjugate base of TNBCl which in methanol produces spectra at 

. 92 
650, 500 and 370 nm. · THF is an aprotic solvent and should 

therefore increase the stability. of the a-adduct in a THF-MeOH-. 

water solvent compared to a 1-ieOH-water solvent. Thus the 

visible spectra indicate that the red species is more thermo-

dynamically stable in a THF-MeOH-water solvent than in MeOH-watE 

As the type of solvent is expected25- 29 to change the wavelengtt 

of absorption maxima the differences of the absorption maxima 

of the red ~peci~s in MeOH-water compared to.THF-MeOH-water is 

not surprising. When 0.001~ TNBCl reacts with 0.01~ NaOH 

(5.59 x 10- 3M methoxide ions) in 2:1:2 THF-MeOH-wat~r the 

spectrum indicates that the same species are formed but the 

maxima are more intense. 

The Shipp-Kaplan reaction
2 

produces the best yields 

of HNS if a pH of ca 10.2 is maintained. The buffer used to 

maintain a pH of 10.2 was a sodium bicarbonate buffer.
124 

However after the visible spectra to be reported below were 

measured, a pH study of the reaction of 10 2~ TNBCl with 10- 2 ~·· 
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-3 
added NaOH (5.59 x 10 ~ methoxide) in 2:1:2 THF-MeOH-wat~r,. 

initially buffered at a pH of 10.18, showed that the pH of 

the solution decreased slowly to 9.05 after two hours before. 

starting to increase. For some reason the bicarbonate/ 

carbonate buffer was not maintaining pH. 

The visible spectra of the red/brown solution 

measured while the pH was falling showed maxima at 432nm 

(OD 0.665) and 514nm (OD · 0.460). 
max . max The absorption slowly 

faded with the maxima moving slightly to 428 and 502nm. A 

0.4mm pathlength cell was used. After. ten minutes solid pre-

cipitated from solution, and is likely to be HNS as this is 

very insoluble in 2:1:2 THF-MeOH-water. Solid precipitated 

from a similar reaction system was filtered and dried. After 

·dissolving in [ 2H6 ] DMSO its 1H n.m.r. spectrum was recorded. 

Bands at o9.10(s) and 7.13(s) were observed which can be assigne1 

to the ring protons and olefinic protons of HNS respectively. 

This shows the solid precipitated is HNS. 

The reactions of 2 x 10~ 5~ TNBCl in solutions of 

2:1:2 THF-MeOH-water with an initial pH of ·10.2, 10.68 and 

il.2 were studied. The spectra all showed that three species 

were formed over eighteen hours after mixing. The first specie 

was red and gave maxima at 432-434 and 505-515nm. These maxima 

decayed to give a purplish species with maxima at 370, 436, 500 

and 600-650nm. Finally after about eighteen hours a visible 

_spect~um of a second red species shows absor?tion maxima at 

465 and 525nm (shoulder). Figure 10.3 shows an example of 

these spectra. As the pH was increased the conversion to the 

a-adduct was increased and in each case solid was observed to 

precipitate from the solution after about one and a half hours . 

. · .. 
: ... 



FIGURE 10.3 Visible spectra of 2 x 10-s~ TNBCl in 2:1:2 THF-MeOH-water at an initial 

pH of 10.2; .A, 2 minutes, B, 31 minutes, C, 19 hours after mixing 
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These spectra can be interpreted as formation of the 1-methoxy-

adduct of TNBCl followed by its conversion to the conjugate base 

of TNBCl. The conjugate base of TNBCl theri attacks a TNBCl 

molecule displacing Cl- to form (10.8) which rapidly eliminates 

HCl to form HNS. The third species could then be some inter-

action of HNS with MeO or OH~. 

The visible spectra of 2 x 10- 5M HNS in 2:1:2 THF 

MeOH-water containing 0.1~ added sodium hydroxide (5.59 x 10- 2 ~ 

methoxide) . Two maxima at 430nm and 480nm(shoulder) are recordE 

o:zN N02 

CH . H - c - OMe 
.·I 2. I . 

CHCl CH 

N0
2 02 ' NO 

2 

(10. 8) 

two minutes after mixing which after fifty-five minutes was 

a single maximum at480nrn. This is probably the formation of 

the 1-methoxy-adduct followed by the formation of (10.9) by 

methoxide attack at the olefinic bond. Allowing for the 

difference in solveni these species are found for the reaction 

between HNS and methoxide ions in methanol (report~d in Chapter 

Five). The reactions of HNS and hydroxide ions, hydroxide ion 

being the other nucleophile present in the solvent, have not 

been studied. 
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10.5 Pieliminar~ Studies of the Interactions of 2,2~,4,4~,6,6~­
Hexani trobibenzyl wi t.h ,Sulphite Ions 

10.5.1 Introduction 

Sulphite ions can form 6-adducts with trinitro-

aromatic compounds but because they are 11 soft 11 bases are not 

known to abstract any side-chain proton that might be available. 

Sulphite ions, due to their bulk tend to form 1:1 and 1:2 

cr-adducts by addition at the unsubstituted positions of tri­

nitroaromatic substrates containing a bulky substituent at the 

l-position. 25- 29 For example it has been shown that sulphite 

ions react with TNBC1 162 to form the adducts .(10.10) and (10.11) 

N0
2 

N0
2
-

(YO.l0) (10.11). 

Throughout this thesis it has been shown that· 

2,2~,4,4~,6,6~-hexanitrobibenzy1 (HNBB) reacts with nuc1eo-

philes in an analogOus way to TNBCl. · Therefore the u-adducts 

(10.12)and (10.13) would.be expected to be formed by nucleophili 

attack of sulphite ions on HNBB. Once again because there are 

two picryl rings per molecule of HNBB there is also the possib-

ility of the cr-adducts (10.14), (10.15) and (10.16) being formed 

Isomerism may exist for some of the adducts shown. 

It is known that 1:1 cr-aqducts like (10.10) are 

more stable in aprotic solvents than protic solvents while 1 :'2 

cr-adducts like (10.11) are more stable in protic solvents than 
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. . 25 
in aprotic solvents. It would therefore be of interest· to 

discover.if (10.14) is more stable ·in DMSO, a dipolar aprotic 

solvent~· than (10.12). Both are 1:2 o-adducts but (10.14) 

could be described as a double 1:1 o-adduct, as both picryl 

rings are well separated, and therefore better solvated in 

DMSO than (10.12) . The opposite case would be expected in 

. water, a protic solvent. 

10.5.2 Visible Spectra 

Visible spectra of HNBB (4 ~ 1o- 5~p and ·sulphite 

ions (0.001 - 0.1~) in water containing 1% DMSO were attempted, 

but due to .the insolubility of HNBB no useful results were 

obtained. At sulphite concentrations~O.l~ a red species was 

observed and the spectra suggested 1:1 and 1:2 o-adducts were 

responsible for the colour. 

Visible spectra of HNBB (2 x 10- 5M) and.sulphite 

ions (0.001 0.1~) in 30:70 (v/v) DMSO-water were recorded. 

They are very similar to those spectra previously observed 

25-29 
between sulphite ions and trinitrobenzene compounds. The 

actual structures of the 1:1 and 1:2 o-adducts might be deter-

. d b . 1 
m1pe y us1ng H n.m.r. spectroscopy. 

10.6 Kinetic and Equilibrium Studies of the Interactions of 
1,3,5-Trinitrobenzene and Thioglycollic Acid in Water 

10.6.1 Introduction 

The reaction~ of 1,3,5-trinitrobenzene (TNB) with 

. 1 h't 63,194-196 th' 1 t. 197 d th' h 'd 155,197 su p 1 e, 10 a e an 10p enox1 e . ions 

in water have previously been studied. It is found su~phur 
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o 3s 
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N02 

(10.12) 

~02 
I 

/502 
.H 

I 
N02 

CH 2 I . 
CH 2 I . 

....No2 . 

so
3 

H 

N0 2 
( 10·;-15.) 
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NO 2 

(10.13) 

(10.14) 

0 s 3 

o 3s so3 
H H 

N0
2
-

(10.16) 
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nucleophiles are more reactive than oxygen nucleophiles, 27 

an unexpected· fact on the basis of their pK values. a 

In this section the interactions of TNB with 

thioglycollic acid will be reported, although the study is 

incomplete and the results poor. This reaction is of interest 

because in water fhioglycollic acid exists mainly as the di­

ahion, SCH 2coo-, which is capable of reacting as a sulphur or 

oxygen nucleophile. The pK value for Scheme 10.5 as defined a 
124 by equation 10.10 is reported as 10.6t0.03. 

K = -a 

Scheme 10.5 

[- SCH
2

COO-] [H+] 

[HSCH;iCOO-] 

10.6.2 Results and discussion 

+ + H 

(equation lO.lC 

Visible spectra of TNB (4 x 10- 5M) with thio-

glycollic acid (0.001 - O.lM) in water were recorded on a con-

·ventional spectrophotometer. At thioglycollic acid concen­

trations ~0.004~ spectra typical25- 29 of 1:1 adducts were ob­

served with maxima at 464 and 540-570 nm (shoulder). . At thio-

. 25-29 glycollic acid concentrations ~0.4~ spectra typlcal of 

1:2 o-adducts were observed with a maximum ca 490nm. At the 

intermediate thioglycollic acid concentrations, betweeri the 

sb::lted limits, spectra were obtained that indicated th<lt 1 ~ 1 

and 1:2 o-adducts were present. These spectra were very similar 

to those obtu:i.ned for l: 1 anu l: 2 o-adducts formed between 'l'NI.~ 

and . 1 l : t . 6 3 , 19 5 su p11 e 1ons. . . This indicates that thioglycollic 
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acid is behaving as a sulphur nucleophile forming a sulphur 

bonded a-adduct. If it were forming an oxygen bonded ~-adduct 

the spectra would show maxima at shorter wavelengths, at ca, 

410nm and 500nm. 25 

1 
No H n.m.r. spectra of the adducts formed by 

the reaction of TNB and SCH 2coo have been recorded. However, 

the structures of the a-adducts formed by the reaction of TNB 

with sulphite ions195 and TNB with thiophenoxide ions, 197 are 

known. By analogy the 1:1 and 1:2 a-adducts formed batween 

TNB and SCH 2coo can be predicted to have the structures 

( 10. 17) and ( 10.18) . 

0 N ' 
2 

H 

(10.17) (10.18) 

H 

SCH2COO 

By the ~ddition of sodium hydroxide in excess of 

thioglycollic acid concentration the thioglycollic acid will 

be present very largely in the form of the dianion, SCH 2coo . 

Visible spectra of TNB (4 x 10- 5~) and thioglycollic acid 

(0.001~) with [NaOH] in excess of [thioglycollic acid], in 

water, were recorded. These spectra indicate that provided 

[NaOH] was ~0.008~, in exess of thioglycollic acid concentration 

then there is maximum conversion to the 1:1 a-adduct for that 

" 
§~cause the [NaOH 
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is present in large excess over TNB concentration in these 

aqueous TNB/thioglycollic acid solutions, formation of the 

1:1 a-adduct between TNB and hydroxide ions (10.3) must be 

considered. The equilibrium constant for formation of (10.3), 

h . 1 78 b d 3 8 u . KTNB/OH~' as prev1ous y een measure as . . s1ng 

equation 10.11 it can be shown that the concentration of (10.3) 

KTNB/OH- = [ 10. 3] 
(equation 10.11 

present in solutions containing 0.01 or 0.02~ excess sodium-

hydroxide will be small.· 

Stopped-flow spectrophotometry showed that the 

reaction of TNB and thioglycoliic acid produced what appeared 

to be two colour forming species. Observation of the reaction 

at a wavelength of 490nm showed that a rapid colour forming 

process, completed almost instantaneously the reactants were 

mixed, was followed by a measurable colour forming process. 
) 

At a wavelength of 550nm the same. reaction gave a rapid colouc 

forming process followed by a rapid colour fading process. Thes( 

observations are in accord with the visible spectral evidence. 

The reaction between TNB and thioglycollic acid in 

water was measured under three different experimental conditions 

on the stopped-flow spectrophotometer. Kinetic and equilibrium 

data measured with ionic strength, I = 0.1~ and 0~01~ [NaOH] 

. in exesss of thioglycollic acid concentration are given in 

Table 10.5; with I = 0.1~ and 0.02~ [NaOH] in ·excess of thio-

glycollic acid boncentration are given in Table 10.6; and with 
; 

I == 0. J~ .)ncl 0.02~ [NaOII] i~ excess of th.ioglycollic acid con-

centration are given in Table 10.7. The excess sodium hydroxid· 

concentration was added to ensure the majority of thioglycollic 
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TABLE 10.5 Kinetic and equilibrium data for the reaction 

0.001 

0.002 

0.004 

0.006 

0.008 

0.01 

0.02 

0.04 

of TNB (2 x 10- 5~) thiog1yco1lic acid in watera. 

containing 0.01 excess sodium hydroxide at 25 C 

. -1 
k b /s 0 s 

6.9±0.2 

8.0 

11.5 

15.7 

18.9 

22.5 

29.1 

33.5 

00~(500nm) 

0.0063 

0.0123 

0.02],4 

0.0278 

0.0334 

0.0372 

0.0477 

0.0487 

OD~(500nm) 

104 0.0129 

113 0.0250 

118 0.0391 

119 0.0458 

125 0.0496 

126 0.0525 

125 0.0545 

68 0.055S 

a. I = 0.1~ made up using sodium chloride. 

b. Measured at completion of the first process. A Benesi-

Hildebrand plot yields an optical density for complete 

conversion to adduct of 0.0561. 

d. Measured at the completion of the second process. 
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TABLE 10.6 Kinetic and equilibrium data for the reaction of 

TNB (2 x 10- 5~) with thioglycollic acid in watera 

containing 0.02~ excess sodium hydroxide at 25 c 

OD~ (500nm) OD~(500nm) 

0.001 7.4±0.3 0.0063 104 0.0137 

0.002 7.8 0.0123 113 0.0264 

. o. 004 11.2 0.0205 lll 0.0400 

0.006 15.9 0.0278 119 0.0458 

0.008 20.5 0.0362 148 0.0496 

0.010 25.3 0.0391 141 0.0526 

0.020 35.9 0 .. 0467 117 .0.0535 

0.040. 36 0 8 . 0.0487 68 0.0516 

a. I = 0.1~ made up with sodium chloride. 

b. .r-1easured at the completion of the first process. 

A Benesi-Hildebrand plot yields an optical density 

for compl~te conversion to the adduct of 0.0667._ 

c. ·calculated using oo1 (500)/[0.0667-00
1 

(500)] [-SCH 2coo-

d. Measured at completion of the second process. 
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TABLE ·10. 7 Kinetic .;1nd equilibrium data for the reaction of 

TNB (2 x 10-5M) with thioglycollic acid in watera 
containing 0.02~ excess sodium hydroxide at 25°C 

O.CX:)l 7.6±0.3 

0.002 10.1 

0.004 17.8 

0.006 24.9 

0.008 30.6 

0.01 33.3 

001 ( 500nm) b 

0.0070 

0.0150 

0.0306 

0.0372 

0.0438 

0.0516 

a. I = 0.3 made up with sodium chloride. 

44 0.0237 

49 0.0419 

56 0.0615 

48 0.0645 

45 0.0655 

45 0.0716 

b. Measured at the completion of the first process. 

A Benesi-Hildebrand plot yields an optjcal density 

value for complete conversion to the adduct of 0.1667. 

c. Calculated using K1 = OD 1 (500)/(0.1667-0Dl (500)] [ SCH2COO-] 

d. Measured at completion of the second process. 
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acid was present as the SCH2coo ion. Data in Table 10.6 

are a repetition of data in Table 10.5 but with the excess 

[NaOH] doubled. ·This does ·appear to change the rate coeffic-

ients for the measured process, especially at high thioglycollic 

acid concentrations, suggesting that not all the thioglycollic 

acid is converted into SCH2coo ion when o~l~ excess sodium 

hydroxide is present. 

The data was first interpreted using Scheme 10.6. 

From this scheme the general rate expression, given in equation 

10.12, can be derived. 

k' 
obs 

o2NyY'o: 2 v 
I 
N0

2 

(10. 2) 

Scheme 10.6 

= 

where [S] -· 

used throughout this chapter. 

H 

:I 
NO · 

2 

(10.17) 

(10.18) 

(equation 10.1 

This notation will be 
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Although too fast for rate measurements the first 

processes equilibrium constant K1 can be calculated from the. 

optical density measurements. It is found for the data in 

Tables 10.5 and 10.6 that K1 has a value of 120±20 i mol- 1 . 

Using this value in equation 10.12 a plot of kobs versus 

K
1

[S]/(l+K
1

[S]) is not linear as would be predicted, (see 

Figures 10.4 and 10.5). k b tends towards a maximum. 
0 s 

This 

observation suggests that the [-SCH 2CoO~] is not as expected; 

possibly scH2coo decays in water. 

In water the thioglycollic acid diani6n produces 

an absorption maximum at 233nm. The decay of this maximum 

was .measured every thirty minutes for five hours. It was 

found the maximum decays slowly and linearly with time. 

thirty minutes the [-SCH 2coo-] had fallen by ca ·1%. 

l\fter 

Table 10.7 consists of data using freshly prepared 

solutions of SCH 2coo for each [ SCH 2coo-] , and by -completing 

ra~e and equilibrium ~easurements within thi~ty minutes of 

preparation of each [ SCH2coo-1 the [-SCH
2
coo-] should be 

reasonably accurate. From the optical densities a value for 

:K1 of 48±8 £ mol-l is calculated. Once again a plot of kobs 

. 2 
versus K1 [S] /(l+K1 [S]) is curved with kobs tending towards a 

maximum. 

Scheme 10.6 does not appear to interpret the data 

very ~uccessfully. There are two other schemes that can be 

regarded as sensible possible explanations for the data. 

Sche:me 10.7 shows the formation of the bicyclic complex (10.19). 

In order for this scheme to comply with the processes observed 

by stopped-flow spectrophotometry it is necessary to assume that 
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FIGURE 10.4 •· Plot of kobs versus K1 [ SCH2 COO ] / ( l+Ki [ . SCH2 COO ]) for the. data in 

.-40 

30 

. k'iobs /s-' 
20 

10 

') 

}( 

X 

X 

. . . -1 . 
Table 10.5 using K

1 
118 1 mol · 

X 

X 

X 

100 200 300 

K rs c H coo- 1 'l. 
·1 0- ltx 1 . . ::~.. I M 

1 + K [-scH coo-l ·= 
I . :L 

400 
w 
-....1 
w 



. . - . ·. ' -· 2 . - -
FIGURE 10.5 Plot Of kobs versus K1 [ SCH 2COO] /(l+K1 [ SCH2COO ]) for the data 
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( 10. 2) + 
]{1 

(10.17) + · SCH 2coo 

(10. 17) 

Scheme 10.7 

('10.17) 

(10.18) 

H 

I 
I 

N0
2 

s--CH . I 2 :7· N02-

C=O 
0/ 

. (10.19) 
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the formation of (10.17) and (10.18) are rapid followed by 

. the formation of (10.19) which is the measurable process by 

stopped-flow spectrophotometry. The rate expression for 

Scheme 10.7 is given by equation 10.13. If this scheme is 

(equation 10.1~ 

correct it will require further study to provide the evidence. 

1 H n.m.r. spectroscopy would be able to determine whether (10.19) 

is formed. The visible spectra tend to suggest a 1:2 o-adduct 

is being formed rather than a bicyclic complex. 

·Scheme 10.8 shows the possibility that after the 

formation of the 1:1 adduct there is formation of the cis (10.18< 

and trans (10.18t) 1:2 adducts. 



I 

N0 2 

(10.18t) 

+ 

Scheme 10.8 . 

(iO.l7) ·. + 

02N,,_~_:<S~3 N02 

\}:o3-

No2 

(10.18c) 

(10.17) 

(10.18t) ~· 
~ -2 

(lO.l8c) · 
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The formation of cis and trans adducts of TNB has only pre­

viously been observed for its reaction with sulphite ions.l 9S· 

In this study three relaxation times were observed corres-

ponding to the for:mation of the 1:1 a-adduct, the cis 1:2 

a-adduct and. the trans 1:2 a-adduct were possible~ The visible 

spectra of the cis and trans 1:2 a-adducts were, when measured 

usi11g a stopped-flow spectrophotometer, found to be slightly 

different.
195 

The maximum for the cis 1:2 adduct (10.18c) 

was at 490nm and for the tr·ans 1:2 adduct (.10.18t) was at 500nm. 

. 63 194 Prev1ously ' .tonventional spectrophotometric measurements· 

. had just rep6rted one equilibrium for a 1:2 adduct and this has 

been 1 . a195 d t f th . d t s 1 2 exp ·a1ne . as a summe spec ra o e c1s an ran : 

adduct. ~h~refote the observation of a single 1:2 adduct by 
...;. 

conventional spectrophoto~etry for TNB and scH2coo may be 

misleactl.ng. StUdies by ifi n.m.r. spetbtosdbpy have not provided 
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any evidence for the formation of cis and trans 1:2 adducts for 

the reactions between the activated aromatfc molecules and 

. 63 
nucleophiles. . However this may be due to the isomers having 

very similar spectral properties that the experimental tech-

niques are not sensitive enou~h to distinguish between the iso­

mers, or that one isomer is much more stable than the other.
194 

The rate expression derived from Scheme 10.8 is given by 

equation 10.14. 

+ = k obs l+Kl [S] (l+K2 [S]) 
(equation 10.14 

Once again it is necessary to assume the first two 

proces$eS are rapid and the third process is the only on·e 
\:: 

measurable by stopped-flow spectrophotometry. The rate co-

efficient, . k 3 , . is assumed to be that for formation of the ·cis 

1:2 addpct following Bernasconi's interpretation that the cis 

1:2 adduct is the final process in the reaction between TNB and 

1 h
. . 194. 

su p 1te 1ons. However there is the possibility that the 

~hird pr?cess reported here may _be the formation of the trans 

1:2 adduct:. 

It was shown194 for the reaction of TNB with sulp~itE 
. . . - 2-· 

ions that a plot of kobs versus [S], where [S] = so3 , is · 

sigmoid in shape. If kobs ver~us [S], where [S] = SCH 2coo , 

~s plotted for the data in T~bles 10.5 and 10.6,.then a sigmoid 

plot is obtaine~. Where the plot is linear the conditions 

_K 1 [S] >>1 and K2 [S]<<l could apply producing equation 10.15. 

Using equation 10.15 valuei fo~ k 3 and k_
3 

dan be estimated 

k 
obs = + (equation 10.1 

from the slope and intercept respectively. For the data in 

Table 10.5 a value for k 3 of 1810±200 ~ mol-l s-l and f6r k_ 3 
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-1 
of 4.4±0.4 s are calculated. This gives a value for K

3 

(=k 3/k_
3

) of 410 1 mol-1 . 

-1 -1 
k

3 
2160±200 1 mol s , 

Data in Table 10.6 give 

. -1 
k_

3 
3±0.5 s and K

3 
720 1 

values of 

-1 
mol . 

The differences in the rate coefficients and the equilibrium 

constants d~rived from them is perhaps an indication that not 

all the thioglycollic acid concentration was present as 

SCH2coo ions when 0.1~ excess .sodium hydroxide was present. 

It has already been mentioned that k b tends 
. 0 s 

towards a maximum value. 

equation 10.14 becomes equation 10.16. This new rate ex-

pression predicts a rate maximum equivalent to k_
3 

+ k 3/K 2 . 

+ (equation 10.1(; 

To estimate a value for K2 it.is assumed that the data in 

Table 10.5 tend to a maximum rate of 36 s-1 • Then using the 

. -1 
known values of k

3 
and k_

3 
a value for K2 of 57 1 mol is 

obtained. For the data in Table 10.6 the maximum value of 
-1 . . l 

k b is 38 s leading to a value· for K2 of 62 1 1 m~l-o s . . 

Data in Table 10.7, when I = 0~3~, gives a linear 

· piot which can 

· for k
3 

of 3450 

ated yielding 

be i~terpreted using equation 10.15. Values· 
. -1 -1 . . -1 

£ mol s : and for k_ 3 of 3. 5 s are calcul-

a value for K3 of 986lmoCfAt the concentrations 

studied it is difficult to determine a maximum kobs value but 

it:is estimated as oa 38 s~ 1 , giving a value for K2 of 100 1 

. -1 -1 
mol s '· using equation 10. 16. 

Comparison of the data for the reactions at 

I= 0.3M of TNB and SCH 2coo in water with TNB and·sulphite 

ions in water is giveri in Table lO.R .. Her~ it is seen that 

for the reacti~n between TNn ~nd sulphite ions the 
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~atio k 2/k3 is ca 163 and the ratio k_i/k_ 3 i~ ca 161. If 

these i~tios were applied to the reactions bf TNB with 

SCH 2coo then the half life for the second process, formation 

of the cis 1:2 adduct, at the concentrations studied would be ca. 

O.lms. This would mean the reaction would be too fast for 

measurement by stopped-flow spectrophotometry. If this explan-

.ation of the data. is correct, i.e. using Scheme 10.8, then one 

1:2 .adduct, (nominally called the trans adduc~, formed between 

TNB and SCH 2COO ions is ten times more stable than the other. 

This is not found 194 for the 1:2 adducts formed between TNB. 

and sulphite ions where they are of almost equal stability. 

It must be stressed that there is no definite evid-

ence for the formation of cis/trans isomers of 1:2 stoichio-

metry from TNB and SCH2coo ions. The kinetic analysis given 

is highly speculative. This section has shown that there is 

need for further study of the interactions between TNB and 

SCH 2coo ions to identify the species involved. 



TABLE 10.8 Comparison of data for the cis and trans 1:2 o-adducts formed 

between TNB and sulphur nucleophiles in water at I = 0.3~ 

2-
a 803 

SCH2COO 

k21t mol-ls-1 

195 

a. Data from reference 194. 

k 1 .;.;l 
-2 s 

21 

.K
2

1£ mol-l . k31£ mol-ls-1 

9.3 1.2 

·roo 3450 

k 1 -l -3 s 

0.13 

3.5 

K31£mol-l 

9.2 

986 

w 
(X) 

0 



10.7 Derivation of the Rate Expressions 

(i) a-adduct formation. 

(10.2) + OH 
kf 

(10. 3) 

d[l0.3] = dt 

. [10.2] = 0 

[10.2] = 

k. 
r 

k f [ 10. 2] [ OH- ] 

[ 10. 2] + [ 10. 3] 

[10.2]0 [ 10. 3] 

Substituting (2) into (l). 

kr [ 10. 3] 

d [10. 3] = dt 
k f [ OH-] ( [ 10. 2] 

0
- [ 10 . 3 ] ) - k r [ 10. 3 ] 

d[l0.3] 
At equilibrium, dt = 0 

Subtracting (~_) from (_~) • 

d[l0.3] 
dt = ·.(kf[OH-] +k) ([10.3] -[10.3]) 

r e 

Relating OD to [lo.j] 

(10. 3) is the only absorbing species. 

OD = E~0 . 3 [10.3] 

At equilibrium, 

= ElO. 3 [10. 3] e 

Subtracting (~) from (2). 

= 

Differentiating (6) 

d.;OD 
---at" 

I c 
10.3 

I ~.... l 

cHio.3l 
dt 
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( 1) 

( 2) 

( 3) 

( 4) 

(5) 

(§_) 

C?_> 

( 8) 

( 9) 



Substituting (2_) into (8). 

1 1 d OD 
dt OD -OD . e 

= (l[10.3] 
dt ( [10.3] -[10. 3]) 

e 

As kobs is 

k obs 

Combining 

k obs 

( 10. 2) 

d[l0.6] 
dt 

+ 

defined 

d OD = dt 

( 11) 1 ( 10) 

= kf [OH 

20H 

1 
OD -OD e 

and ( 5) gives 

] + k . r 

( 10. 3) + OH 

k_2[10.6] 

. [ 10 • 2 ] = [ 10 . 2 ] + [ 1 0 . 3 ] + [ 1 0 . 6 ] 
. 0 

[ 10. 3] 
= 

k . 
-2 

Substituting (l:i) into (13) and re-arranging. 

[ 10. 3] [10.2]0 + [10.51 

l+K1 [oH-] 

Substituting (15) into (12). 

(10.6)• 

d[l0.6] = k
2 

[OH-] [[10.210- [ 10. 6] l - k . [ 10. 6] 
-2 dt l+K1 [0H 1 

At equilibrium, d [ 10. 6] = 0 dt 

. . [[10.2] - [10.6] l . 
0 = k [OH-] o . e - k. _·2 [10.6].e 

, 2 1 + K l ( OH~] 

Subtracting (17) from (16) 

d[l0.6] 
dt = [

k
2

[0H-] 

l+K
1

[oH-] 

[10.6]) 
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(12) 

(.!]_) 

(14) 

(15) 

( 16) 
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Relating OD to [10.6] 

At the wavelength at which the reaction was studied, (10.3) 

and (10.6) are the species. that absorb. 

Substituting (15) into (19). 

OD = 
[ 10. 2] - . [ 10. 6] . 0 

+ El0. 6 [10.6) 

Re-arranging, 

OD = [10.6) [E 10.6 

where A. = 

At-equilibrium, 

= 

Differentiating (20) 

d OD 
err- .. = 

d [ 10 • 6) ·[ E 10 • 6 
dt 

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

E 10. 3 l 
l+K1 (0H] 

+ A 

+ A 

- ~~b~~c~~~ __ \W~_r_r~~---<W _ -~a __ _!omb~~~ ~-~ ~--=(W __ 
1 

OD -OD . e 
= 

kobs is defined thus, 

d OD = dt 

d[l0.6] . 1 
dt .~('[1~0~.~6~]-e-_r-[1~0~.'6~]) 

1 
OD -OD e-

Combining (18),(_u) and· (24) gives 

= 
k2 [OI:i-] 

l+K1 [0H 

{20) 

{22) 



( 10.2) + OH 

d[l0.7l = dt 

[l0.2b. = [10.2] + [10.3] + [10.7] 

Substituting (14.) into (~) and re-arranging 

[10. 2] = [l0.2b -[10.7] 

l+K
1

[oH-] 

Substituting (~) into (25) 

At equilibrium d[l0. 7 1 = o , dt 

0. = k [OH-] [[10.2]0 .-[l0.7]e] 
. · 

2 
l + K [OH-] 

Subtracting (~) from (28) 

d[l0.7] 
dt = 

k
2 

[ OH ] 

l+K
1

[oH-] 

([l0.7]e- [10.7]) 
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(28) 

(29) 

[10.7] is related to ODin an analogous way as above. 

Therefore, 

( 10 0 2) + 

d[lO.l8] 
dt 

[10.2]0 = 

2S 

= 

k
2 

[ OH-] 

l+K1 [oH-] 

kl 
> (10.17) + 

k 
s . 2 ..... ... (10.18) 

k 2 [10.17] [S] - k_
2 

[10.18] 

[10.2] + [10.17] + [10.18] 
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[ 10 .• 17] 
[ 10. 2] [S] 

(32) 

Substituting (~) into (31) and re-arranging, 

([10.2]. ·- [10.18]) Kl[Sl 
. 0 . l+K

1
[S] 

[ 10·.17] = 

Substituting (33) into (30) 

. 2 
d[l0.18] = k2Kl[S]. ([10.2]

0
...:[10.18])- k_:i[10.18] (l!) 

dt l+K 1 [S] 

.. · At equilibriuJll, 
d[l0.18] 
~~--"- = 

dt 
0 

0 -
( 3 5) 

Subtracting (35) from (34) 

d[l0~18] ·-[k2Kl[S]
2 

· + k_
2

]· . ([10.18]e-[10.18]) 
dt - l+K

1
(S] 

( 36) . 

Using a method a·nalogous to that described eariier · [ 10~ 18] can 

be related to. OD. .Therefore it 
.. · 2 

can be shown 

k 
obs 

= k 2K1 [S] · 

.· l+K1 [S] 

( 10. i) + s 

(10.17) + s 

(l.O .17) 
' ... :.-' 

···~ ·-. 

. k3 . 

.k 
J -3 

Kl 
;;;===-:::::::::=- (1 0 . 17 ) 

(10.19) 

d[l~· 191 .. k3[_10.l7] - k~3[10.1~] 
t 

[10. 2] 0 = [10.2] . + [10.17] + 

... 

SHb~t.it\lting (32). into. (38) 
.·.·.' -·.'· ... -

[10.2]0 
. ~.I 

[10.17] =. 
l<l~S].: 

+ + . [ 10. :p ] 

[10.18] + [ 10.19] . 

[1Q~l8l. + [10.19] 

(38) 

(39) 

( 40) . 
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.. 
Substituting (40) into (~) 

[10.2] = [10.17] 
0 

Re-arranging 

[
Kl[S] + l l + K

2
[S] [10.17] + [10.19] 

Kl [S] 

[10.17] = ( [10.2]0 - [10.19]) ( 41) 

Substituting (41) into (37) 

d[l0.19] 
dt 

·· k K [S] 
. 3 1 

At equilibrium, d[lO.l9 ] 
dt = 0 

0 = l+K1 [S] (l+K2 [S]) 
([10.2] -[10.19] ) - k 3[10.19] 

o . e - e 

Subtracting (_!1) from (~) . 

. d[l0.19.] = 
dt [

k
3

K
1

(S] _ 

l+K 1 [S] (l+K 2 [S]) 
([10.19] -[10.19]) . e . 

( 4 3) 

By analogous methods to those shown previously [10.19] can be 

related to OD in the following way, 

d OD 
dt 

1 
OD -OD e 

= d[l0.19] 
dt 

·As k b is defined thus, 
0 s . . 

d OD 
k = obs · . <1t 

Therefore, 

k obs 

.(10.2) + s 

1 
OD -"00 e 

(10.17) 

1 
( [10.19] - [10.19]) e 

+ k -3 
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~-2 
(10.18t) 

(10.17) + ·S 

k~ (10.18c) 

. [10.2]
0 

= [10.2] + [10.17] + [10.18c] + [10.18t] (j2) 

K 
2 

= 

= 

[10.17] 
[10. 2] [S] 

[10.18t] 
[10.17] [S] 

Substituting (!&_)·and (!1_) into (.!?_) and re-arranging, 

[10.17] = 

Substituting 

([10.2]
0

- [10.18c]) K1 [S] 

l+K1 [S] (l.+K2 [S]) 

(46) 

(47) 

d[l0.18c] 
dt 

(48) into (44) 

2 k
3

K1 [S] ([10.2] -·[10.18c])-k 
3

[10.18c] 
. 0 -= l+K1 [S] (l+K 2 [S]) 

d[l0.18c] 
At equilibrium, dt = 0 

0 = l+Kl [S] (l+K 2 [S]) 
([10.2] -[10.18c] )-Y: 

3
[10.18c] 

o e . - c 

Subtracting (50) from (49) ~ 

. 2 
d[l0.18c] = [ . k3Kl[S] 

dt l+K1 [S](l+K
2

[S]) 

+ k_ 3J ([l0.18c]e-[10.18]) 

By analogous methods to those shown previously [10.18c] 

can be related to OD in the following way, 

d OD 
dt 

1 
OD -OD e 

= d[l0.18c] 1 
dt ~(~[l~O~.~l~8~c~]--~[~10~.~1~8~c~]~) 

e 

(49 



As kobs is defined thus, 

k . -
o:Ps 

Therefore, 

k obs = 

d OD 
--:a:t 

1 
. (OD -OD) 

e 

k 3K1 [S] . 

l+Kl [S] (l+K 2 [S]) 

388 
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APPENDIX 

a.. Research Colloquia and Seminars organised by the 
Department of Chemistry during the period 1980-1983 

(* denotes those attended) 

* 
7 October 1980 

Professor T. Fehler (Notre Dame University, Indiana, U.S.A.) 

"Metalloboranes - Cages or Coordination Compounds?" 

15 October 1980 

Dr. R. Alder (University of Bristol), "Doing Chemistry 

Inside Cages - Medium Ring Bicyclic Molecules". 

* 
12 November 1980 

Dr. M. Gerloch (University of Cambridge), "Magnetochemistry 

is about Chemistry". 

* 19 November 1980 

Dr. T. Gilchrist (University of Liverpool), "Nitroso 

olefins. as Syntheti·c Intermediates". 

* 3'December 1980 

Dr. J .A. Connor· (University of Manchester), "Thermochemistry 

of Transition Metal Compounds". 

18 December 1980 

Dr. R.F. Evans, "Some Recent Communications to the Editor 

of the Australian Journal of Failed Chemistry". 

* 18 February 1981 

Professor S.F.A. Kettle (University of East Anglia), 

"Variations in the Molecular Dance at the Cr)'stal Ball"~ 

* 25 February 1981· 

Dr. K. Bowden (University of Essex), "The Transmission 

of Polar Effects of Substituents". 
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* 4 March 1981 

Dr. S .. Craddock (University of Edinburgh), "Pseudo-linear 

pseudohalides". 

11 March 1981 

Dr. J.F. Stoddart (I.C.I. Ltd./Pniversity of Sheffield), 

,;Stereochemical Principles in the Design and Function of 

Synthetic Molecular Receptors". 

* ' 17 March 1981 

Professor W. Jencks (Brandeis University, MassaGhusetts), 

"When ·is an intermediate not an intermediate?". 

18 March 1981 

Dr. P.J. Smith (International Tin Research Institute) , 

"Organotin Compounds - A Versatile Class of C•rganometallic 

Derivatives". 

9 April 1981 

Dr .. W.H. Meyer (RCA Zurich), 

''Properties of Aligand Polyacetylene". 

* 6 May 1981 

Professor M. Szware, F.R.S. 

"Ions and Ion pairs". 

10 June 19.81 

Dr. J. Rose (I.C.I. Plastics Division), 

"New Engine~ring Plastics". 

17 June 1981 

Dr. P. Moreau (University of Montpellier}, 

"Recent Results in Perfluoroorganometallic Chemistry". 

Professor A. P. Schaap (U.S. Office of Naval l{cscarch, Londc 

"Meehan i::>ii1s of Chemiluminescence and P.h5toeXytj0nat ion" . 
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·14 October 1981 

Professor E. Kluk (University of Katowice, Poland), 

"Some Aspects of the Study of Molecular Dynamics in Simple 

Molecular. Liquids". 

* 28 October 1981 

Dr. R.J.H. ·clark (University College, London), 

"Resonance Raman Spectroscopy - A New Technique for Chemical, 

Spectroscopic and Structural Studies". 

* 6 November 1981 

Dr. W. Moddeman ·(Monsanto Research Laboratories, St. Louis, 

Missouri), "High Energy Materials". 

* 18 November 1981 

Professor M.J. Perkins (Chelsea College), 

"Spin Trapping and Nitroxide Radicals". 

'25 November 1981 

Dr. M. Baird (University of Newcastle); 

"Intramolecular Reactions of Carbenes and Carbenoids". 

2 December 1981 

Dr. G. Beamson (University of Durham),· 

"Photoelectron Spe'ctroscopy in a Strong Magnetic Field". 

20 January 1982 

Dr. M.R~ Bryce (University of Durham), "Organic Metals". 

* 27 January 1982 

Dr. D.L.H. Williams (University of Durham), 

"Nitrosation of Nitrosamines". 

* 3 February 1982 

Dr. D .. Parker (UI:}iversity of Durham), "Modern Methods 
' . 

for.the Determination of Enantiometric ,Purity" . 

. ·.- 5. 
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10 February 1982 

Dr. D~ Pethrick (University of Strathclyde), 

"conformational Dynamics of Srria~.l and Large Molecules". 

* 17 February 1982 

Professor D. T. Clark (Uni vers·i ty of Durham) , "Structure, 

Bonding, Reactivity and Synthesis of Surfaces as revealed by E.S.C 

24 February 1982 
· .. 

Dr. L. Field (University of Oxford), "The Applic.ation of 

N.M.R. Methods to the Study of Penicillin Biosynthesis". 

3 March 1982· 

Dr •. P. Barnfield (I.C.I. Organics Divisiori), 

"Computer Aided Synthesis Design: A View from Industry".-

* 17 March 1982 

·.Professor R. J. Haines ·(university of Carrbr.idge/University of Nata. 

"Clustering around Ruthenium, Iron and Rhodium". 

· 7 April 1982 

Dr. D.A. Pensak (E.I. Dupont de Nemours and Company, 

Delaware, U.S.A.), "Computer Aided Synthesis". 

* 23 April 1982 

Mr .. R.S. Crespi (Patents Controller, British Technology Grou 

"Patents ·in. Chemistry and·Related Disciplines". 

* 5 May 1982· 

Dr .. G. Tennant (University of Edinburgh) I "Exploitation of 

the Aromatic Nitro-group in the Design of New Heterocyclisation 

Reactions" . 

12 May'l982 

Dr. c. D. Garner (University of Manchester) I "The Structur.e 

and Function of· Molybden ·Centres in Enzymes" .• 
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* 19 May 1982 

Professor R.D. Chambers (University of Durham), 

"FluorocarbaniOJ;lS- Some Alice in the Looking Glass Chemistry". 

26 May 1982 

Dr. A. Welch (University of Edinburgh), "Conformation 

Patterns and Distortions in Carbometallaboranes". 

* 14 June 1982 

Professor C.J.M. Stirling (University College of Wales, Bange 

. "How much does Strain affect Reactivity?". 

28 June 1982 

Professor D.J. Burton (University of Iowa, U.S.A.), 

"Some Aspects of the Chemistry of Fluorinated Phosphonium 

Salts and Phosphates". 

* 2 July 1982 

Professor H.~. Koch (Ithaca College, U.S.A.), "Proton 

Transfer to and Elimination Reactions from Localised and 

Delo"calised Carbanions". 

* 27 September 1982 

Dr. w.K. Ford (Xerox Research Centre, Webster, New York) I 

"The Dependence of Electronic Structure of Polymers on their 

Molecular Archi te.cture". 

13 October 1982· 

Dr. w.J. Feast (University of Durham) I 

"Approaches to the Synthesis of Conjugated Polymers". 

14 October 1982 
.. 

Professor H. Suhr (University of Tubingen), 

"Preparative Chemistry in Non-Equilibrium Plasmas". 
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* 27 October 1982 

Dr. C.E. Housecroft (Oxford High School and Notre Dame 

University), "Bonqing Capabilit;ies of Butterfly-shaped Fe 4 Units. 

Implications-for C-H Bond -Activation in Hydrocarbon.Complexes". 

28 October 1982 

Professor M.F. Lapport, F.R.S. (University of Sussex), 

"Approaches to Asymmetric Synthesis and Cata,lysis using Electron-

rich Olefins and Some of their Metal Complexes". 

15-November 1982 

Dr. G. Betrand (Universite Paul Sabatier, Toulouse), 

i•curtius Rearrangement in Organometallic Series: A Route for 

New Hybridised Species". 

* 24 November 1982 

P~6fessor F.R. H~rtley (R.M.C.S., Shrivenham), 

"Supported ·Metal Complex Hydroformylation Catalysts: A Novel 

Approach using y.-radiation". 

* 24 November 1982 

Professor G.G. ·Roberts (Department of Applied Physics, 

·University· of Durham), "Langmuir - Blodgett E,ilms". 

* 2 December 1982 

Dr. G. M. Brooke (University of Durham) , ''The F.' ate of the 

Ortho-fluorine in 1,3-Sigm~tropic Reactions involving Polyfluoro-

aryl and· heteroaryl-systems". 

* 8 December 1982 

Dr. G. Woolley (Trent Polytechnic), 

"Bonds' in Transition Metal Cluster Compounds". 

12 January 1983 

Dr. D.C. Sherington (University of Strath~lyde), 

"Polymer-supported Phase Transfer .catalysts". 
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* 9 February 1983 

Dr. P. Moore (University of Warwick) , . "Mechanistic Studies 

in Solution by Stopped-Flow F.T. N.M.R. and High Pressure N.M.R. 

Line Broadening". 

21 February 1983 

Dr. R. Lyndon-Bell (University of Cambridge), 

"Molecular motion in the Cubic Phase of NaCN". 

2 March 1983 

Dr. D. Bloor (Queen Mary College, Univer:sity of London), 

"The Solid-State Chemistry of Diacetylene Monomers and Polymers". 

8 March 1983 

Professor D.C. Bradley, F.R.S. (Queen Mary College, 

University of London), ;'Recent Developments in Organo-Imido-

Transition Metal Chemistry". 

* . 9 March 1983 

Dr. D.M.J. Lilley (Univ~rsity of.Dundee), 

"DNA, Sequence, Symmetry, Structure and Supercooling". 

11 March.l983 

Professor H~G. Viehe (University of Louvain) I 

"Oxidation of Sulphur''. 

16 March 1983 

Dr. I. Gosney (University of Edinburgh) 1 

"New Extrusions Reactions: Organic Synthesis in a Hot Tube". 

25 March 1983. 

Professor F.G. Baglin (University of Nevada) I "Interaction 

Induced Raman Spectroscopy in Supracritical Ethane". 
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21 April 1983 

Professor J. Passmore '(University of New Brunswick), 

"Novel Selenium- Iodine Cations". 

4 May 1983 

Professor P.H. Plesch (University of Keele), "Binary 

Ionisation Equilibria between Two Ions and Two Molecules. 

What Ostwald.never thought of". 

* 10 May 1983 

Professor K. Berger (University of Munich), "New Reaction 

Pathways from·Trifluoromethyl-Substituted Keterodienes to 

Partially.Fluorinated·Heterocyclic Compounds". 

* 11 May 1983 

Dr. N. Isaacs (University of Reading)'· "The Application of 

High Pressures to the Theory and l?ractice of Organic chemistry". 

* 13 May 1983 

Dr. R. de Kock (Calvin College; Grand, Rapids, Michigan/ 

The Free University, Amsterdam), "Electronic Structural Calcul-

ations on Organometallic Cobalt Cluster Molecules: Implicatio~s 

for Metal Surfaces". 

13 May 1983 

Dr. T.B. Marder: (U.C.L.A./University of Bristol) 1 '"fhe 

. Chemistry of Metal-Carbon and ME~tal-Metal Multiple Bonds II. 

16 May 1983 

.Dr. D.M. Adams (University of Leicester), 

"Spectroscopy at Very High Pressures". 

18 May 1983 

Professor R.J.·Lagow (University of Texas) I "The Chemistry 
.:.-·· 

of Polylithium Organic Compounds: . An Unusual Class of Matter". 
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* 25 May 1983 

Professor J.M. Vernon (University of York), 

"New Heterocyclic Chemistry Involving Lead Tetra-acetate". 

15 June 1983 

Dr. A. Pietrzykowski (Technical University of Warsaw/ 

University of Strathclyde), 

"Synthesis, structure and properties of Aluminoxanes". 

22 June 1983 

Dr. D.W.H. Rankin (University of Edinburgb) , 

"Floppy Molecules - The Influence of Phase·on Structure". 

*· 5 July 1983 

Professor J. Miller (University of Campinas, Brazil), 

"Reactivity in Nucleophilic Substitution Reactions". 

b. Conferences attended during the period·l980-1983 

· (i) The Royal Society of Chemistry Fast Reactions .fn 

Solutions Group, University 6f Cardiff, 9-ll September 19~ 

(ii) . Graduate Symposium, University of Durham, 21 April 1982. 

(iii) The Royal Society of Chemistry Third International 

Conference on the Mechanisms of Reactions in Solution, 

Uni~ers~ty of Kent, 5-9·July 1982. 

(iv) .Graduate Symposium, University of Durham, 15 April 1983. 

(v) The Royal Society of Chemistry Tenth Anniver.sary Meeting 

of the Reaction Mechanisms Group on the Selectivity, Re-

act~vity and Structure·in 6rganic Reactions, St. Patrick'! 

College, Maynooth, Ireland, 12-15 July 1983. 

:· . 
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c. First year induction course (6 October - 7 November 1980) 

A series 6f one hour presentations on the services 

available.in the Department of Chemistry. 

{i) 

( ii) 

(iii) 

(iv) 

(v) 

(vi) 

(vii) 

~iii) 

( ix) 

(x) 

Departmental Organisation. 

Safety Matters. 

Electrical Appliances and Infrared Spectroscopy. 

Chromatography and Microanalysis. 

Library Facilities. 

Atomic Absorptiometry and Inorganic Analysis. 

Mass Spectrometry. 

Safety Lecture. 

N.M.R. Spectroscopy. 

Glassblowing Technique. 
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