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ABSTRACT
- Some Kinetic and Equilibrium Studies of o-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
cyclisafion 6f l-(2,2—diﬁethyl-3;hydroxypropoxy)-2,4—dinitro;
naphthalene in alkaline media with those for the cycliéation‘
bf l—(3-hydroxypropoxy)-2,4-dinitronaphthaiene‘indicates the
4 absehce of a marked gem-dimethyl effect.

‘lH n.m.r. and visible spec;ral meésurements show that
alkoxide ‘addition to 2,2f,4,4’,6;6‘—hexanitrobibenzyl (HNBB)
"and 2,2°,4,4°,6,6 -hexanitrostilbene (HNS) gives o-adducts.
Formation of the 3—(3‘?) adduct isrkinetically preferred but‘
the l—fl'—) adduct is thermodynamically more stable. 1In media
of high basicity the 1:2_adduct~with alkoxide addition at the
1- and léélpositions is observed. - For HNS a third interaction
bccurs which may be’alkoxideAadditiQn ét the olefinic bond.
Kinetic énd equilibrium data'are‘reportedvfor the reactions
‘with methoxide ions in methanol and ethoxide ions in ethanol.
aﬁd'cdmpared with.data fpr'relétéd-compouﬁds..

| The‘interactions of aliphatié amines wiﬁh'2,4,6-trinitfo-
benzyl chloride (TNﬁCl),.HNBB, HNS and'2,4,6-trinitrophenetole

(TNP) in dimethyl sulphoxide have been investigated using visf
ible andlxﬁ_n.m.r..spéctroscépiq methods. Kinetic and equil-
ibrium data are'reported for the varioué ?rocesseé observed. '
The reversible‘réactionslof~TNBC1‘With‘primary amines are
found to béivfapid formation of the 3-adduct, followed by isq- .

'meriéation‘to the thermodyhamically more stable l-adduct, follow
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by eqﬁiiibration with the'éonjugate base formed by transfer of
a side-chain proton. With the sécondary'amines pipefidine
-and pyrrdiidine,o-adduct formation at the l-position is not
oﬁserved'because fhe preéence of'tw0‘bulky gfoups at the 1-
' positidn is sﬁe:ically uhfavourable) The o=-adduct forming )
reactions occur via zwitterionic”intermediates ahé.it is shown
that proton transfers between these species and amines may be
'kinetigally sighificant. |

The reactions of HNBB and HNS with amine also involve
the initial formation of 3-adducts and l-adducts. At high
amine concentrétions ai-adducts may be formed by reaction of
the 1- énd i’— or 3-‘and 3°- positions. A slow-reaction of
HNBB with'aminesvgives a blue species which is shown to.bg'éf_
'dianionAfbrﬁed by loss of two methylene protoﬁs. Thélslow épep
in this‘réacfioh is shown to'be raté§1imi£in§'protoh ;ransfer'
£rom £he substrate or £ rom 1:1c-adducts. |

'TNP:reacts-with»priﬁary and secondary amines to give
isomeric o—adduéfé at the 3-position and l-position; Nucleo-
:phlllC substltutlon 1nvolves general acid catalysed expulsion

of . the ethoxy group and ylelds N—substltuted picramldes.

' Dafa are also feported for the reacflons of TNBCl w1th

fhydrox1de ions in water and 30 70 (v/v) DMSO-water, of TNBCl
.w1th hydrqx;de 1ons_1n mlxed_(methanolfwater~tetrahydrofuran)
solvents, of’HﬁBB with“sulphiEeAions and of'1,3,5—trinit;o— '

benzene with thioglycollic acid in water.



iv

PUBLICATIONS -
Some of the work reported in this thesis has been

the subject ofjthé foilowing papers:

"Thé Stabilities of Meisenheimer Complexes. Part 27.
The Effects of gem-Dimethyl Substitution and Ring Size
on Spiro-complex  Formation. _ | |

© J.Chem.Res., 1981, (s) 152; (M) 1972.

(with Dr. M.R. Crampton and P.M. Wilson)

The»Stabilities of‘Meisenheimer‘cdmplexes; Part 28.
TherReactionS of 2,2',4,4f,s,s‘—nexanitrobibenzyl with

. Alkoxides. o | |

J.Chem.Soc., Perkin Trans.2, 1982, 31.

(w1th Dr. M.R. Crampton, Dr. G.C. Corfield, R.M. King

and Dr. P. Golding).

.The Stabilities of.Meisenheimér'Complexés;'. Part 31.
The Reactions of 2,2’,4;4’;6;6’-Hexanitr05tilbene with
A;kokides.‘ ' .

J.Chemn. Soc.; Perkin Trans 2, 1982, 1621.

(w1th Dr. M R. Crampton and Dr. P. Goldlng)

Thefstabilities of}Meisenheimer Compléxes. Part 33.

- Kinetic Studles of the Formatlon of Isomerlc O-Adducts from

' 2,4,6- Trlnltrobenzyl Chlorlde and Allphatlc Amines in

'D;methyl Sulphox1de,. ' . | ' '
J.Chem.Soc. , Perkin Trans.2, 3/1038.

(With Dr. M.R. Crampton and Dr. P. Golding).



The Stabiiitieé of Méisenﬁeimer Complexes. Part 34.

Kineticlstddies of o-Adduct Formaéidn and Nucleophilic

Substituiioﬂ in ﬁhe Reactions'of'2,4,6-T:initro§henetole

‘with Ali?hatic,Amines in Dimethyl Sulphoxide.
J.Chemfsbc,, Perkin Trans.2, 3/1336.

(with Dr. M.R. Crampton).

The‘stabilities'of Meisénﬁeimer Complexes.. Part 35.

Diahion'Formation by Pfoton Transfef from 2,2’,4,4‘,6,6;-.

Hexanitrobibenzyl to Amines. | | |
J.Chem.Res., in the press.

* (with Dr. M.R. Crampton and Dr. P. Golding)..

The Stabilities of Meisenheimer Complexés. - Part 36.

. The Reaction of 2,4,6-Trinitrobenzyl Chloride with sodium

Hydroxide 'in wéter. | |
In preparétion.

(with Dr. M.R. Crampton and Dr. P. Golding). .

The Stabilities of Méisepheimer-cbmpiexes. ?art 37.

~Kinétic and'ﬁquilibriﬁm Stﬁdies of the Reactions of 2,2‘}4,4‘,6,(

Hexanitrobibenzyl with Aliphatic AmihesAinvnimethyl Sulphoxide..
J.Chem;Soc.,‘Perkin Trans.2, to be submitted.

(with'Dr. M.R. Cfampton and Dr. P. Golding).

The Stabilities of Meisenheimer Cbmplexes.-v Part 38.
Kinetic énd Eqﬁilibrium Studies of the Reactions of
2,27,4,4” ,6,6"-Hexanitrostilbene with Aliphatic Amines
in.Dimethyl Sulphoxide. |

| J.Chem. Soc., Pefkin‘Trans.Z, to Be submitted

(with Dr. M.R. Crampton and Dr. P. Golding) .



vi

* ACKNOWLEDGEMENTS

I would like to thénk my éupervisor, Drf M.R. Crémpton,
for his constént help and guidance during-this~work and in
the breparing,bf.this thesis. Thanké are also dﬁe té
Dr. P. Golding, Ministryvdf Defence, P.E.R.M.E., for the
many informatiye discussions I.had with him throughbut my

three years of research.

I would aléo like to thank the dcademic, technical
and student members of the department who have helped in
any way.

I thank the Ministry of Defence for providing the

maintenance grant that enabled me to do this research.

Finally, I would like to thank Mrs. Marion Wilson for
‘typing this thesis and her invaluable help with its prepar-
ation, and also to my brother Martin for his help with the

proof reading.



vii

Ta My Family
and

" Dest Ham Mnited Foatball €lub



viii

"Any fool can measure rates of reactions,
but it sometimes takes a genius to

interpret the results."

Professor Charles Vernon,

University College, London.



ix

PREFACE

Thé work reported in this thesis was instigated by
the Propellants, Explosives and Rocket Motor Establishment
(P.E.R;M.E.), Waltham Abbey, which is part of the Ministry
of befence. Using a continuous production process based
on the'Shipp—Kaplan reactionz, they are commercially pro-
- ducing the heat resistant explosive 2,2’,4,4’;6,6‘—hexanitro—
'stilbene (ENS) from 2,4,6-trinitrotoluene (TNT). The complete
- reaction mechanism by which the Shipp-Kaplan reaction proceeds
is uﬁknown. 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 bases
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 arématic nitro—compounds, reported in this thesis,
have been studiea because their intefaétions'with base can be
difectly comparéd.with those of HNS and HNBB to giQe a more
complete4undérstandingbof the processes involved, of because
they are of interest in bther areas of Meisenheimer complex

chemistry, or for both the above 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.
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CHAPTER ONE

INTRODUCTION

)



l.1 The Shipp-Kaplan Reaction

Shippl first unequivocally synthesised 2,2°,4,47,6,6°-
hexanitrostilbene (HNS) from 2,4,6-trinitrotoluene (TNT) and
m—hydroxybenzaldehyde using a.fiﬁe stage process. The Shipp-
Kaplan reaction2 is a continuous process used commercially to
synthesise HNS from TNT using aqueous sodium hypochlorite in
a 2:1:2 tetrahydrofﬁran/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 2,27, 4 4°,6,6° hexanltroblbenzyl (HNBB)

which, in the appropriate conditions, can become the principle

product.

HNS has two important properties. It is a heat 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
compos.itions.3 The Apollo 17 Lunar Seismic Profiling Experi-

ment used HNS for its explosive charges.

The reaction mechanism pestulated by Shipp and Kaplan2
for the formation of HNS from TNT by alkaline hypochlorite is
shown in Scheme lQl.A The fir'st stage is the formation of
2,4,6—trinitrobenzyl chloride (TNBC1l) from TNT. This has been
shown by quenching the reaction mixture after 90 seconds with
acid and obtaining yields of TNBCLl of 85%.%%  The seeond stage
is the fefmation of HNS from TNBCl. This involves postulatiné
the formation of the TNBCl anion which then undergoes a nucleo-

philic displacement-elimination reaction with a molecule of

TNBCL to form HNS. Scheme 1.2 shows this part of the reaction
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ﬁore clearly; The TNBCl anion displaces a molecule of TNBCl
to formva—éhlorohexanitrobibenzyl. This then immediately
eliminates hydrogen chloride to produce HNS. Also present

in thé feaction mixture are TNT anions and other nucleophiles
such as hydroxide ions. These can also undergo displacement
‘reactions with a molecule of TNBCI to produce HNS and trinitro-

benzyl alcohol respectively, and thereby reduce the yield of

HNS.

To support the nucleophilic displaceﬁent;elimination re-
action Shipp and Kaplan presented evidence2 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-chlorchexanitrobibenzyl. a-Chloro-
he#anitrdbibenzyl would be expected to be very unstable as even
unﬁitrated 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 intermediates of aromatic

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

Kinetic evidence for a nucleophilic displacement-elimination
mechanism has been reported8 but the study was carried out in
a_SO/SO.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 én\alcéhol to be preéent in the Shipp-Kaplan re-

action.9



" Further study of the Shipp-Kaplan reaction has shown
the yield of HNS is profqundly 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.lo

"It has also been foundll 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

N\

good at maximiéing yields is that they regulate the concentration

of hydroxide ions in a constant and controlled manner.

If the initial temperature of the exofhermic reaction is
kept belowISOC for thé first minute and then allowed to rise
to 15-20°C maximum yvields of HNS are obtained.9 If kept
below 5°C for ﬁhe whole reaction the yields of HNS are usually

low.

A study9 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 presént in the reaction mixture
has a profound effect on the yiéld of HNS.9 . Shipp patented
~her reaction with what was later found to be the preferred

water content.2

The addition of alkaline oxides,13 in particuiér calcium
oxide, may slow down the Shipb—Kaplan reaction considerably
but pure HNS_iS produced, the formation of which increases with
time. Thé need for»qritical pH control is also removed. It

is postulated that the function of calcium oxide is in stabil-

1] s RaF, 3

isitg kéy intetriediates by complexatibh:



1.2 A Survey of Meisenheimer Complex Chemistry

1.2.1 A _Short History

H¢ppl4 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
it was :‘:'oundls_l8 that in favoufable casesAhighly coloured
solids couldibe isoiated. By 1900 Jackson and Gazzolo19 had
postulated that the quinonoid structure (l1.1) was responsible
for the coloured species. But it was Meisénheimer,zo in 1902,
who first jproduced. ~ strong chemical evidence which supported

the quinonoid structure for the complex (l.l1; R = Me, r"= Et),

0N Qs _.NO

2, -
o

(1.1) (1.2)

followed a yeér later by Jackson and Earle21 when they prepared
(;4;; R = Et, R” = Isonyl). Since then modern spectroscopic
and crystallographic methods (see later) have confirmed this
geheral strﬁqture 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 o-adduct, but they are popularly referred
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to in the literature as Meisenheimer complexes in deference
to Meisenheimer's original evidence.20 However, over the
yeérs 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 unsubstitutec

ring position, Servis complexes.

After Meisenheimer and Jackson there was little interest

in Meisenheimer complexes until the ninteen fifties when

Bunnett22'23

proposed that most nucleophilic aromatic sub-
stitution (SﬁAr) reactions involving activated substratesuand
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 thé_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 ningteen sixties there

has been an aécelerating,growth in the reports of kinetic and-

thermodynamic studies of Meisenheimer complexes.

All the complexes in Figure 1.1 have now been reported
for beniene derivatives'containing three electron withdrawing
‘groups (EWG) ; their formation and stability depending on the
“following factors:

(i) The type of nucleophile

2_

3 or RR”NH

e.g. Nu = MeO™, SO 5

(ii) The concentration of nucleophiles.

(iii) The type of solvent used

e,g{‘ aprotic, protic or aprotic/protic mixtures



Figure 1.1

X
EWG &~ EWG
d
Nu
H
;
EWG
(1.3) (1.4)

(1.5) (1.6)
X Nu
“EWG _EWG™
Nu Nu
H H
EWG™

(1.7),
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(iv). The type of substituent on the benzene ring

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

(v) The type of electron withdrawing group

A\

e.g. EW.G. = N02, CF3SOZ, CN or varioﬁs combinations.

The Meisenheimer complexes in Figure 1.2 are known as
Spirp—complexes. They are forﬁed by intramolecular nucleo-
philic attack. Z and Y may consist of O, S or NR groups.
Again their formation and stability is aependent on the factors

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

Thé rest.of this chapter will be mainly concerned with
the Méisenheimer complexes formed between aromatic triﬁitro—
compounds and nucleophiles. A fuller description of the
numerous Méisenheimer complexes that are formed, by the re-
- action of npcleophiles with a variety of activated homoaromatic
and heteroaromatic substrates, is contained in several excelleqt

reviews24_28 on Meisenheimer complexes, the most recent of

‘which are by Terrier27 and Beletskaya et aZ.2 Also to be
published shortly is a book29 on Meisenheimer complexes by

some of the most distinguished workers in this area of chemistry

today.

Figure 1.2

(1.8) . (1.9)
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1.2.2 Nomenclature

lTo differentiate between isomeric oc-adducts
the posiﬁion Qf nucleophilic addition to the éubstrate is
~used. The,aromatic carbons of the substrate are numbered
in- the conventionai way (see (1.3)) with the substituent X
at the l-position. For example, if Nu = OR then (1.3) is the
l-alkoxy adduct while its isomer (1.4) is the 3-alkoxy adduct.
Becauée the complexes (l.3) and (1.4) are formed from the
addition of one molecular equivalent of nucledphile to substrate
they are also referred to as 1l:1 or mono-adducts. Where com-
piexes 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 sﬁch as (1.5) and (1.6) to exhibit cis/trans isomerism

while there are four possible steroisomers for the tri-adduct

(1.7).

Inlthis fhesis substrates where two picryl rings
are separated by a hydrocarbon link have been Studied.. Here
it is‘possiblé to have a 1:2 or di-adduct such as (1.10 or
(1.11) where there is one equivalent of nucleophile per ring
of the substfate. The tomplex (1.10) will be referred to as
a 1,1°-di-adduct and (1l.1l1l) as the 3,3°-di-adduct, and it is

‘possible for both to exhibit cis/trans isomerism.
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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 summar?sed pre-

26,29,30

viously. Some of the general features will be de-

scribed briefly in this section.

It should be-remembered that Meisenheimer complexes
are usually produced in solution but M.O0 calculations refer
to molecules in the gas phase and thérefore take no account
" of solvation nor of ion association, which are important inter-
actioné_in solution. Also the majority of calculations are
based on the cyclopentadienyi system (1.12) or the hydride
adéué% il;léj, as it is assumed fﬁé% Qaryihg the substituent on

the tetrahydral carbon will have little effect.
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(1.12) (1-13)

Simple Huckel Molecular Orbital (HMO) treatments of
nucleophilic aromatic substitution have been given by

1 More detailed HMO treatments32'33 have

Simonetta et al.
taken account of the steric crowding betweén alkoxy and ortho-
nitro groups in the parent picryl ethers, and in the l-alkoxy
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.

34,35 have been made using the

More sophisticated calculations
method of composite molecules (CM), or using Pariser-Parr-Pople
‘(PPP) type.self consistent field (SCF) calculations, and differen
'coﬁcluSions have been reached to those given above. They
indicate that ﬁhe adduct has highef m electron density on both
the ring and the nitro grbués. - PPPSCF caléuiations predict

. a greater share of n—chérge on the nitro groups than on the ring

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

calculations to Meisenheimer complexes will now be discussed
briefly.

M O calculations can be used to preaict electronic
transitions‘ahd‘therefore the u.Q.—visible spectra of
Meieenheimer complexes. For example, PPPSCF calculations
.heve provided reasonably good agreement between the predicted
and experimentally observed electronic transitions ef

Meisenheimer complexes.

The use of SCF-MO-CI type calculations36 has provided
confirmation that the‘nitro>group is more effective than the
cyano group at delocalising negative charge. It has also

38

been shown,37 using/gb initio calculations with STO-3G basis

set of Pople et al,39 that the electron withdrawing ability
of the nitro group is constant and independent of any sub-

-

stituent in the ring. Using l'0 n.m.r. this has been found-
experimentally. 'Ab initio calculations‘m—42 have also been
'used with reasonable success to determine the relative stabil-
ities of intermediates. in SNAr reactions. Calculations using
MINDQ/343 can also give reasonable quantitative rationalisation
- of the rates of SNAr reactions in terms of the effects of the

substituents on the stabilities of the Meisenheimer complexes.

,

‘Another interesting feature pf the ab initio calculations
with STO-3G basis set is that the bond lengths and angles
indicate a planar’structure for cyclohexadienyl anions. However,
there is a possibility that the ring can pucker, as shown by
(1.15), up to 20° for an increase of_onlyi9;2kJ. This is

known as homoconjugation. Experimental !H and 13¢ n.m.r.
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studies have shown that all C, aromatics and C.X aromatics,
where X # C, are planar. But n.m.r. meaSurements44 have
shown that the l,6—dihydro—l,2,4,5—£etrazines and their con-

jugated acids and bases (l.16) are homoconjugated.

< s/

(1.15) O @ae

1.2.4 Technigués used for Structural Determination

'(a) CrvStalloqraphv

Crystallography supplies information on isolable crys-

- talline Meisenheimer complexes and denerally this information
can be applied to Meisenheimer complexes in solution (confirmed
by lH n.m.r.). Conformational'information obtained on crystals
was not necessarily applicable to complexés in solution as
crystal COhformationé are ﬁsualiy subjeét to large intefmole-
cular- forces, which are not present in solution;’

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

' : 45
33 (TNA) and 2,4,6-trinitrophenetole (TNP)

trinitroanisole
have been repqrted, as has that of the methoxy adduct of 4-
methoxy—S,7—dinitrobe,nzo£furan.46 Common to all these adducts
are the followingvfeatures which will be'explained with reference

‘to the l—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-N2Z bond length 6f the para-nitro group being con-
siderably shorter than the C2-N1 and C6-N3 bond lengths of

the ortho—nitro groups. As the C6-C5 and 027C3 bond lenéths

" are much shorter than the other C-C ring bonds this also
suppofts.the above conclusion, and shows the adduct to be
quinonoid as in the structure poétulated byAJackson and Gazzolo.]
Figure 1.3 Pertinent Structural.Paramefers for l-ethoxy

adduct of TNP (from reference 26). All bond
lengths in gngstroms.

<
\

2 3 ‘
EtO, / | \ /o4
1.42 \c 1.51 c, 1:39
BN 1 J . 6 2
,///// \\" _"’/39 N,
EtO7 C6——C 3 1.25 3
: 1.35
—1.45

——— ——— — — ——— — — —— — — — ———— —————— — - —— - ———

Secohdly, theAring is planar and the resulting C2-Cl1-Cé bond
angle is under considerable strain. Thirdly, the ethoxy
oxygens lie in a plane perpendicular to the ring. Also as

the C-O bond length is close to that found for aliphatic ethers3:
instéad'bf the much lénger boﬁd length founa in TNP. These
observafions sﬁgéest that‘Cl has considerable sp3 character.

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

to the ring. In TNP itself dihedral angles up to 62° have
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been obsefﬁed between the ekthoxyl group and the ortho-nitro
groups4‘7 which is presumably due to steric compression between
these functions. . The release of steric compression in the
l-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 O calculations des-

cribed in the previous section.

" (b) Infra Red Spectroscopy

Ihfra red spectréscopy is a poor technique for the
structural studies of Meisenheimer complexes énd 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 aromatic nitro
groups; as these groups give strong absorptions, for asymmetric
and symmetric stretches, at 1530-1550 and 1345-1350 cm '

respectively. However complete band assignment was never

easy and therefore rarely unequivocal.

I.R. spectroscopy is not totally reduﬁaant in ité applic-
ation to MeiSénheimer complexes as Russian workers>® have
recently used it to show that O—2,4,6—£rinitfoaryl derivatives
of hfdroxy 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

lH 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 6f the l-methoxy adduct of TNA.

The exﬁerimental technique is simple( Usually the

. spectra are recorded in-a solvent consisting_of'[zHG] dimethyl
sulphoxide (DMSO) or one partially composed of [?H6] DMSO.

This is because DMSO has been fbund to be a partiéularly good
solvent for promoting adduct formation. - First a spectrum of
thé substratevis recorded followed by spectfaAof the substrate
ﬁith 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. This
would be expecﬁed to cause the ring protons in the complex to
resonate at higher field than in the pareﬁﬁ. | Experimentéliy
'-thisvis observed. For example, consider the'd-adduct formed
by TNA with potassium methoxide in [2H6] DMSO which Crampton

and Gold originally studied.59

TNA produces two bands, one
at 69.07 due to the ring protons and one at §4.07 due to the
meﬁhoxyl protons, in the intensity ratio of 2:3 respectively.
On addition of base these bands aré shifted upfield to 68.65
(ring protons) and 63:03 (methoxyl-pfotoné) in the intensity
ratio 2:6. .‘This indicates that the methoxyl proﬁons are

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

addition the upfield shift is compatible with the‘change in
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hybridisation from sp2 to sp3 at the l-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
the change in hybridisation from sp2 to sp3 is invariably
accompanied by a large shift to high-field of the attacked
substituent. For example, Servis7 using mofe concentrated
base found that on base addition two doublets (J=1-2Hz) were
observed at §6.17 and §8.42. A 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 §8.65 as
shown ébove. It can be deduced that (1.19) is the kinetically
lpfeferred adduct while (1.18) is the thermodynamically preferred
adduct. Cramptoﬁ and Gold60 showed that the conversion of
(;;;25 to (1.18) is catalysed by methéxide idns.and this indic-
ates an intermolecular mechanism. At higﬁ base cbncentrations

61,62

the 1:2 g-adduct (1.20) is observed, the ring protons

producing.bands at §6.13 and 68.8.

(1.21) shows the 1l:2 g-adduct produced'by the reaction of

. S . 63
TNA with the bulky sulphite ion which has been observed by
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MeO OMe
02N ~ N02
OMe
H
1
[}
1
NO2
(1.20) ‘ (1.21)
lH n.m.r. In this example the nucleophile has added at

- unsubstituted ring positions in contrast to (1.20).

Finally, 14 n.m.r. has been of considerable use in
determining the structures of spiro-complexeés such as (1.22),
For (1.22) an ‘A,B, pattérn is observed for the four methylene

protons.

In some cases the lifetimes of Méisenheimer complexes
are too short for conventional lH 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 techniqué and rapid injecﬁion (R;I.) n.m.r.
ié another. = R.I. n;m.r.vhas a shortest acquisition time of

72ms and has been used to observe64 the intermediates (1.23)

'-andn(l.24), formed during the reaction of TNA with methylamine
. 2 2 4 o ’ A
in 1:1 ["H,] DMSO~[“H,] methanol at -40°C.
More recent investigations of the structures of Meisenheimel
complexes have involved 13c, 15N, 170 and, !9F n.m.r. spectro-

scopy of which an example of each will be given.
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A series of 2,4-dinitro-6—x-anisoles and their l-methoxy
adducts65 have been studied using !3C n.m.r. it has been
found that on formation of the l-adducts the resonaﬁces of
the 2, 4 and 6 ring carbons move to higher field while the
resonances of the 3:and 5 ring carbons 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 theofet—

35 65

ical calculations. However, it has been noted ~ that !3C

shifts may not be simply related to charge effects.’

13¢ together with !H n.m.r. spectroscopy,33 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. spectroscopy has been used?® 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 !5N n.m.r. ‘spectra have sﬁown66 that the
adduct formed between penfane—2,4—dione and TNB exists in the
enol form (1.25). '

19F n.m.r. spectroscopy has been used67 in studying the
adduct formed‘betwéeh 1,3,5-tris(trifluoromethylsulphonyl) -
benzenevwith diethylamine in moist DMSO. It has been shown

~ that under these conditions the hydroxide adduct is favoured.

(d) Raman_ Spectroscopy

Raman spectroscopy gives'essentially,the same structural
information, though with generally less well resolvedfspectré,
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 applicd
to study Meisenheimer complexes. In particular it has been

used to examine the interactions of picryl chloride with
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'“alkoxide i°n$j69 the effects of solvation on o -adduct struct-
ures'© and solvent effects on the dissociation of alkali metal

hsalts of l,l—dimethoxy—Z,4}6—trinitrocycloh'exadienates.71

(e) Vvisible Spectroscopy
Visible spectroscopy is of limited value»in determinlng

~ the structure of Meisenheimer complexes. -It can be used to

"-.dlfferentlate between 1:1, 1:2 and 1: 3 o- adducts by the shape

72,73 has shown using simple

of the1r v151ble spectra. Abe
HMO calculations that a visible spectrum can be explained

‘ qualitativelyoby the transitions between the highest occupied
a molecular .orbital and the lowest unoccupied.molecular orbltal
in the delocalised anion. ‘From these calculations he has
shown that in the visible region of 350-700nm the 1:1 o-adddcth
hhasbtwo.absorption maxima, with the maximum at higher wave-j |

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

"length, the 1:2 o-adduct has one. absorption maximum, and the o

o 1:3 o—adduct'has no absorption maximum. - These are illustrated;

in Flgure 1.4. Experimental visible spectra agree with the
'.general conclu31ons of the theoret1cal calculations but dlffer
1n the prec1se wavelength of the absorptlon max1ma, also the
‘absorptlon max1ma of a 1: 1 g-adduct are found to have an in-
ten51ty ratio of less than 2-1 Flgure 1.5 shows a typ1ca1

-experlmentally measured spectrum of l l and 1 2 o-adducts.

However, v131ble spectroscopy often is unable to disting- .
ulsh between dlfferent Melsenhelmer complex structures where
'there 1s geometrlc 1somerlsm. For example, the visible spectrur
for the 1:1 o- adduct (1. 3) formed by - addltion of the nucleo-
'phllecat_the gnsubstltuted-p051tlon.. Also the visible spectra

' of a variety of cemplexes like (L.3) where X=Nu or X=H are all



Figure 1.4 Visible absor tion s ectra of (A) cyclohexadienate and (B ropenide
complexes (from reference 26).
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Figure 1.5 Visible spectré of (A) the 1:1 édduct and (B) the 1:2 adduct formed by the
reaction of TNB (4xlo_5¥) and thioethoxide (2.5 x 1073

M and O.5g'respective1y)

in methanol (f:om reference 25). .
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very similar62 with absorption maxima at ea 415 and 500 nm.

1.2.5 Techniques for Kine:ic and Equilibrium Studies

Meisenheimer complexes are highly coloufed species,
generélly formed rapidly,.(half lives of the order of a few
milliseconds to several secondsb, éﬁd 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 techniqu‘es75 such és the
temperature jump method have also been used.. When Meisenheimer
cdmplex formation is élowlconventional spectrophotometry may

be used.

Stopped-flow spectrophotometry was originally used

,117,118

by Caldin et al in the mid-nineteen fifties to study

the reactions of 1,3,5-trinitrobenzene (TNB) derivatives with
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 absbrptibn at a
suitable waveleﬁgth. The Benesiinlaebrand method,76 or a
modification of it, is often used for the éalculation of
equilibrium daté. 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 Complexes

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

Thé type, number and position'(ortho or para tb the re-
actién centré) of the_eléqtron withdrawing groups in the aromatic
'ring has a major'effect on thé stability of Meisenheimer com-
plexes. Thé trifluoromethylsulphonyl group is the strongest
neutralAelectron Withdrawing group known.77 It is found: that
the l-methoxy adduct of é,4,6—tris(trifluorohethylsulphonyl)-
bénzené is lO6 times more stable than its TNB énalogue.78_ The
stability of a Meisenheimer complex is increased with the in-
creasing number of electron withdrawing groups added onto the
79

ring, though the effect is not additive. 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 But when fhe electron withdrawing group is ortho

23

centre.

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

Table?l;l'gives kineticvand equilibrium data for the
o-adduct formation reactions of three aromatic trinitro-compounds
with methoxide in methanol.' By use of this data the effect |
of subsﬁituents in the picryl ring on the stability of the
o-adducts formed can be illustrated.. - By_inference similar
explanations can be applied to other activatéd aromatic com-

pounds.

The o-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 nucleéphilic
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'attack. TNT;.however,'offers a.choice of reaction sites.
The nucleophile can attack at the substituted, or l-position,
or at the unsubstituted, or 3-position. Only formation of the
3—methoxy‘adduct of TNT is observed and thisiis much less
stable than the methoxy adduct of TNB. The explanation of
this observation is as follows. The —CH3 group is a bulhy
and relative to hydrogen, an electron releasing snbstituent.
Lack of formation‘of the l-methoxy adduct is therefore due to
unfavourable electronic effects. The low stability of the
3-methoxy adduct is caused‘by~steric and electronic effects.

The -CH, group being an electnonrelea51ng group, relative to hydrogen,

3
tends to destabilise the negatively charged o adduct. Also
because the —CH3 group is bulky the nitro groups are twisted
out of the ring plane, where they exert thelr maximum electron
withdrawing ability, so that they are not as efficient at de-

localising the negative charge.33

TNBCl like TNT offers a choice of reaction sites with
. both the l-methoxy and 3-methoxy adduct being formed with
methanolic methoxide ions. The 3-methoxy adduct is again

less stable than the TNB analogue but more stable than the

Table 1.1 Kinetic and‘eguilibrium data for.TNB-derivatives

‘with methoxide ions in methanol at 25°C

_ _ A y
-?3—1 k:i ) -3} -1 . -5 L
(1 mol s ) ) Qlmol ) Lmol " s7)] (s) | (1 mol ™)
B 7300 300 | - 20
TNTP 280 3000 0.07
TNBC1 € o <20 770 2.2 350

~a.  Ref. 78
b. Ref. 83
c. Ref. 82

~IITTTTTER O G
- o D G e i e e e “ﬂ'dg 2
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Y TNT analogue. This can be rationalised by the dominance of

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

2
groups to twist out of the ring plane. The —CHZCL group 1is

electron withdrawing, relative to hydrogen. amd therefore
should assist in the stabilising the negatively charged o—adducp.
The l-methoxy adduct oﬁ TNBCl is more thermodynamically stable
than the 3—méthoxy adduct. This increased stability arises
partly from the'fact that the réaction centre is attached to

an electron withdrawing group, and, partly frém the relief of
steric strain as thé bulky —CHZCL group is twisted from the

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

is due to there 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
particulér solvent is also important for the stability of
Meisenheimer complexes. TheAsteric requirementsze»of the
nucleophile can determine the type of Meisenhéimer coﬁplex it
will form when reacting with an unsymmetrical aromatic trinit?o-'
compound. For example, TNA will form o-adducts at the 1l-
‘position Qith azide ions and diethylamine, but oniy o—adduéts
at the 3-position with-su1phite ana acetonate ions. Also the

carbon basicity of the nucleophile, often different to its

proton basicity,84 has an .effect on the Meisenheimer complex.

(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 o-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 soivating small polar ions. Hence, transfer from
protic to dipolar aprotic solvents éausesndesolVation 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

salts.26

The effect of micelles on Meisenheimer complex stability

85 It was found Meisenheimer complex stabil-

has been>studied.
ity was increased b& cétionic micelles, decreased by anionic
micelles while neutral micelles héd no effect. The results
wére 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
86

Meisenheimer complex stability. In partiéular ion pairing has

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

8
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 impdrtant‘reactions~will be described

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

o-adduct formation which may lead to Al€186pHilic substitution
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if the substrate carries a leavingvgroup.

Abstractién of a ring proton was first suggested by
Meyer88 as an explanation for the highly coloured species
observed by_Hepp14 and others. It has b.een'showngg-91 thét
in basic solutions’ TNB and dinitrobenéene do exchange ring
hydrqgens fér deuterium or tritium in the solvent. However,

the plausible carbanion intermediate (1.26) for this exchange

. NO
u 2
| #T N TNo,
b
(1.26)

feaction has been fqund91 to be present only in smail concen-
trations aﬁd theréfore.carbanidn formaﬁion_is not the explan-
ation for the presence of colour. When an aromatic‘tfinitro-
compound has a substituent containing.a hydrogen atom, e.g.
TNT,82 then”it is possible for the base to remove é proton from
. it to produce the conjugate base as shown in_Scheme 1,3. The
~conjugate base of TNT would be'(légl; X=Y=H) and has been

83,92,93,117,118 by 1H n.m.r. Kinetic evidence that

observed
the anion of TNT is formed has also been provided by a kinetic
 . isotope study,94 which compared the deprotéﬁation of TNT with
that bf'TNT—§3.(§fe. the‘mefhyl group is deuterated) and found
a large primary isoﬁope effect. 'If this type of proton transfe

reaction is studied in solvents where ion association is neglig-

ible, e.g. D.M.S.0., then the equilibrium constant for proton
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CHXY CXY
0,N NO, o x 0, N _#NO,, X
+ B __R.\ + BH
k_ 1
P |
NO2 . NO2
(1.27)
Scheme 1.3

X NR R

Xk OZN‘~ a’NOz
+ RR'NH ——£a + RR*NH
—_—
k. N
-p )
NO2
Scheme 1.4

transfer, kp,.reflects the basicity of thé.bases used.82

There are also examples of proton transfer reactionS“bghwen_§@9
.nitrogeh atoms of primary and secondary amines and zwitterionic
A : : :
intermediates, as depicted in Schéme 1.4, which are not diffus-
ion controlled. The slowness of these proton transfer re-
actions is generally attributed toAsteric factors. The base
has to be able to remove a proton frdm.a position in close
proximity to two. bulky ortho nitro groups. Therefore the

Sur sy e an il § BTG B O I A [$3 WeY 3403 A
bﬁlklér the base the slower the pfétgg Eraﬁé?eg
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. There are two types of electron transfer reactions.
eOne>type involves partial electron transfer, (1.28), as
ebsefved by Mulliken95 in the very weak charge transfer re-
-actiens of_aromatic nitro-compounds with hydrocarbons and

96,97

aromatic amines. ‘The second type involves complete

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

N NO

s
T

Radical anions are easily detected ueing €.s.r. spectroscopy.
Generally radicals are found in large concentfationsein re-
.actions between aromatic mononitro- or aromatic dinitro-
benzenes and bases.'gs—loo | When bases react with trinitro-
benzenes generally less than 1% of radicals are detected.
Servis has shewn,7 gsing a M O description of these molecules,
that due te.the symmetry of the anti;bonding molecular orbitals
a third nitro group on the benzene ring wili greatly increase
the stabi;ity'of the cyclohexadienate type anion (1.13), but
not greatly increase the stability of the radical anion. Ex-
ceptions where aromatic trinitro-compounds have been postuleted
to reect‘via eleetron transfer processes are known, e.g. the

reactions of picryl chloride with amines like,piperidine.lOl



34

The decomposition of Meisenheimer adducts can also proceed

via electron transfer.

SNAr reactions are of great interest to many chemists

and involve Méisenheimer complexes as intermediates. Schemes
1.5 and 1.6 show two types of intermolecular’SNAr reactions involv:
anionic nucleophiles and neutral nucleophiles respectively.

It should alsq be noted that X, the nucleofuge or leaving group,
can be neutrél or positively chafged before displacement.

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

~a small nucleofugacity, then these SNAr reactions can terminate
at the intermediate (1.30) or (1.31). For schemes 1.5.§nd

1.6 there are many reactions known where nucleophilic attack

at the}3—position to form the 3-adduct precedes nucleophilic

attack'at the l-position. For certain bases, e.g. secondary
amines, only the 3-adduct, formed by nucleophilic attack at
the 3-position,is known. For the reaction .in scheme 1.6

22,23,102,103

Bunnett has shown the final step to give 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 S _Ar reaction if there is a nucleophile

N
present (perhaps the base itself) in the reaction mixture, or

by an intrémolecular displacement of a nitro group.

Thére is ho uniqﬁe reactivity order'for all the possible
substrate/nucleophile/solvent combinations that have. been studied
" for S&Ar reactiqns. The type of subétituent is known to'
strongly influence the rate of reactioﬁ but the mqgnitude of
the rate depends on the position of the substituent to the re-

action ctentre, the nucleophile; the solvent and the leaving

group.
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Nu
N02
(1.30)
Scheme 1.5
X NHRR -
. i \ /
02N NO2 . 02N ~ ~ O2 ‘
o . —1 = B
+ 2RR“NH —_— + R“RNH
| -1 !
i
N02 NO2
Scheme 1.6

+X +2RR“NH

NO

NO2
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Y-YH
O2N N02
+ B
N02
\
k) k)
\
Scheme 1.7 ‘ /\
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Generally throughout this chapter examples of Meisenheimer
complexéslinvolving oxygen or nitrogen centres have been given.
So in conclusioﬁ one or two examples will be given for nucleo--
philes that contain and o-bond through atoms which are not

oxygen or nitrogen.

"(a) Sulphur bonded o-complexes

Sulphur containing nucleophiles react in an analogous

way to oxygen containing nucleophiles except that there are

no examples of the formationvof 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 sﬁlphite, 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 thefe is a bulky group at the l-position steric

effects may stop formatlon of the 1- adduct.25 There are ex-

ceptions such as the sulphite adduct (1.34) of 2,4,6- tr1n1tro—
104

benzaldehyde.
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When rate data for the formation of o-adducts with sulphur
and oxygen containing nucleophiles are compared, it is suggestedh

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

affinity" to aromatic carbons.

Sulphur containing spiro complexes, sueh as (1.35) formed
from l—[(Z—Mercaptoethyl)thio]-2,4,6—trinitrobenzene, are more
_ stable than their oxygen analogues when formed in water. This

" may be explained by the higher acidity of the'thiols relative
 to the alcohois, 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).

OHC_ S0, ~ S S
~ P
O,N 0,
'
!
NO,,

(1.34) (1.35)

(b) Phosphorous bonded o-complexes

A number of phosphorous compoundsvreact with-trinitro—
aromatics to form q-—complexes106 but the most studled are those
containing trialkyl phosphites. Phosphorous compounds react
in DMSO in essentlally an analogous way to amines. For example,
alkyl phosphltes react with TNB in DMSO to form the o-adduct
(1.36) behaving like a secondary amine. One difference is that

o p-\

unllke tertlary amines the trlalkyi phosphltes yield stable
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zwitterionic complexes (1.37) with TNB in DMSO. In re-
actions with 1-X-2,4,6-trinitrobenzenes the phosphorous nucleo-

philes presumably due to their bulk only form adducts at the

unsubstituted position.108

H PO(OR) ., g 5 (oR) 3
\' ” } \\ ”
0N Qs NO, O,N WO,
i
| |
NO,, No,
(1.36) . ©(1.37)

(c) Carbon bonded g-complexes

There havelbeen numberous reports of carbon bonded o-
complexes.logA Cyanide ions fdrm o—add;cts with TNB (1.38)
in a variety of solvents.A All cyanide complexes are found
to Have a much higher stability than would be éxpeéted from
the‘hydrogen-basicity of cyanide iéné. Enolate complexes,
aléo known as Janowsky complexes, such as (1.39) are formed
“between enolafe cérbanions of kétones, aldehydes, keto esters,
esters and amides. The formation_of‘some of these complexes
have bécohe'important'ip a variety of pharmaceﬁtical colour
tests.llo In such cases there are two steps, the fi;§t being-

rapid formation of the carbanion followed by the rate deter-

minihg complex formation. A recent report111 has described
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I /
H CN H CH - C
O Ny ~ N02 O.N 2 NO R’
2 2 2
|
| 1
NO2 Qz
(1.38) 4 (1.39)

has described.the use of TNB to trap CX3 iéns to form the
. complex (1L.40) when trihalocetic acid rapidly decomposes in
DMSO. As (;;Ag) is highly coloured it allows the rate of
trihaloacetic acid decomposition to be measured spectrophoto-
metrically. An interesting Janowsky complei is that formed

between TNB and the conjugate base of TNT.llz"'13

SN NO

(1.41)

(d) Halide og-complexes

' Ohly two o—complexesAhave been reported from the re-

action of halogens and trinitro-aromatics. In acetonitrile

' . - - L
coritaining 18-crown-6-ether the adduct (1.42) has bceen observed,

r
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using lH and !°F n.m.r., for the reaction of picryl fluoride
" and 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 tetramethyiammonium fluoride
114 '

in‘tetrahydrofuran- (THF) .
F F H F
O2N\ /N02 02N > PR 02
: A
No, : » | ~ No,
(1.42) : : (1.43)

(e) Hydride d-complexes

One of the many preparations of the o-adduct (1l.44) is
by the reaction of TNB with tetramethylammonium tetrahydroborate

in acetonitrile,115

(£) Orqanométallié comglexes

Complexes of the type (1l.45) have been isolated as solids

when TNB reacts with R,EM (RyE=Me,Si, Et,Ge, Me:

‘ 3 3 3 3
M=Li, K, Cs) in organic media;‘e.g. DMSO, THF, at -5 to -10°,

Sn, Ph3Sn;

under argon or in a vacuum.116 They are stable for several
days unless they are exposed to bxygen when they decompose

in twenty to thirty minutes.
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- 2.1 Chemicals Used

2.1.1 Solvents

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 hydride,
fractionally distilled under reduced pressure and kept
protected from moisture.

[2H6] - Dimethyl sulphoxide: commercial samplex(isotopic
purity 99.9%) containing 1% tetramethylsilane, used as
supplied.

Deuteriﬁm oxide: commercial sample (isotopic purity 99.8%),
used as supplied.

thanol: 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
‘l—(2,2—dimethyl—35hydrdxypropoxy)—2,4—dinitronaph-'
‘thalene: orange crystalline solid. Prepared from the re-

action of l-chloro-2,4-dinitronaphthalene with sodium 2,2-dimethyl-

  3—hydroxypropoxidellg by Penélope M,-Wilson, m.p. 114%c.
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2,27,4,47,6,6° — hexanitrobibenzyl: yellow powdery
- crystalline solid. Samples supplied wet by P.E.R.M.E.,

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

no trace of impurities, m.p. 218-220°C (Lit.Z, 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.
HNS exists as the trans isomer in two crystalline fo;ms; HNS T,
m.p. 316% (Lit.2, 316°C) and HNS II, m.p. 324°C. !H n.m.r.
spectrévshowed no traée of impurities and no difference between
HNS I or HﬁS II in_solﬁtion.

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

Dried reagent gréde, m.p. 123°% (Lit.lZl,-122.50C).

2,4,6 - trinitrobenzyl chloride: pale yellow-crystalline
" solid. Samples supplied wet by P.E.R.M.E., Waltham Abbey, and
dried in air.’ Thérrecrystéllised twice from benzene/pentane
“to remové any trace of 2,4,6—trinitrotoluene; ly n.m.;..

Spectfa showed no trace of impurities, m.p. 82°c (Lit.2, 82°C)L

2,4,6 —.£rinitrdphenet§le: green cfystalline solid.
Prepared frém the.reaction of l-chloro-2,4,6-trinitrobenzene
with one equivalent of deium ethoxide in.etﬁanol by Mr. Brian
Eddy. Recrystallised from ethanol.‘ 1H~h.m.r. spectra showed

'no trace of impurities, m.p. 80°¢ (Lit.lzz; 78.5°C) .

2.1.3 Nucleophiles

1,4—Diazébicyclo[2,2,2]octane: reagent grade,

used as supplied.
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Benzylémine: commercial pure sample, used as supplied.
n-Butylamine: cbmmercial reagent gfade, used as supplied.
| Piéeridine: puriss A.R. grade, used as supplied.
Pyrrolidine: puriss grade, used as.supplied.

‘ Sodium deuterioxide: prepared by diésolving freshly cut
pieces of sodium 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 1M A.V.S. sodium hydroxide stock solution,

which was manufactured from AnalaR reagents.

Sodium methoxide: freshly cut pieces of sodium were cleaned
in methanol beforé being dissolved in AnalaR methanol
under nitrogen. If necessary the solution was céntrifuged
and decanted'to remove any solid particles formed.
Samples of the solution (usuélly arouﬁd 3M) were then

diluted with methanol and titrated against standard acid.-

Sodium[?H3];methoxide: prepared by dissolving freshly cut
pieces of sodium in AnalaR [2H4]-methanol under nitrogen.
Samples_of the solution were diluted in methanol and

4

titrated against standard acid.

Sodium sulphite:_ AnalaR sodium sulphite heptahydrate was
dried at 200°¢ overnight, then stored in an airtight

container.

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

Benzylammonium chloride: commercial "99% pure" sample was .

used as supplied.

Benzylammbnium perchlorate: prepared in DMSO solution from
weighed amounts of amine and.perchloric;acid; the p.H.
value of the solution was measured after.réaction, and
if necessary small quantities of acid or base were added
until the theoretically calculated p.H. was obtained.
The salt solution so prepared contained less than 0.1%

of free acid or free amine.

n-Butylammonium chloride: originally prepéred from bubbling
HC1 gas into an ether solution of amine, and white'crys—
talline solid immediately falls out of solution. More .
easily prepared by the addition 6f the proper amount of
concentrated hydrochloric acid to an ethandl solution of
123

amine and isolating the precipitated white solid.

Acetonitrile was used for recrystallisation of the salt.

n-Butylammonium perchlorate: prepared in an analogous way to

benzylammonium perchlorate.

1,4—biazabicyclo[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 DMSQ.

N.B. Only one nitrogenvatom per molecule is protonated.
Riperidinium chloride: ' a cbmmercia} "pure" sample was gsed
as_sﬁpplied. |
 Piperidinium perchlorate: prepared in analogous way to
| bénzylémmonium;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

124

‘m.p. 64% (Lit.”“?, 66.4%C).

Phenol: AnalaR bhenol was dried by heating it above 100°¢
and then left to cool and recrystallise protected from
atmospheric moisture by a calcium chloride guard.

124

m.p. 40-41°% (Lit. <%, 43%).

Sodium bicarbonate: a commercial sample was used as supplied.

2.1.6 Free Radical Inhibitors

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

“Eéé&ﬁéé, or larger than lO 2.'secc:_)rrd_s,‘-were_fr'te;jasth.ired using

either a Canterbury SF-3A or Hi-Tech SF-3L.stopped—flow spectro-
'photometer. ‘Each machine was thermostated at 25°C and con-
tained a silica cell with 2mm path length;‘_ First order kinetics
‘mere‘measuredlby always keeping base concehtrations well in
excess of substrate concentrations. The rate coefficients

'.are quoted as-a mean of at least f1ve separate measurements

and are precise to +5%. The principles of_the stopped—flow
spectrophotometer's‘design and use have been thoroughly re-

ported previously.74'120

Rate measurements were made from an oscilloscopeA
trace. The actual technique employed depended on the number
‘_of processes observed. Figures 2. l(a) to 2.1(d) show examples
of the types_ofltraces observed for the reactions reported in
this thesis. Figure 2,1(5) shows the simplestcase of a coloUr
' formlng reaction producihg a stable species,.mith a stable
.lnfinitY voltage, A The measurements of values for'AVt,
‘the‘VOltageAat a time t, are easily made. Figure 2.1(b) shows
:-a trace of a:colour forming:species followed by its subsequent
decayQ'p'lf the decay process-is much.slower than the formation
process, then the start of the decay process is generally

llnear. -Thls llnear trace can be extrapolated back to zero

.tlme allow1ng values of AV to be m:asured, and also allowing

:_,‘ the calculatlon of M (=V o~ V) thch can be related to

7optical dehsity for the completion of the measured process (see

F‘fSection 2.2.2). . This procedure has been described previously"
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FIGURE 2.1

- Examples of types of oscilloscope traces observed.

AV, (=V_ - V) The difference in voltage at time t.

t t

. is
AV The difference in voltage when the processjcomplete.
\' Voltage in the absence of the absorbing species.
\Y Maximum voltage in the presence of the.absorbing species.

This shows how the mixing time ca 5ms can be observed on

an oscilloscope for a fast process.

g Grid 1lines that appear on the oscilloscope to enable

measurement of AVt and t.- They are only shown

on Figure 2.1(a).
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."by Ber'nasconi‘.78 The same technique is used for the trace
shown in Figure 2.l(c) except in this case a rapid colour
'fdrming process followed'by a slower colour forming process.
Figure 2.1(4) sﬁows how using a slower tiﬁe base the second'A
‘slower-p;qcess becomes measurable while the first process is

too fast for measurement.

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

of AV, at time t are measured over one to two half lives of

t

the reaction. Then a plot of 1ln AVt versus t allows the
observed pate coﬁstant,’kobé, to be calculated from the slope.

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

1accufate as any other method.

When an infinity value cannot be accnrately measured
‘then technidues not requiring an infinity value, such as thev '

125'¥26 and the_Kezdy—Swinbourneimethod,126—.128

 Guggenheim method

were used to calculate Kobs*

To, Measure;:?J':; reaction rates for thé'reactions with
half lives lafger than‘thirty seconds the following conventional
'rgqgrding spectrbphotometers'were usgd; ihevPYe-Upicam SP-BIOO'
'anq the_Beékma@\No. 25; Also fhé nop—recofding Unicam SP-860
S§ectroph6ﬁ6mét¢r was uséd. kobS waé_galculated using the
séme techniqggs Whﬂjmwere describéd above for the fast reactions
'except A_O.D.,:£he éhahge in optiéal density, values were used

instead of AV values.

. 2.2.2 ‘Equilibria
"i_fOptiéal density-measurements, used for calqulgtipg'
qu;}ibriﬁm gbnstapts from7BenéSi-Hildebrand plot:&_'»,,:'76 were

. measured using the same conventional spectrophotometers used
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FIGURE 2.1
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for rate measurements (see above), with a 1 cm path length
cell, or using a stopped-flow spectrophofoheter with a 2 mm
path length cell, at 25%. In the latter éase provided small
changes in voltage are measured then equation 2.1 can be used

to calculate optical densities from voltéges.'

equation 2.1 0.D. = log Vg
‘ V_ - AV
o
where Vo = background voltage (usually 5V)

Vc = the voltage in the absence of
absorbing species.
V = the maximum voltage in the presence of"

the absorbing species.

The value AV 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 H 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 chémical shifts were ﬁeasured

relative to internal tetramethylsilane and using fully deuter-

ated solvents. -
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2.2.5 Conductance Measurements

A W.G. Pye ‘and Co. Ltd., Conductance Bridge
Cat. No. 11700 was used with a Mullard conductivity cell
for all conductivity measurements reported. Dimethyl
sulphoxide was ﬁsed as.the solvenf for these measurements
because it is a good solvating agent. This means there is
'negligiblé ion pair formation‘and_therefore_Fhe 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 stoichibmetry of the n amine: 1 parent

can be deduced from the shape of the plot.129

2.2.6 pH

The pH of solutions were measured using a Kent
EIL 7055 pH meter and a combination clectrode. The instrument

was calibrated by use of a standard buffer solution of an

appropriate pH.
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3.1 Introduction

.Crampton and Willison have previously reportedl3o’131

rate and equilibrium data for the formation of the spiro-
compiex‘(g;g; R=ﬁ) from 1-(3-hydroxypropoxy) -2, 4-dinitronaphthal
(;L;; R=H) in alkaline media. Kinetic and equilibrium data

afe 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. Comparison  of
tﬁeseAtwo'sets of data, together with related measufements on
the cyclisation of hydroxy ethers of trinitrobenzene reported

by Bernasconi and éandler,132 gives information on the effect

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

formation.

OCH2CR2CH20H ' o 0

NO 72

‘NO

(3.1 (3.2)
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3.2 Experimental

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

spectréphotometer‘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%¢.

Kinetic measurements fér the second.cqlbur 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 with bQSe. The optical
density for complete cqnve:sion and the kinetic data were

calculated using the techniques described in Chapter Two.

For all the kinetic measurements the bése conceﬁtration
was always in larée excess of the parent cqncentration so that
first order kiﬁetics were observed. All rate coefficients
are the mean of five separate determinations. Examplés of

‘typical rate measurements are given in Tables 3.1 and 3.2.

lH n.m.r. measurements were made on a Varian EM360L
instrument opérating at 60MHz and the chemical shifts were

‘measured relative to internal tetramethylsilane.
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TABLE 3.1 Typical Results from Rate Measurements
(1) Sodium Hydroxide (0.3M), l-(HOCHZCMeZCHZO)—DNN(l x 107 "M) .
First process measured at 500nm in water.

(ii) Sodium Hydroxide (0.075M), l—(HOCH2CMe2CH20)—DNN(l X lO—sg)

First process, measured at 500nm in 20/80 (v/v) DMSO-water.

(i) (ii)
t/s ave t/s | ave
0.00 4.1 0.0 2.8
0.05 3.1 0.1 2.2
0.10 2.4 0.2 1.8
0.15 1.9 0.3 1.4
0.20 1.4 0.4 1.2
0.25 1.1 0.5 0.9
0.30 0.9 0.6 0.7
0.40 0.4 0.8 0.5
A plot of’lnAV versus t A A plot Qf lnAv versus b
is linear and yields is linear and yiclds
Ko = 5-83570 Kype = 2.235'l
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TABLE 3.2 Typical Results from Rate Measurements

(i) Sodium Hydroxide (0.075M), 1- (HOCH, CMe ,CH,,0) -DNN (4 x 10'5g3

Second process, measured at 435nm in water.

t/s | roD?
60 0.279
120 - 0.225
180 o 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 1nAOD versus t is linear and yields

_ ' -3 -1 -1
| kobs = 3.7 x 10 1 mo} s

a.: AOD = ODw - ODt
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3.3 Results and DiscussionA

3.3.1 Visible Spectré

In aqueous solution, the reaction between
.1—(2{2—dimethyl-3-hydroxypropoxy)—2,4—dinitronaphthalene
(4 x lofsg) and sodium hydroxide (10‘2“5) "produces an
initial orange specieé immediately on mixing, which is
followed by the formafioh of a yellow Species. Visible
spectra, in aqueous solution, show that the jellow species
has absorption maxima at 390nm and 435nm, identical to the
visible'speétrum of 2,4-dinitron§phthol(4 x:uf5§) in water.’
In 50/50 (v/v) DMSO-water the.brange specieé, with.visiblé
maxima at 350nm and 508nm, has a longer lifetime but the
eventual product is égain 2f4—dinitronaphth01, Spectra are
shown in Figure 3.1; The lH n.m;r. épectfa discussed next
~indicate struéture (3.2; R=Me) for the orange species.

3.3.2 -1H n.m.r. Measurements

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

hydroxypropoxy)f2,4—dinitfonaphthalene in [?HGT DMSO is shown
in Figure 3.2(a). The ring protons give baﬁds at 68.80
(s,8-3), 8.50 (m,H-5 and H-8) and 7.90 (m, H-6 and H-7).
Bands arelobserved in simiiar positioné for other 2,4-dinitro-

130,131,133 gnas are obseérved for the

naphthyl ethers.
a-CH, group at 64.0(s), the y—CH2 group at §3.4(s) and the
methyl groups at 61.0(s). The hydroxyl proton gives a band
at 64.1(s). |

Figure”3.2(B) shows the spectrﬁm of l-(2,2—dimethyl-3;‘

hydroxypropoxy)—2,4—dinitrohaphthalene in the presence of one



Flgure 3. l VlSlble spectra of 1-(2, 2- dlmethyl 3- hzdroxyprqpoxy) 2 4- dlnltronaphthalene :
'(4 x 10~ M) and sodium hydrox1de (1 x 10~ M) in 50/50 (v/Vv) water-DMSO.
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nm@ecularcannxalentof sodium deuterioxide. -~ The spectral
changés'are consistent with the formation of the spiro—adduct_
(3.2: R=Me);‘ The ring protons now absorb at 68.86 (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
produce bands close to these positions.130 The methyl groups
are no longef:equivalent and give two bands of equal intensity

.at 60;98,(3,' ) and 1.10 (é, Mecis)' The rather simple

Metrans
spectrum of the methylene protons to give bands at 63.45 and
§3.90 with a geminal coupling constant of 12Hz indicates that,
‘at least the two methylene protons eis to the.2-nitro group
are equivalent, as ére thelfwo methylene protons'trans'to ﬁhe

2-nitro group. ‘The small bands at 63.3 and §0.85 can be

attributed to the decbmposition of the parent.

This evidence rules out any possibility that the orange
intermediate is the o-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 l-position.

3.3.3 Kinetic and Equilibrium Data
In alkaline media the formation of the spiro-adduct
. 130-132 : LI o
is expected : to involve the rapid equilibrium transfer
of the side chain proton followed by a slow intramolécular
_ ) _

cyclisation, as shown in Scheme 3.1.

By use of stopped flowrspectrophotometry kinetic
data for th¢ épiro complex formation, giveﬁ'ih Table 5.4, were
obtained in water and in 20/80 (v/V) DMSO-water at 25°C. The
 base concenﬁration was always in large excess over parent .con-
centration so first order kinetics were observed, and measure-

ments made at a wavelength of 500nm.



: Figure 3.2 (a) '.lH n.m.r. spectrum of 0. 2M 1-(2,2-dimethyl-3-hydroxypropoxy)-2,4-

dinitronaphthalene in [2H6] DMSO.
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Figure 3.2 (B)

Spectrum after the addltlon of 1 equlvalent of base.

.Bands

marked 'S' are due to the solvent
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TABLE 3.3 H n.m.r. data for l—(2,2—dimethYl—3—hydrbxypropoxy)—ZLA—dinitronaphthalene
and its spiro-complex formed by reaction with sodium hydroxide
82 (ring) §% (side chai
"'\g J;k\g chain)
Species Solvent H-8 H-5 H-6 H-3 aCH, YCH, Me, OH
& ’ '
l-f (HOCHZCMeZCHZO)—DNN D20 8.5(m) 8.5 (m) 7.90(m) 8.80(m) 4.0(s) 3.4(s) 1.0(s) 4.1(s)
A
(3.2; R=Me) D0 8.63(dd)|8.0(m) |7.40(m) | 8.86(s) | 3.45° & 3.90° |o.98
1.10
. a. 1'Chemical shifts measured relative to internal TMS. )
b. Two’protons cis and two protons trans to 2-nitro group. Geminal J = 12 Hz.

S9
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QCH.,CMe,CH,OH OCH.,,CMe,CH.,O™

27272 - 2772
- _K

2
N02
NO2

(3.3) - (3.4)

Scheme 3.1

From Scheme 3.1 the rate expression for spiro-complex
formation can be derived as equation 3.1.
k K [or7]

= —————— + k. = ) (equation 3.1)
(1+kJor™]) 1 ‘ '

kobs

The. overall equilibrium constant for spiro-complex
formation, Kc,»is'defined as eqﬁatioﬁ 3.2.

. KKl .
K = . {equation 3.2)

¢ (1+K [oH™])
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Howe&er, as the pKa of 1-(2,2-dimethyl-3-hydroxypropoxy) -

2,4—dinitrohaphthalene is unlikely-l34 to be much lower than 15,

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

1 mol—l. Therefore, the value of the term 1 + KI[OH ] in

equations 3.1 and 3.2 will be very close to unity for the sodium
hydroxide conéentrations studied. . This assumption, which has
| 129

been used previously, allows equations 3.1 and 3.2 to be

" modified to equations 3.3 and 3.4.

kKops = K K[OHT] + k_; A (equation 3.3)
'klx . -
Kc = KKl = Ej; | . {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-
dicted by equation 3.3. In water this plot yields the values

kK 71 mo1™ts™1 ana k—l 3.5 51, and in 20:80 DMSO-water

k K 12 1 mol_ls—l and k_; 1.4 5”1 Using equation 3.4 the
rate data gives values fqr Kc(kin) of 2 l_mol_1 in water and
K, (kin) of 8.6 1 mol™L s™1 in 20:80 DMSO-water. DMSD
wsuld.be expected to have é stabilising effecf on the complex
formstion. This explains the increasé of-the forward rate
coefficient and decrease of the reverse rate csefficient, 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 aikaline hydrolysis of the parent to 2,4-
dinitronaphthol and is shown in Scheme 3.2. The ratée data for
this reéctisn is gijen in Table 3.5. The rate defermihing
step for the alkaiins hydroiysis is hydroxide attack at the

- l-position.



TABLE 3.4 Kinetic data for'sgiro;éomglex formation from
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1-(2,2-dimethyl-3-hydroxypropoxy)-2,4-dinitro-

naphthalene at 25°9C

and equation 3.3.

water 20/80 DMSO-water
., -11],a -1 -1 b -1
DNaOH]/g kobs/s kcalc/s kobs/S calc/S
0.01 1.59+0.1 1.52
0.025 1.64 1.70
0.035 1.72 1.82
0.05' 3.9:0.3 3.8 2.0 2.0
0.075 2.2 2.3
0.10 4.1 4.2 2.7 2.6
0.20 4.9 4.9
0.30 5.7 5.6
0.40 6.2 6.3
a. Calculated using kK 7 1 mol s—l, k_;.3-5 g1
and equation>3.3.'
< - -1 -1 -1
b. Calculated using ,le 12 1 mol s ", k_§ 1.4 s
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Equation 3.5 was the rate expression used to calculate

a value for ké, the second order rate coefficient for base

attack, of 0.06 * 0.11 mo1” L.
x, [ou™]
— 2 _
obs _ . (equation 3.5)
~ 1+KK, [OH ] ' : =
M Me
OCH_,CMe,CH,OH

2 272 , 0 0

(3.3) . (3.5)
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Table 3.5 summarizes the rate and equilibrium data for the
cyclisaﬁion of the 2,2—dimethyl—3;hydroxypropoxyl ethers of
picric acid and 2,4—dinitroﬁaphthol 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 £ 1-(2,2-dimethyl-3-hydroxypropoxy) -
2,4-dinitronaphthalene in water at 259C

e : 3 , -1 a
[NaoH] /M 107 k_,./S k,
0.025 . A 1.4  0.060
0.050 | 3.0 . . 0.060
0.075 | 3.7 0.058
_0.100 4.5 | 0.055

a. Calculated using KK; 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,KKl is unchanged and

for the picryl ethers the value of KKl is halved when there is

gem-dimethyl substitution in the side chain.

TABLE 3.6 Effects of qem—aimethzl substitution on spiro-
complex formation in water at 25°C

Parent | A le 1 mol—ls—l k_l/s"l KlK/ 1 mol—]
l—(HOCHZCMeZCHZO)—TNBa ' 4.6 0.4 11.5
l—(HOCH2CH2CH20)-TNBb 19.7 0.87 22.6
1-(HOCH , CMe ,CH,,0) ~DNN . 7.0 - 3.5 2.0
1- (HOCH, CH ,CH,,0) ~DNN° 1.7 0.85 . 2.0

a. ' Ref. 135, 'b. Ref. 132, ¢. .Ref. 130.
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To expiain this we héve to consider K and K1 separately.
K is a meaéure of the acidity of the hydroxyi group. Murto134
has reported that the PK_ values of propan-l-ol and 2-
methylpropan;l—ol in water at 25°C are idéntical at 16.1,
therefore methyl substitution at the B-carbon will have a
small effect. _jAlso for alcohols of the typé RCHZOH it has

136'137 that the pKa values can be calculated

‘been reported
usingl,pKa = 15.9 - 1.420*. If the yalue of o* for the t-

| butyl group is used then it is found that'2,2-dimethylpropan-
1-o1 has a pK_ value 6f 16.3. Aithoughlthé PK_ values of the
aromatic nifro—compounds.compafed aone will Se lower than

130,131 ;4 ceems unlikely that

those of'aliphatic alcohols,
'gem—dimethyl'substitution'will'have a large effect on their
acidities. |

Ky is fhe equilibrium constant for the internal cyclis-
ation. If gedeimethyl'§ubstitu£ion causes little change to
the values of K or KKl'then it must also have little effect
.on the values of Kl' This would not be predicted because
usually gem-dialkyl substitution into a methylené side chain
increases the rate and equilibrium constants for cyclisation
reactions.' ' For cyclohexane derivatives two factors are be;

138,139 to favour cyclisation -on gem-dialkyl substitution.

lieved
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 cémpound).

Fdr i-(2,2—dimethyl—3—hydroxypro§oxy)—2,4-dinitronaphthalene
the lafternfaétor should_be operative in the open side chain as
gem—dimethyl_éﬁbétitution would be expectéd to restrict rotation.
However to explain why the value of Kl is iittle~changed for

this compound there must be an additional factor tb consider.
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This is likely to be steric crowding due to the presence of
the ortthnitro gfoup stopping the dioxalanAring from taking
up its least strained conformation, and therefore the un-
favoufable repulsive interactions in the dimethyl compounds
cannot be avoided. This explanation also applies to 1l-

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

The second order rate coefficients for the fcrmation
of 2,4-dinitronaphthol, from the 2,4-dinitronaphthyl ethers,
and picric acid, from the picryl ethers, résulting from nucleo-

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

TABLE 3.7 Rate constants for hydroxidé attack at the l-position
' of l1-substituted-2,4-dinitronaphthalenes and 1- o
substituted-2,4,6-trinitrobenzenes in water at 25 G

Parent k2/1 mol"]'s-l l
1- (HOCH ,CH,,CH ,0) -DNN? - | 0.06
1- (HOCH,,CMe ,CH,0) -DNN | | 0.06
| b
1- (HOCH,,CMe,,CH,,0) ~TNB 0.7
1- (0 [CH,] (0) -_-TNBb ' 0.6
1-(Me0O) -TNB® - 1.4

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

Iy
4
t

It is seen that gem-dimethyl substitution at the g-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 k2. Therefore the effect
of changing electron density and steric hinarénce at tﬁe 1~

position by changing R is small. However, the ten-fold in- :
‘crease in'tﬁé'value'of k2 for the trinitrobenzene derivativesw

compared to .the dinitronaphthalene derivates is consistent with
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the expected decrease in electron dénsity'at the l-position.

3.4 Derivation of the Rate and Equilibrium Expressions

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

K .
(3.3) + OH™ — (3.4 + H,0
T fast - _
k
| 1.
 (3.4) < (3.5)

(1) 'Calculation of the stoichiometric”equilibrium constant, Kc

K, = 3.5 | ' ‘
¢ 1k 3j+[3 4o 1. o (1)

= [3.4] _ 3.5
XK = m3jorg @ KL 7 Taal (3)
Substituting (2) into (1)
_ 3.5) |
Ke = [3.3] [ou-] (1+k [oH-]) (4)

Combining (2) and (3)

_ .5 - | |
KKy = T3] [ou-T | (2)

Substituting (5) into (4)
KK

_ 1
c = 1+ K [OH-]

K

(ii) Calculation of the rate expression

e 1{1[3.41 r:k;l'[3.5] - (6)
[3.3] + [_3.4]' + [3.5] = [3».3-10  | |
| [3.“4]' =,[3'.3] - [3.3] -'[3.51» " (7)

Substituting (2) 1nto (7)

[3.4] = [:3;:3]o - K[OH—] ' [3 5]
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Re-arranging,

[3.3]OK[0H‘] 3.5 klou=1 s
(1 + x[oH-]), = (1 + K[OH ]) . 8)

Substitutingb(g) into (6)

(3.4]1 =

d[3.5]

_ 3.5|KloH” '
d& . Tk A J(‘le?&:?})]‘ ko [3-51 (2)
At:equilibrium, QI%til = 0.
, [3.5] K fon™] ,
° = K (1 + k[oH"]) - kg Besle (10)

Subtracting (;QY from (9) .

ifL-"il _k K[OH 1 - [3.5])+ k_l(V‘[3.5]e-[3.5])

at (1+K[oa—']) ([3 5]e

Re-arranging,

d[3.5] - 1 - leEOH ] + k (11)
at ([3.5]_-3.5) — (+kfor-]) " *-1 s

. _dop _ ‘

Obseryed rate = 3t = kobs (ODe - OD)

Relating the [3;5] to OD.

Only (3.5) absorbé at the wavelength used for rate measurements.

Therefore,

oD = 53.5.[3.5] ' (12)
- At equilibrium
0D, = e3 5 [3-5]

Hence,

oD - oD = e~3<.5,('_i‘_"3.sje'- [3.5]) : (13)
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Differentiating (12)

d oD _ afs.s] - L (1a)

at ~ f3.5 at

Hencé,_substituting (14) into (;;X

dop . _ 1 ap.s] . 1
at (op_-0D) ~ 4t [(3.5].-[3.5]
Hence, '
K . fyxlow] ¥k
obs 1+K [OH™] -1

(b) Nucleophilic attack at the l-position following spiro-
" complex formation in water ' : '

KK

1,
(3.3 + OH — (3.5) + H,0
(3.6) A+, ROH
al.6l .y [3.3)[on] ' (15)
at 2 ! _ .
At _ equilibrium | |
da[3.3] +,'dr3¢5] , dr3.61 _
dt dt dt IR
a[3.6] _ =-a[3.3] _ 4[3.5] (16)
at dt | dat =2
Differentiating (5)
af3.3] _  a[z.s] . 1 - (17)
at dt KKlIOH‘]

- Substituting (17)-into (16)

a[3.6] _  -a[3.5] [~ 1 ‘ (18)
, = 1+ — =2/
dt. at - KK, [0H-] ,
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Substituting (18) -into (15) and re-arranging

sals] . o1 Kl
at 3.5] (1+kk, [oH7])

Relating change of conéentration to change of OD.k2 was
measured by following the decay in colour of the spiro-complex

(3.5). This was measured at 435nm.

oD = 53.3[3.3] + 53_5[3.5] + 53.‘6[3.6] | (19)

Substituting (5) into (19)

'ob = €5 5[3.5] + 5 5[3.5] + e, ([3.6]
KK, (OH"] |
[3-6]l.c0icn = [3-6] + [3.A3] + [3.5]

Hencer
o e | [3.5]
oD = 93.6(‘B‘f’]stoi‘ch'[3'3]‘[3'5]“53.3 M + 53.5[3.5]

. 3.5
l='€3.6[3’~6]st_:oich - 36300 - ey 1+KK, [OH~]
| o 3.5 o

3.3 KK, [OH"]

€3.6 J

oD = 3.6 . -[3.5 + =
£3.6k ]stomh_[ ][63.6 KK, [oH]

3.3 ‘e
KK, [0H~] 3.5

+ [3.5]

3.6
[ ]sfoich

ODco = 83.6

Hence s -

S 3.6 3, ]
(o0, -00)=[3:5] [¢5 ¢ * W] -[3.5] [m Fey ) (20



aop _ daf3.s] ., _ %35

e at 3.6 © KK, [OHT]

-

dt

Multiplying the reciprocal of (21! with (20)

-af3.5] . _1 . d4dop

- dt - [38.5] ~  at
"Definition Of.kobs
X _ 40D . 1
obs . at (op_-o0D)
Hence , : _
k, [0H7]
k

obs 1+KK, [OH"]

1
(0D_-0D)

4[3.5] [_[_7-53.3
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CHAPTER FOUR

THE REACTIONS OF

2,2;L4J4'Lﬁiﬁ'—HEXANITROBIBENZYL

WITH ALKOXIDE IONS

78



79

4.1 Introduction

. The cqmmé;cially imbortant product 2,2’,4,4’,6,6’—hexanitro-
stilbene (HNS) can be produced by the dehydrogenation of
2,2‘,4,4’,6,6’—hexanitrobibenzyl (HNBB) (4.1) by quinnones in
basic media.68’l4l To help understand the mechaﬁism of this
;eaction a knowledge of the mode or modes of intefaction of

HNBB and base is importaﬁt. Reported here are the reversible

reéction of HNBB with alkoxide ions.

By-analogy with related compounds, such as 2,4,6-trinitro-
toiuene (TNT) and 2,4,6—trinitrobenzyl chloride (TNBCl),82
the expected produéts from the reaction of.HNBB-with base are
the o-adducts (4.2), where base attack has’océurred at the
3-position, and (4.3), where base attack has occurred at the
l-position, and the conjugate base (4.4). However, HNBB has
two aromatic rings separatéd by two-methyléne groups so that

dianionic species may be formed. Two of the possible dianions

are (é;é) and (4.6).
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4.2 Experimental

. In most cases visible spectra were recorded on a Pye-
Unicam SP8005_spec;rophotometer at 289C. However, one spectrum
for a short-lived species was constructed from optical density

values measured on the stopped-flow spectrophotometer at 25°.

Kinetic énd equilibrium measurements were made on the
Cantérbury SF-3A stopped-flow spectrophotoheter at 25°c. Rates
for reactions with one colour forming process, or with two
well separatgd colour forming processes, Were calcuiated using
the'standard methods described in Chapter‘Two. All rate
measurehents are a mean of at least fiQe Separate determinations
and are precise to 152. Optical density'measurements were
also recorded on a Beckman No.25 spectrophotométer at 25°c.

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

instrument using tetramethylsilane as the internal reference.



TABLE 4.1 - Typical results frgn rate measurements.
(1) HNBB(l XJKTSQ), Sodium methoxide (0.02M).
One process-only observed, measured at
480nm in methanol.
(ii) HNBB(1 xlO‘SM), Sodium ethoxide (0.004M)

First process, measured at 430nm in ethanol.

(1) " )
t/s | Y t/ms - AV
0.0 A 3.'3 | 0 4.5
‘O.l ' 2.8 ' 10 - _ 2.9
0.2 2.3 20 2.1
0.3 1.9 30 1.0
0.4 1.6 40 : 0.8
"~ 0.5 1.4 | ' 50 0.4
0.6 1.2 60 0.2
0.8 0.9 |
A plot of 1lnAV versus t A plot of 1nAV versus t
is linear and yields - is l.inear and yields
k= 1.56 s - K . =k, =47.0s
obs _ obs fast

a. AV = Vm—Vt
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4.3 Results and Discussion

4.3.1 lH n.m.r. Measurements

1

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

in [?Hé};dimethyl'suléhoxideA(DMSO). It consists of two
singlets at 63.40 and 69.101thch aré due.réspeCtiveiy to
the methylene and ring protoné. The addition of two mole-
cular equivalents of sodium trideuteriomethoxide in [?H4]
methanol results in the rapid formation of £WO doublets at
§6.1 and 68.5, at the ekpense of the ring proton band.
Gradually theée bands decreased in intensity with time to
"be replaced by two.singlets'at §8.53 and 68.6. After six
hinuteé the band.at §8.53 took all the intensity of the ring
protons, and the final spectrum, shown in Figure 4.2, which
was stable for thé next tén minutes, consisted of this band
and a singlet of equal inténsity at §2.40. This spectrum
is consistent with methoxide attack occu:ring at the 1- and
1°- positions of HNBB to giQe the di-adduct (4.5). The shift
to high field, relative to the resonance bositibns of HNBB,
of the ring and methylene protbn fesonances is in agreement

with similar shifts in related syStemS.25,26'

The initial
obser?ation‘of doubiets at 56.1 and §8.5 indicétes that rapia
methoxide attack occurs at the unsubstitutea 3- and/or 37 -
positions.zs'26 When one moiecular equivalent of base was
added to HNBB initially two doublets at 6.1 and §8.5 and a
broad band at §8.9 were observed, and may be attributed to
the ring protpns.qf (4.2; R=Mé). The band‘at 58.9 is due to
fhe rihg protoné of the unattacked ring épd its broadness may
indicate thatia small amountléf electron transfer to give

o 25,26 '

radical'aniohs occurs. The band at §8.6 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
l—metﬁoxy—substitutediriné of the di-adduct (4.6; R=Me) which
- presumably will be present as transient species. Another
ApossiBilify'is that tbe bénd is dﬁe to a thermodynamically
ﬁnfavourable rotational'isomer;of-the di—adauct (é;§7 =Me}) .
From these measurements it’cén be-concluded that methoxide
4 éddition at the 3- or 3’— positions is kineticaily favourable,
while hethoxide additién at the 1- or 1°- positions gives the
mére thermodynamically favouréble adduct.

TABLE 4.2 lH:h.m.r; data for HNBB and its adducts with
sodium methoxide in [2H6] DMSO

Species : , - 6%(ring) . . §%(chain)
HNBB 9.10(s) . 3.40(s)
(4.2f'Me): A Hy 6.1(4)  Two bands expected.
H, 8.5(4d) Too difficult to
H, 8.9(s) - ' measure.
(4.3: Me) ’ Ha 8.6(s) Two bands expected.
H, 8.9(s) Too difficult to
measure.
‘Me) . 8.53(s) 2.40(s)

(4.5;

- a. All shifts measured relative to internal TMS.
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4,3.2 - Reaction with Sodium Methoxide in Methanol

In methanol the yisible spectra for the reaction
between HNBB and dilute sodium methoxide (<0.2M) show the
revefsible formation of a red speciés, absorption maxima
Aat 430ﬁm énd 500nm (shoulder), foilowed after a few minutes
by an irreversible decomposition reaction of the substrate.
The specﬁra‘éf the rea speciesAis'consistent with the form-
ation of a o-adduct, rather than formation of the conjugate

base.25_2,8’83

Stopped-flow spéctrophotometry of the system
showed that one rapid colour forming reaction was present.
b Kinetic and equilibrium data were heasured for this species
'and are given in Table 4.3. - The best intérpretation of the
l—position to give the adduct-(é;gy R=Me) is shown in equation
4;1. : As the base concentration is in large excess over HNBBV‘

concentration equation 4.2 will apply.

k
1,

HNBB + MeO® ——— (4.3; R=Me) (equation 4.1)
B |

kK ops = ky[Me0T] .+ k ' (equation 4.2)

~ Values for k; of 23 1 mo1™! s7! ana k_, of

1.15 s_l are obtained for a linear plot of kobs versus base
concentration. Combination of these values gives a value for
Kl 6f 20 1 mol~ 71 wﬁich is in good agreement with that obtained
from équilibrium optical density measurements.

There is no evidence, at the basé‘concentrations
used, that.there.is.substantial conversion 6f HNBB int6 the

di-adduct (4p5r R=Me) . Only one rate'proqess is obscrved
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. TABLE 4.3 Kiﬁetic and equilibrium data for thé reaction

of HNBB with sodium methoxide in methanol at 25°C

' -1 a b -1
[ NaoMel /M - . Kops’s OD (480nm) Ky/1 mol
0.01  1.4:0.1 0.0041 B 23
0.02 1.6 . 0.0066 o 21
0.04 2.1 " 0.0098 . 20
0.07 2.8 0.0114 o 16
0.10 3.4 0.0146 20

5

a. Forl x 10 °M HNBB measured with a 2mm cell.
A Benesi-Hildebrand plot76 gives a value of 0.022
for complete cohversion,'corresponding to a value for

e of 1.1 x 1o4 1 mol'lcm'l.

b. . Calculated using the expression

Ky = 0D (480) / [0.022-0D (480)] [NaOM&]

and the value of the extinction coefficient is too low for
the_di—adduct (¢cf ethoxide addition). The di-adduct was ob-
served in the 1H n.m.r. spectra because the'presence of DMSO

greatly increases the basicity of the medium‘.zs'26

The n.m.r. work also indiéatesAthaﬁ methoxide
addition at the 3—positibn, to give (4.2: R=Me), precedes methox-
ide addition,at the l-position. However, it is known that

<the.equiiibrium constant for methoxide addition at the 3-
position of TNT‘in'@ethanol is 0.07 1 mol_l. Therefore, the

equilibrium constant - for the adduct (4.2; 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 equilibrium of the di-adduct (4.5:; R=Et), in the more basic

medium of ethoxide in ethanol.

'The visible spectfa of HNBB (2 x 10'5g) with sodium
ethoxide (0.001 to 0.2M) were recorded, see figure 4.3, After
two minuteé tﬁe spectrum observed is typical of o-adducts with
absorption méxima at 432nmvand 500nm in dilute base concen-
tration; in more concentréted base the higher energy band was
shifted slightly to 438nm. With time absorption maxima were
replaced by a band at 380nm With a broad sﬁouldér to longer
wavelength. Acidification of the solution containing the first
species regenerated HNBB indicating a reversible reaction, whiie
acidification of the solution éontaining the second species did

not, indicating‘an irreversible reaction.

Optical density values after the completion of
-g—adduct formation but before the decomposition had occurred
were measured and are presented in Table 4.4. ' It is found

76 of the reciprocal of optical

that a ﬁeneéi—Hildebrand plot
vdensity versus the ;‘i'/ﬂ‘;‘reciprécal of basevconcentration
was‘curved indicatingithat the reaction is more 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 theAextinction coefficients for the
species formed ét~the higher base concentrations can be calcul-
ated. f'if is found that tﬁe values ¢ 6.0 x lo4 (438nm) and

E43.33_x 10% 1 molfl em™t (500nm) are approximately double

24

those for<adducts of 1:1 stoichibmetry. This strongly



Figﬁre. 4.3 Visible spectra of HNBB(2:x 10—5‘1\_4) and sodium ethoxide in ethanol.
(a) [NaOEt:] 2 x 10—31\:__/1 after 2 minutes; (B) same as A after 30 minutes
5 _
M

(indicates irreversible reaction of substrate), (C) [NaOEt]4 x 10~

after 2 minutes

0-6
Optical
Density

04~

0-2




No.

10 -
11

12

91

. TABLE 4.4A'Eguilibrium data for the reaction of HNBB

(2 x lO—SM) with sodium ethoxide in ethanol

at,250C..
[NaOEt] /M ~ op(500nm)® oD (500nm)
' observed calculated
0.001 o1 o 0.192 S 0.190
0.002 02 © o.245 . 0.253
0.004 04 ' 0.297 | .0.311
.0.007 06 0.357 . 0.356
0.0099 . 0.388 .. 0.384
.0.0199 - . . 0.428 - 0.445
0.0398 © 0.509 . 0.509
0.0597 0.538 _ 0.544
0.0796 " 0.560 R 0.566
0.099 - 0.582 0.581
0.149 ~ 0.607 ' 0.604
0.198 0.623 ) 0.617

_Inritems 1-10 the solutions were made up to constant

" ionic strength, I=O.l§ with sodium perchlorate.

Calculated from equations 4.3, 4.4 and 4.5 with values

of K, 1200 1 mol™1, K2‘3O.l mo1~t

1.67 x 1071 mo17t em™t, €(4.5; R=Et) 133;<104].ﬁ@1_1 cm

, €(4.3; R=Et)

-1
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suggesté thét the di-adduct is formed by eihoxide attack on
the £wo picryl rinés in mbre concentrated solution. Presum-
ably from the ﬁ.m.r. evidence the most likely strucutre of thé
di-adduct is (4.5; R=Et) ahd.due to the separation of the
picryl ringsAby two ﬁethylene groups, eagh picryl ring would
appear to act ihdependenfly of the other to.produce what could
be considered as two 1:1 adducts per molegule, which would
-create an absorption double that is expected of a.lzl adduct.
Thé data presented in Table 4.4 can bé»accommodated by the
presence‘of two equilibria involving ethoxide aftack on one
:(equation~4;3) or two (equation 4.4) rings. The aséumption
tﬁat in items 1-3 ﬁhere is 1it£le di-adduct present allows
calculation of an approximate value for Kl, and the assumption.
that in items 8-12 little HNBB would remain al;owing calcul-

ation of an approximate value for K2, Then by iteration

HNBB + EtO™ =3  (4.3; R=Et) " (equation 4.3)
(4.3; R=Et) + EtO _X2, (4.5; R=Et) (equation 4.4)
HNBB + (4.3; R=Et) + (4.5; R=Et), = 2 x'lO5 (eguation 4.5)

‘the valﬁesvfor Kq of 12QOt2OO 1 mol-;.and Ké 3010 1 mol_l

aré obtained which:give'gqod agreemént between calculated and:
observed optical densities. The much lowerlK2 value indicates
that even though the picryl ringéfare well éeparated byvtwo :
methylene groups ethoxide additionlqn one ring to form the

g—adduct inhibits ethoxide attack on the second ring. -

. Two, well separated, colour forming processes ‘are obsefved,
by stopped—flow spectrophdtometry invsolutiéns of iow, €0.0l§,
base concentrétions. ~ 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 4éqnm;
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The slower proeess represents ethoxide attack at the l-position
to form the o-adduct (4.3; R=Et). The reaction scheme 1is
given by equation 4.6 and since base concentration is in large

‘excess over HNBB concentration it is readily shown by standard

3

- k 3

HNBB + EtO B
o k-

-1

(4.2; R=Et)

o

{equation 4.6)

(4.3; R=Et)
methods that equations 4.7 and 4.8 will apply. The data

is presented in Table 4.5.

kfast - kj[EtO“] +k 4 | ' (equation 4.7)

k, [Eto7]

kslow = 1+K3|Eto*| + k_l (equation 4.8)

A linear plot of kfast versus base concentration gave values

for kq of 4000 1 mol—l s_l and k_3Aof 32 sql. Combination

of these values gives a value for Ky of 125 1 mol"l which gave
good agreement with K3.values calculated from the optical
dehsities at'completion:of the fast process. Using the value

for K. of 125 1 mol™' a linear plot for k versus
; slow

3 .
'[Eto_]/ll + K3[FtO‘]) is obtained giving values for k, of

84 1 molf'l s Lana k_; of 0.070 s~ 1.
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TABLE 4.5  Kinetic data for the 1l:1 interaction of HNBB

(1 x’lO_SM) with sodium ethoxide in ethanol.

at 25°%
| ‘ a K./ kb / k€ (calc)
[(NaOEL] / ke / ~ 0D(430nm) "~ - 3 slow slow ,
ait : -1 i
o= 1 mol s
M 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
. 0.0025 ' ‘ 1 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 cell. A Benesi-~Hildebrand plot gives a value

of 0.040 for complete conversion.

b. Calculated fromK, = oD (430) /[0.040-0D (430)7] [NaOEt]

c. Calculated from equation 4.8 with k_, 0.07 s L,

k, 841 mol™1 s™1 ana Ky 125 1 mo1~ L.
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4.3.4 .Comparison with Related Compounds

Table 4.6 allows comparison of the data for the
1:1 adducts of TNT, TNBCl and 1,3,5-trinitrobenzene (TNB) with

those for HNBB.

"The value of Kl for ethoxide attack at .the l-positio
. of HNBB is ca 10 times higher than the value of K3 for attack
at the 3-position. TNBC1l also shows a thermodynamic prefer-

ence for attack at'the l—position82 whereas for TNT only the

83,142 There

formation of the 3-alkoxy adduct is observed.
are two faétors favouring alkoxide addition at the l-position
of HNBB or TNBCl relative to TNT. .The first is the inductive
o electron withdfawing effect of the 2,4,6-trinitrobenzyl or
chlorine Substituents. The second and probably of more
importance 'is the steric factor. The gréater the size of

the group at the l-position, the greater theApossibility of

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

plane in the l—élkoxy adduct.

Altﬁoﬁgh tﬁe<l—alkoxy-adduct ig thermodynamically
preferred; the formation of the 3—alkoxy—édduct, by alkoxide
. attack at the unsubstituted ring position, is kiﬂetiqally pre-
ferred. A4chatacteristib of‘the positioﬁ of addition appears
to be the Qalues of the reverse reaction ;ate coefficients.
Thus, values of k_, are at least 100 tiﬁes 16wer than values
of k_3.
Values of K, decrease from TNB to TNBCl to HNBB.
"This is becauéevadducts forﬁea by.addition at the unsubstituted
ring position. are destébilised.by"bulky groups at the l-position
A bulky>gfqup at the l-position causes the ortho nitro groups

to rotate- out of coplanarity with the ring, where nitro groups



TABLE 4.6 Comparison of rate and equilibrium data for HNBB with those for related compounds

1 -1 -1

k3/l mol ~s" 'k_3/s ,K3/l mol"l 'kl/l mol—]'s"l k_l/sil..'%l/l mo‘l"l
HNBB-methoxide ) o » 23 115 . 20
T‘NBCl—methoxid:esz | . IR <2 770 2.2 350
TNT—metho_xide83' | _280. 3000 0.07
*TNB_methoxide'® . 7300 1330 20
HNBB-ethoxide 4000 32 125 84 0.07 1200
TNBCl-ethoxide®? 10000 14 700 . 7000 <1 >10000
*INB-ethoxide © 40000 20 2000 |

* Refers to additiohAat an unsubstituted position.

96
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display their maximum electron withdrawing'ability.

The data for HNBB provides no evidence for the formation
of the conjugate base (é;i) by .deprotonation of.the substrate.
This was expected as a major reéction for TNBC1l or TNT with
alkoxide ions as the removal of a side chain proton to form
the conjugate base.SZA As these broton transfer reactions
are slow, it would be expected the .deprotbnation'of HNBB
by alkoxide ions would also be slow. 'Therefore it is likely
"the fairly rapid irreversible decomposition reaction of HNBB,
méntioned eariier, occurs before there is any‘appreci;ble
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.
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4.4 Derivation of the Rate Expressions

(i) Formation of the 3-alkoxy-adduct in alcohol.
k

(4.1) + RO~ .‘_L (4.2)
o k__3
as [RO7] > [4.1]
Kops = kg + kg SR | (1)

"where kf is the first order rate coefficient for the forward
reaction and k. is the first order coefficient for the reverse

reaction.

k

Il

c k4 [Ro7] | | (2)

k. = k_4 o . (3)

Substituting (2) and (3) into (1)

X

obs = k3[Ro] +k_,

(ii) Formation of the l;alkoxy—adduct in alcohol.

| .k%kl (4.2)
- -3 .

(4.1) + RO

: 1
k_‘l\‘ (4.3)
Ky = DT%EI%:I . 4
[4.1] + [4.2] " ‘[4.3]. = [4.1], (3

Substituting (4) into (5).

[4.3] ¥ [4.‘."1] (1+K3|:R_O;]) = [a.1],
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Re-arranging,

03]

.[4.11 = A ‘— 1 + K3 ERO..] : (6)
o ) [4.11,
where A = 1=+ K3 [RO']

afs.3] . - _ o |

e LR O IR (1)

Substituting (6) into (7)

QJ:%;—:;]-—' = x;[R07] |a - i+§;3[RO'-']] - k—_l 4-3] @
ala.3] _ 6. |

At eqplllbr}um, 3t

' [4.3] ' '
A - T3 RO? ] - k_ [4.3] (9)
3E ] - €

0 = k,[rR07]

Subtracting (9) from (8)

3] . X [RO™ | -
d_ 3{:3 _ 1—+K_§—ER—O'%- ([4.3]e - [4.3]) + k_l‘([4.3‘]e-[4.3])

Re-arranging,

ala.3] | 1 _ k, [RO7] -
at (.33 T Takgro] Yk (10)

. In the reaction there are 3 species present, (4.1) ., (4.2)
‘and (4.3). At the wavelength the reaction is studied (4.1)

'dogs not absorb.
Henée, . N
‘op = ;4.‘-3[4._34]‘  + '€4'.2[4.2]. (11)
‘ Substitutiﬁg (i)‘into (ll)f then (6) -~

(431 R0TIR, )

oD = A - = o+ 4.3
T Fa2 1+K, [RO7] 8'4.3[ ]
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Re-arranging,

€4 K3 [RO7]

o €4.3 - o+ € . A
b = [4'3][ - 1+Ky[RO]

4.2 - (12)

At equilibrium,

e - e, K ROT] )+ ¢ A

_ 4.37 F4.273 4.2°
op. = [4.3 : = (13)
e _[ ]e [ | 1+K3[Ro] ] =
:Differentiating (12)

gop _ ala.3] | fa.3- fa.2X3[ROT) (14)

at dt 1+K3[Ro'] - =
Combining (12), (13) and (14).

dop 1 _ o alsa.3] . 1

dt 0D_-0D .~ dt ([4.3]6-{_’4.3])

Hence, as the definition of kob is

S
« _.dop ., 1
obs dat (ODe—OD)

it has been shqwn

N L
Tobs ]_.+K3]:RO‘] : -1
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CHAPTER FIVE

THE REACTIONS OF

2,2°,4,4°,6,6 -HEXANTITROSTILBENE

WITH ALKOXIDE TONS
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5.1 Introduction

An-important commercial method for producing the
thermally stable explosive 2,2’,4,4’,6,6’-hexanitrostiibene

4,143 involves the reaction of 2,4,6-trinitro-

(ENs) (5.1),
toluene (TNT) with aqueous sodium hypochlorite in mixed
solvents.2 '~ Intense colours are ébserved during this re-
action. If the specieé producing these colours can be
identified it may be of hélp in determining the reaction

mechanism. Therefore the colour forming reactions of HNS

with alkoxides’have been investigated and are reported in
this chaptef.A

‘As for 2,2’L4,4f;6,6‘;hexani£rdbibenzyl (HNBB) , reported
in the previous chapter, and previous studiés of TNT deriv-
atives with bases,2$_28’82'1ikely products of the 1l:1 inter-
action of HNS with bases are the g-adducts (5.2) and (5.3)
with alkoxide attack at the 3- or l-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 abstracfion, at the
olefinic bond.l44'145' Fyfe146 has shown base addition at

the B-carbon atom of the double bond occurs in a-cyano-4-

nitro-4" -X-stilbenes.



NO

(5.1)

NO

(5.5)

NO

(5.3)
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5.2 Experiméntal

Visible spectral~méasurements were made using a Pye-
Unicam SP:500, Pfé—UnicannS?BO@@Beckman No.25 or Hi-Tech
SF-3L stopped-flow spectrophotometer, AllArate measure-
ments were madewusing a Hi-Tech SF-3L stopped-flow spectro-
.photdmeter-at 25°C under first order conditions. Rate
coefficients are the mean of atvléast five separate deter-
minations and are precisé toAtS%f

1

H n;m.r. measurements were made with either a Varian

EM 360L instrument or with a Bruker HX éOE instrument modified
for Fourier transform operation using a deuterium lock.
Chemi¢a1 shifts were measured relative to internal tetra-

-methylsilane.
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TABLE 5.1 Typical results fram rate measurements

(1) HNS(Zocio‘%@, sodigm methoxide (0.007M).

Medium process, measured at 470nm in methanol.

(ii) HNS(I»<10_%Q, sodium ethoxide (2;<1o‘%9;

Fast process, measured at 480nm in ethanol.

(i) | ) (ii)

t/s o v t/ms ave
0.0 3.4 . 1o 4.8
0.1 2.9 | 15 3.6,
0.2 | 2.4 20 2.7
0.3 2.0 ) 25 2.0
0.4 1.7 30 1.4
0.5 1.4 35 l.0
0.6 1.2 . 40 0.7
0.8 0.9
A plot of 1lnAV versus t A plot of 1nAV versus t
is linear and yields = is linear -and yields
o -1 » _ -1
kmed =.1.74 s | o kfast = 61.3 s
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TABLE 5.24'Txgical results fron rate measurements

(i) HNS(Z)(lO_Sg), sodium methoxid¢(1,6,¢10'4g)..

- Slow process, measured at 470nm in methanol.

(1)

t/s aop?

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

a. AOD = ODm—ODt
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5.3 Results andADiscussion:

5.3.1 lH n.m.r. Measurements

.Figure 5.1 shows the lHn.m.r. spectrum of
0.02M HNS in 80:20 (v/v)'[zﬂé] DMSO-[?H41 methanol.  Two
singlets with the expected intensity ratio 2:1 are observed
at 69.10 and 6§7.12, due to the ringvana olefinic protons
respéctivelfg (N.B. HNS is the trans isomer). When one
molecularlequivalent of sodium trideuteriomethéxide_reacts
" with HNS evidéence for (5.3; R=Me) is obtained, (see Figure
5.2). The singlets at 68.9 and 68.65 are attributed to
'thelring pfdtons while thé olefinic protons éive an AB quartet
at 36.45 and 66.8 with a value for J, the\coupling constant,
of 17 Hz being typical of frans—orientation.147 Transiént
bands were also observed at 69.00, 8.5 and 6.2 which are

25.145 the ring protons of (5.2; R=Me). As

attributed
for HNBB, in the previous chapter, the 3-alkoxy-adduct is

~ kinetically favoured while the l-alkoxy-adduct. is the thermo-
dynamically more stable product. Figure 5.3 is the spectrum
produced when two molecular equivalents of soéium tridegterio—
methoxide is mixed with HNS. The singlets at §8.53 and 6.05
are attributed to the fing and olefinié protons respecﬁively
of the symmetrical di—édduct (5.5; R=Me). .Similar spectra
were also obtained in a 50:50 (v/v) [zHé DMSO—[ZHA methanol
max

solvent system and typical double absorption spectra, A

ca 430nm and 480nm, of a o-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 insolubility
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FIGURE 5.2.. "H n.m.r. spectrum of HNS with 1 equivalent. of NaOCD, in. 80:20 (v/V)
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FIGURE 5.3

lH n.m.r. spectrum of HNS with 2 'equivalen'ts'of NaOCD3 in 80:20 (v/v)

[%u,] pMso-[?H,] methanol.
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of HNS .in methanol, and in 80:20 (v/v) methanol-DMSO, no

clear lH n.m.r. spectra could be obtained in these media.

5.3.2 Reactions with Sodium Methoxide in Methanol

‘Three reversible processes can be observed for
the 1:1 reactién of HNS with methoxide ions in methanol.
The first process is too fast to measure by Stopped;flow
spectrophotpmetry, whiie the se;ond colour forming process,
giving an Qfange species'with absorption maxima at 420nm and
480nm, 1is élso fast but can be measured by stopped-flow spectro-
photgmetry. ‘These processes are taken to be the formation of
‘(ng; R=Me) , by alkoxide attéck at the 3-position, and the
formation of (5.3; R=Me), by alkoxide attaék at thé l-position,
respectively. The third process is very much slower and
can be measured by conventional spectroécopy. It gives a
yellow.species with absorption ﬁaxima at 470nm (e 3£)x1041 mol-l
cm_l) as shown in Figure 5.4. As étated previously n.m.r.
measuremenﬁs in methanol have not allowed the structure of
the final productbto be determined. However it seems highly
'probable that this specieS«has_thé structure (5.4: R=Me).
The viéible épectrum is duite unlike'that éf o-adducts formed

by base attack at the aromatic ring-positions which show two

maxima in the visible region.

The kinetic énd equilibrium data presented in
Table 5.4 are best analysed according to Scheme 5.1. All
measuremenﬁs were méde with ﬁethoxide concentration bufferedl48.
or with mefhoxide concentration in large excess of the sub-

strate concentration. The three colour forming processes

were well separated and de31gnatedAkfaSt, kmed and kslow'



112

TABLE 5.3 Chemicai shifts for HNS and its adducts in
80:20 [?Hé] DMSO{2?H,] methanol

Species ' ‘ Ga(ring) : §% (olefin)
HNS o '9.10(s) 7.12(s)

(5.2; R=Me) H_ 6.2(s) o . Impossible
Hy 8.53(s) . " to determine
H, 9.00(s)

(5.3: R=Me) . . Ha 8.65(s) AB quartetb
H  8.9(s) 6.45, 6.8°

(5.5; R=Me) 8.53(s) ) - 6.05(s)

a. § values measured relative to internal TMS.
b. AB quartet defined in reference 147.

c. J =17 Hz.
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(5. R=Me)

| 8]
~e

]7
k_ 3

HNS + MeO 5.3; R=Me)

-c . (5.4; R = Me)

Scheme 5.1

75

- By standard methods it can be shown that equations 5.1,

5.2 and 5.3 apply.

Keoot k3[MeO ] + k_ 3 " (equation 5.1)
. Ky (MeO™] :
kmed = 1+K3LMeo—] + k—l (equation 5.2)

k_[MeO ] »
k = G —= + X
slow _1+K1DMeO ]+K3[MeQ ] - -c

(equation 5.3)

The kinetic data for methoxide attack on HNS is given

in Table 5.4. Using equation 5.2 the kmed data is best fitted
by the values K; 10 1 mol_l, k, 145 l_mo'l_l s™! and k_; 0.75 s 1.

Combination of these latter values gives a value for Ki of

200+10 1 mol L. " Equation-5.3 is used for the kSlow data.

Here the data is best fitted by using the known values for-

of 10 1 mol—l.and K, of 200 1 mol™! with values for k of

3 1
' -1 -1 : -5 -1 :
1.45+0.05 1 mol. ~ s and of k—c (2+2) x 10 s . .The high

K

uncertainty of k_o makes the value of K. (=k./k__) imprecise

5

and therefore it is preferred to quote a value that K, 2 1071 mol

The large conversion to the third species, at very low base con-

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

d

1

10° [Meo ] /M Conditions k7S 1 ale
3.2 a
6.9 a’
16 " a
23 - b
31 b
48 b
100. .c 0.88+0.08 0.89
200 c - |
400 o 1.19 1.30
500" .C 1.43 1.44
600 c
700 c 1.72 1.70
800 c
1000 c 2.10 2.07
2000 e _ _
4000 c 4.50 4.90
7000 c 6.9 6.7
10000 e 8.1 8.0
a. 4-Bromophenol-4-bromophenoxide buffers.
c. Sodium methoxide in methanol.
k_y 0.75 s~ and K, 101 mol~1
k_, 2 %107 | 200 1 mol™ and K, 10 1 mol”

I

lO4 k
s

0.63
1.25
2.5
3.3
4.3
6.3
12.3
20
32

43
45

49
55

-1 . 4 e
low/s - 10 kcalc

£0.03 0.66
1.20
2.45
3.4
4.4
6.5
12.2
20
32

39.
44

47
56

Phenol-phenoxide buffers

.to ref. 148,

Calculated from equation

Calculated from equation

At the completion of the

2 x 107°M uys.

'OD(470nm)f

0.48
0.55
0.57

0.57
0.56
0.56

prepared accofding
5.2 with k1145szmo1“
5.3 with k_ 1.45% mol”

slow reactions with

1

1

S_

.

1

1

STT
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the completed third process. This confirms that the value

of Kc will‘bé high, in agreément with the kinetic measurements.

‘5.3.3 Reaction with’Sodium Eth0xidelin Ethanol

The visible spectra in ethanol of HNS (2 x lo_sg)mm
sodium ethoxide (0.004 - 0.2M) recorded after one minute showed
the double absorptibn maxima characteristic of a o—adduct.zs’26
In dilute ethoxide solutidns the maxima were at 425 énd'490nm,
- while in more concentrated solutidns they'éhifted tov435 and
48Onm.‘4 These bands slowly faded with time to be -replaced by
a new band at 474nm. Using the data in Table 5.5 a Benesi-
Hildebrand plot75 of the reciprocal of optical density,
measured after o-adduct formation was complete but before de-
composition had occurred, versus the reciprocal of base Eoncen-
tration, was curved indiéating the presence of more than one
equilibrium. A short extrapolation of this-plot gave an
optiéal density'for cbmplete conversion at 480nm of 0.543.
From this the extihction coeffipients-for the high base con;-
centration species are calculated to be g4.6 X lO4 (435nm) and
2.7 x lO4 1'mol"1 cm"l (480nm) . These afe‘approximately double :
the extinction coefficients expected for adducts of 1:1 stoichio-
metfy.25_28 As found for the reaction of‘HNBB with ethoxide
ions, this suggeéts ﬁhe formation of the di-adduct by ethoxide
attack on'both‘aréhatic rings. From-lH n.m.r. measurements
‘the di—adduct is most iikely fo 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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'f TABLE 5.5 Equilibrium optical densities for the reaction
of HNS (2 x]DT%Q with sodium ethoxide in
ethanol at 25°C

No. - [NaoEt] %/M - oD(480nm)  0D(480nm)P
- observed calculated
1 0.000 42 0.175 | 0.175
2 0.000 63 0.194 ~ 0.202
3 " 0.000 84 0.218 - 0.219
4 .00l o4 - 0.236 . . 0.232
5 ~ 0.002 10 0.260 ~ 0.269
6 0.004 18 | 0.301 ~ 0.304
7  0.006 25 0.320 0.326
8 . 0.008 30  0.340 ) 0.344
9 | 0.0106 | 0.362 0.360
10 | 0.0212 ' 0.415 0.409
11 0.0424 |  0.452 0.455
12  0.0636 0.478 0.478
13 0.0848 0.489 0.491
14 ~0.106 | 0.501 0.500
15 0.212 . 0.523 0.520
a. In items 1 - 13 the solutions were made up to constant

Ionic strength, I=0.1M, with sodium perchlorate.

b. Calculated with values of K, 4000 1 mol ™1 s-l,

K, 50 1 mol™', ¢(5.3; R=Et) 1.36 x 10 1 mol™* cm™?,

e (5.5; R=Et) 2.72 x 1071 mo1™! cmi.
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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 coetficient for (5.5; R=Et)

. _ X »
HNS + EtOT === . (5.3; R=Et) :
g _ k2 iy Scheme 5.2
(5.3; R=Et) + Et0 === (5.5; R=Et)

Second, that for items 1-4 (low base concentration) little.of
the 152 adduct will be present allowing an abproximate value
for Ki to be calculated, and for items 10-15 (high base concen-
tration) little free HNS'Qill remain in solution so allowing

an approximate value for K, to be calculated. Then by iter-

. ation values for kl 4000 ‘1 mol™'" ana X, 50 1 mol™} were found
‘to glve a good fit between calculated and observed optical
den31t1es. The value of K2 is an eighth of the value of Kl
which indicates that alkoxide addition on one picryl ring
inhibits alkoxide attaok on the other picryl ring, despite the

two picryl rings being separated by two carbon atoms.

At base concentrations lower than 0.005M the 1:1 inter-
aetions'of HNS and ethoxide ions are dominant.. When studied
using stopped—flow spectrophotometry two well separated colour
forming reactionsiwere observed.. The first process is attrib-
-utedtto the formation of the'34alkoxy~adduct (5.2; R=Etj and
the second process to the formation of the l-alkoxy-adduct
(5.3; R=Et) . The data for these reactions &re given in Table 5.6

Usihg eqdation 5.4 a plot of kf st versus ethoxide concentration
is llnear giving the values for k3 of 1.2 X:K# 1 mol -1 s—1 and
k_3 of 25 s 1. | Comblnatlon of these values gives a value for
- Ky (=k3/k_3) of 480 1 mol 1.A 'Thls value of K, and use of
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TABLE 5.6 Kinetic results for formation of the 1:1

adducts from HNS (1 xin%@ and sodium

ethoxide in ethanol at 25°%

[NaOEt] /M k

0.0006
0.0008
0.0010
0.0015
0.0020
o.oo3o:

0.0040

a. Calculated using equation 5.2 with k; 300 1 mol ~ s

k 0.075 s'l

-1

fast

30+3
32
37.
48
51

62

12

and K

-1
kslow/S

0.2100.02

-0.245

0.28
0.34
0.40
0.43

0.45

1

480 1 mol .

1 -1
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equation 5.5 enables calculation for k, of 300 1 mo1”1 s7t
and k_, of 0.075 s™1.
Kfast = Ky Ei:to] + k_3 | (equation 5.4)
k, Bto] . o
kslow = l+K31?toj + k_l ' - (equation 5.5)

5,3.4 " Comparison with Related Compounds

‘The kinetic and.equilibrium data relating to
alkéxide édditions to the aromatic rings of the compounds
HNS, HNBB, trinitrobenzyl chloride4(TNBCl), TNT and 1,3,5- .
trinitrobehzehe (TNB) is collected in Table 5.7. The results
are in accord with the generally higher basicify of ethoxide

solutions compared to methoxidé solutions. It is'known137

that the unsaturated side chain CH=CHPic is more electron with-

drawing than its saturated analogue CHZCHZPic, but less electron
withdrawing than CH2C1, This is reflected by the values of the
equilibrium constanté as those of HNS fall between those of

HNBB and TNBCl.

HNS, like HNBB'and'TNBCl, forms a kinetically
‘favbured-B—alkoxy—adduct which is less thefmodynamically stable
than the l—alkoxy—aaductm For TNT only the 3-alkoxy-adduct is
'for_medv.83 " Presumably the major reaéon for no.l—alkoxy—adéuct
-of'TNT'in its,substituent‘in the picryl ring is electron re-
leasing whilst in the picrflvrings of Hﬁs; HNBB and TNBCl 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 edgilibrium data for HNS with those for related compounds

1 -1 -1 1

k;/1 mol™'s k_y/s Ky/1 mol” ki/l.‘_mol‘ls'l Kés_l k) /1 mol”™ 1
HNS - methoxide ’ | 10 | 145 0.75 200
HNBB - mefchoxidea | : 23 1.15 20
'TNBC1 - methoxide® _ S : <20 770 2.2 350
TNT - methoxide® 280 3000. 0.07
TNB - methoxide 7300 - 300 20
ENS - ethoxide 12000 . 25 480 300 0.075 4000
HNBB - ethoxide® . 4000 32 125 84 0.07 1200
TNBC1 - ethoxide® 10000 14 700 7000 <1 >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)

11
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withdfawing ability of the substituent at the l-position

'-on the picryl rihg. | The l-alkoxy-adduct iS‘thé more thermo-
dynamically stable because the carbon atom; at which.alkoxide
attack occurs, becomes_sp3 hybridised and the bulky substituent
becomes pe;pendicular'to the ring. This enables the ortho
nitro groups, previously twisted out of the ring plane by thé
bulky substitﬁent} to rotate and become planar to the ring.v
Here the ortho nitro groups exert their maximum'electron with-
dréwing ability and hence increase their ability to stabilise
the_l—alkoxy—édduct. waever, in the 3-alkoxy-adduct the ortho
nitro group will remain siightly twisted out of the ring plane
and therefore unable to exert their maximum electron withdrawing

ability to stabilise the adduct.

The tﬁird‘reversible interacﬁioh of HNS with alkoxide

ions hés been to produce a species with high tﬁermodynamic
stability. E.s.r. measurementsl49 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 ét the olefinic bond of HNS.
Equation 5.3 prédicts that as the stability}éf the ring adduct
increases the>rate‘of production of (é;i) dec;eases. This is
why the speciés (5.4) is more readily formed in methanolic
methoxidé solﬁtions. In the more basic media of ethoxide in
.ethanol, or methoxide in methanol—DMSb, the fate of production-
of (5.4) will be slow and in competition with the irreversible

decomposition of the substrate.
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5.4 Derivation of the Rate Expressions

(i) For alkoxide additions on the aromatic ring.

The rate expressions

kfast = k3[RO ] + k-3
k. r -
_ RO .
Knea T Takg[Ro ]t Koy

are derived in an analogous manner to the same expressions

in Chapter Four.

(ii) For alkoxidé addition at the olefinic bond.

' 5,
Z (5.2)
-3
‘ : kl _
(5.1) + RO~ == (5.3)
k3
Xk
N
k-c (5.4

~The raté of formation of (5.2) and (5.3) is very
fast compared to the rate of formation of (5.4 4) and [RO7)

is in large excess of [5. l]

Therefore,

at 1
SRR -3 oy . . [5.3 |
Ky = [5.1] [RO—]. . (2) Ky - E‘Fﬂ%ﬂ . (3)

[5.1],;' [5.51 + [5.3] +' [5-4] = [5-1], (4)

afs.4] _ X, [5;1] [Ro']_ - k_c[5-4:| (1)
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Substituting (2) and (3) into (4).

|_'5.'1] + Ky[5.1] [RO™] + K, [5.1] [Ro‘j + [5.4] = [5.1],
Re-arranging,
_ [5.4]
5.1 = & 1+K, [RO™J+K, [RO™ (3)
. [5.41,
where A = T4k [RG J+K;[RO ]

Substituting (5) into (L)

als.a] _ - | 5.4] | |
- kc[RO] A - ‘14K, [ROJ+K,[ROT]| T k-c[5°4] (Q

dt
At equilibrium, gl%iél = 0
N | [5.4], -
°© = kc[RoJ A - 1+K; [ROT[+K;[ROT]| 7 k-cA[5'4]e A (2)

Subtracting (7) from (6)

| kj:[RO—] | ,
d[dS.4] = TR RO T RG] ([5:41715.41) + k_ ([5.4] -[5.4])
t .
Re-arranging,
als.4] . 1 5 k [Ro7] -
dt [(5.4] -[5.4] ~ 1+K, [RO-]+K; [RO"] -c
X = dop . 1 .
obs at k (ODe—OD) ?y definition.

Theréforé it is necessary to relate the chénge in optical
density to the change in the [5.4]. -
Of the species present only (5.1) does not absorb at

the wavelength at which the reaction was studied.
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oD = 55.2[5.2] +eg 5[5.3] + e ,[5-4] | (8)
Substituting (g) and (3) into (8)
oD = 55.2K3[571][Ro‘]‘+ eg 3K [5.1][ROT] + e, ,[5.4] (9

Substituting (5) into (9)

= = : = 5.4
oD = %J%@°1+%3M@0”[A-ﬁqﬁéﬁ%ﬁ?ﬂ
+ eg 40L5-4].

Re-arranging,

o 55.2K3[RO—]+€5.3K1ERO_] ,
O =B - | TRe T, RoT ) B4l ks 504

where B = A(55.2K3[RO 1 + 55.3K1[RO ])
Re-arranging again,

oD = B - (C - ec ,) [5.4] ' (0

€g 2K3[Ro'1 + g 3Kl[go‘]
where C = i+K-[Rdf] + K fRof]
179 3

At.equilibrium
oo, = B - (C- 85.4} [5-4], . (11)

':Differentiating'(;g)_

dt - dt 5.4

dob  _ afs.4] (C=-c. ) " : (12)

Combining (10), (11l) and (12)

dop  __1 - db.4] | 1 -
dt (ODe—QD) CL ([(5.4].-[5-4])
Hence |

k = A cLRO + k_
obs - 14k, (RO ] +K 4[RO ] ¢
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CHAPTER_ SIX

THE REACTIONS OF

2,4,6-TRINITROBENZYL CHLORIDE .

WITH ALIPHATIC AMINES

IN DIMETHYI, SULPHOXIDE
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6.1 Introduction

Recent work150 has shown that nitrogen bases can be

~used to produce 2,27,4,47,6,6 -hexanitrostilbene (HNS) from

- 2,4,6-trinitrobenzyl chloride (TNBCl).

Previbué work92 has reported t&o types of process,
o—adduc£ formation and side-chain 'deprotonation, for the
reaction of TNBCl with amines in DMSO. Kinetic and equili-
brium data for the latter process‘and equilibriﬁm data for

the former process are available.?2

Reported here are
kinetic and equilibrium data for the formation.of g—-adducts
by the reactibns of TNBC1l with four different amines in ﬁMSO;
Compariéon of this'déta,-with that for the o-adduct férming
reactions between 1;3,5-trinitrobénzene (TNB) and amines in
78,151-154

DMSO, allows the examination of the steric and

lelectronic effects of the —CH2C1 group on d-adduct formation.

,Visible.spectroscopic measurements have shown92 that

g~adducts formed betweén TNBCl and amines in bMSO give maxima

at 450nm-452nm énd,510nm;550nm, and the conjugate base gives
maxima at 373nm,.490hm and 600nm. The data is 5est interpreted
by Scheme 6.1. q—adauct;formation, whether by amine attack

'  at the substituted or uﬁéubstituted‘pbsition,,inﬁolves a
'zwitterionic intermediate. Proton tfaﬁsfer-ffom this inter-

mediate is showh, preSumébly'for steric reasons, not to be

diffusion contrblled. All threeAprocesses are observed for

primary amines. but amine attack at thé'substituted position

to form the l-amido—adduct is not obéerved for secondary amines.

Here, the'i—amido—adduct is presumably disfavoured because of

extreme steric congestion that yould result if it was formed.
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86 that substituted ammonium

EVidénce has been reported
ions, presentvfdr kinetic measurements, can be stabilised by
association with chloride ions, R:‘RﬁH2 ce.. C17. The
measurements reported in this work have been made in the
presence of substituted ammonium perchlorate or substituted

ammonium chloride salté_and the results found to support the

above assertion.

6.2 Experimental

Visible spectra were recorded on a Pye-Unicam SP 8005

spectrophotometer.

.Kinétic and equilibrium measurements were made at 25°C
using a Hi-tech SF-3L spectrophotometer or Pye-Unicam SP 8100
"recording spectrophotometer. All solutions of reagents were-
fréshly prepared before use. The rate coefficients measured
on the stopped-flow spectrophotometér 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.

lH n.m.r. measurements have already been reported in

previous work92 and repetition was felt to be unnecessary.
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TABLE 6.1 Typical results from rate measurements

(1) TNBCl (5 x 10_6g), benzylamine (0.03M).

First process, measured at 450nm, in DMSO.

(ii) TNBCL (1 x 107°M), piperidine (0.034).

Oonly process, measured at 450nm, in DMSO

containing piperidinium chloride (0.1M).

(1)

t/ms Ve
o . 5.0
10 | 4.1
20 3.2
30 2.6
d0 2.0
60 1.3
80 0.8

A plot of 1lnav versusl

t is linear and yields

_ -1
kObS = 22.8 s

(ii)
ﬁ/ms‘_ - av®
0. 4.2
.5 : 3.6
10 3.1
15 2.5
20 ' 2.1
30 1.5
40 ' 1.1

A plot of 1lnAV versus

t is linear and yields
o -1
kObS = 34.3 S .

130
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TABLE 6.2
Typical results from rate measurements.

(i) TNBCl (5 X 10—6g), n-butylamine (0.004¥);
Second pfocess, measured at 450nm, in DMSO
containing n—butyiammonium perchlorate (0.1M).

(1ii) TNBCl (5 x 10'6g), n—butylamine>(0,004§).
Second process, measured at 450nﬁ, in DMSO

containing n-butylammonium chloride (O.lg).

(1) | (ii).

t/s ave t/s av?
0.00 3.30 0.00 3.4
0.05 2.90 0.05 3.0
0.10 2.40 0.10 2.6
0.15 2.10 0.15 2.3
0.20 1.85 0.20 2.0
0.25 1.70 0.25 1.8
0.30 1.40 0.30 l.6
0.40 1.00 4 0.40 . 1.2

A plot of 1nAV versus A plot of 1nAV versus
t is linear and yieéelds t is linear and yields
k., =2.9s"t kK, =2.6s"

obs o } obs
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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 cdmplete 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 fo;ming reactipns measured were first order.

4Wheﬁ reactions between TNBC1l and émines were stﬁdied in DMSO con-
taining no addea amine salt; éufficienﬁ excess of amine was used 56 that at
_equilibrium there was >95% conversion of T™EC1 to amido-adduct. For re- '
actions with buffgrS»(amiﬁé plus amine salt) the buffer com-

ponénté‘were in large excess of the TNBCl concentration.

. OD : .
ln,BB::BB = | kobs't ) (equatlon 6.1)
Equation 6.1 applies under these conditioris.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.

~ . ) )

Cx = k3kAm [An] +Ak-3kAmngAmH+]j (equati 6.2)

L obs k_ 3+ kAmEMﬂ : -
K.k, [Am]2 -

k = A (equation 6.3)
R squstion 6.3
kébs = k3 [An] ;J'. ' i_V . (equation 6.4)
fAml 1 s L 3 | .
qus o k3kAm Am | ‘k3 ‘A (equation 6.5)

If the'reqctioné are studied with no added amine salt

i

then the ccnééntration of amine salt is very small and equation
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6.3 applies. By assuming kAm[AIﬂ_]»k_3 equation 6.3 becomes

equation 6.4 or inversion of equation 6.3 gives equation 6.5

Two well separated rate processes are 6bserved for £he
reactions of TNBCl with primary amines. ‘The first is rapid
amine attack at the uﬁsubstituted 3-position of TNBCl, followed
by a slower amines attack.at thevSQbstituted l-position. For
amine attack at the l-position the rate expression can be ex-
pressed as equation.6.6, that.is the sum qf the forward and
reverse reaction coefficients. It can be shown using standard
methods75 that, allowing for prior attack at the 3-position,
the generai rate exéression isAgiven'by équatiop 6.7. If
‘there'is‘no added amine salt present in solution then; the kr
term is negligible, and in some cases equation 6.8 can be found

to be useful. The terms (OD)3 and (ODm)3 are the optical

kobs = kf + kr"f, ' _ (equation 6.6)
2 _ . .
k = ,leAm [Am] — + K 1 %am® ("] (equation 6.
| - AT
k. k [Am]2 A
K bs (k +k lAﬁ:m)l+ (OD) ' - (equation 6.8)
obsS _l Am[ ] ) 3 . .
o K 1 ¥amat
k fam]? e [amit"]
Kobs = [k_.l o] (oD) ] + [k " ]] (equation 6.
T+ |Am 1+ ' —= 4+ [Am
| kAm (op_) 3—(OD)3 Kam

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.
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Equation 6.10 has been given in previdus work92 for

the removal of a side chain proton by amine.

k = D 5 o+ k_PEAmH+] ' . (equation 6.10)

6.4 Equilibrium Constants

Because o-adduct formation between TNBCl and amines
involves two steps, linked by the zwitteriénic inte;mediate,
it is usual to refer to the overall equilibrium constant.
For example, Kc'3 is the overall equilibrium constant for
conversion of TNBCl to the 3-amido-adduct, and is defined
by equation 6.11. In addition, Kc,3 is normally defined
in two other ways. A Equation 6.12 :elates Kc,é with Kj'
the equilibrium constant for the formation of the zwitterionic
intermediate, and to the acid diséociation constants of the
V . . z . AmH+
zw1tter;qn Ka ., and protonated amine, Ka, ; . while equation
6.13 relates Kc,3'to;the fate coeffiéients associated with
formation of the 3-amido-adduct. l The’ove:all‘équilibrium

" constant for the l-amido-adduct, Ké 1+ can be defined by

exactly analogous expressions.

6.3 + ‘ -
Kobs ~ l6,1||Am]2 . ~ (equation 6.11)

K2
a .
kobs = K3 ;— + (equation 6.12)
Ta
'k, k :
k4, = —éL—AE.A . (equation 6.13)
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6.5 Resuitef

Four amines, n—butylamdne, benzylamine, pyrrolidine and
piperidine have been used to study the reactions of TNBC1l
uith amines in DMSO. The kinetic and equilibrium data will
now be reported and because each'amine reacts in slightly
diffefent‘ways-with TNBCl the data fcr each amine will be

given separate treatment.

6.5.1 Reaction with n-butylamine

As reported previously92 thfee processes were

'cbserued. Two fast o-adduct forming‘reactions foliowed‘by
.a.slower proton transfer reaction. The data are 1nterpreted
according to Scheme 6.1. The data for the formation of the
3;amidc-adductAare giVen in Table 6.3. At the base concen-
trations used kgm[Am]>>k_3 so equation 6.4 applies and Yields
a value for ky of 3000 1 mol™t s”'.  when the n-butylamine.
concentration is 0.004M if a lower iimit of k [Am]/k of‘4
is set then it can be calculated that the ratio k /k >lOOO
and also Kk, >3xlo6 12 mo17? 1. For attack at the l-positior
the rate.data.is interpreted by edquation 6.8 with values for

-1 ‘ ' -1

k, of 700 1 mol™* s™' and k, /k_) of 2000 1 mol™".

l .

The data obtained in the presence of 0.1M n-
butylammonium chloride are in Table 6.4. The rate of amine
attack at the 3—pdsition was.too fast to measure with the
«avallable techniques,, but u31ng the optlcal densities measured
at the completion of thls fast process a value for Kc’3 of

-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 measuremente was restricted. A value for Kc 1 of 23,000+50(

1

1 moi™t has_beendcalculated and this compares with a K, i value



TABLE 6.3 Kinetic and-equilibrium‘data for the reaction -of TNBC1 (5 x.Mfag) and
n-butylamine in DMSO at 25°C

[h-butylamine] /M kfast/sil kg/l mol ts™ 1 I (oD)3b slow/s_l _kgalc (OD)ld
0.0004 ' 0.0026 0.10 0.11 0.024
B 0.0005 _ . - | ©.0057 0.13 0.13 0.024
0.0006 0.0045 0.19 | 0.18 0.025
0.0008 - B 0.0067 0.23 . 0.23 0.026
o.001o,"A ' , 0.0087 0.27 | 0.27 0.027
0.0020 3 | 0.0164 0.27 0.25 0.027.
0.0040 10.6 2660 -1 o0.0200 : 0.027
.0.0060  |. 20.0 | 3330 0.0210 . ‘ 0.027
~ 0.0080 ' 24.2 : 3020 0.0210 ‘ ‘ . 0.027
6.0100 33.6 3360 | o.0210 | | 0.027
2. Calculated using equation‘6.4.
b. Optical density at completion of fasteét reaction; measured at 450nm.

1 1

C. Calculated from equation 6.8 with kl 700 1 mol ~ and kAm./k_l 2000 1 mol™ ~.

d. Optical density at completion of slower reaction forming l-adduct; measured at 450nm.

9T



TABLE 6.4 Kinetic and equilibrium data for reaction of

TNBCl with n-butvlamine in DMSO

and kAmH

+ 55 1 mol”

l .

-1

containing n-butylammonium perchlorate (0.1M) at 25°%¢
: [h—butylaminé]/g (OD)3a Kc,3/l mol‘"l (OD)lb' Kc,l/l mol~1 kobs/s_l calc/s_l
0.001 0.0Q39 23,000 2.2 2.2
0.002 0.0100 23,000 2.2 2.1
0.004 0.0173 29,060 2.9 2.9
0.006 0.0205 - 3.9 3.9
'0.608 0.0209 - 4.9 4.9
0.0l0 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
0.650 0.0123 71 0.021 - 10.7 "11.1
0.060 0.0137 69 £ 0.021 - ' 10.5 10.5
a. Optical density at completion of reactién giving 3-adduct; measured at 450nm. A Benesi-
Hildebrand type plot’6 gives a value for (OD_) ; of 0.0192.
b; Optical density at completion of reaction giving l-adduct:; measured at 450nm.
c; Calculated from equation 6.7 with k; 630 1 mol~?! s-l, Kc'3 73 1 mol-l, kAm/k—l 2000 1 mo1~1

LET
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of 20,000 1 mol_l previously repo?ted.92 With increasing
base conceﬁtration the rate coefficients for the l-adduct pass
through a maximum and the data are interpreted according to
equation 6.7. At n-butylamine concentrations >0.0lM the
condition kAm[Am]»k_l will apply and the k_ term will be
negligible thus allowing the éalcﬁlation of a value for kl

: -1 -1
of 630 1 mol s . Hence, the ratio k—lkAmH /kAm (=k /kc 1

is calculated to be 0.0274 s_l. Finally, u51ng the fact that
little of the 3-amido-adduct will be initially present at low
(<0.008g) amine concentrations, and the previously calculated
values of kl and k-lkAmH+/kAm’ equation 6.9 can be usgd to
calculate kAm/k_l. The wvalue obtalngd for kAm/k_1 is

2000500 1 mol—l. Using these calculated parameters equation

6.7 fits the data over the whole concentration range.

Table 6.5 contains the data obtained in the presence of
O0.1M n-butylammonium chloride, which show differences from
those obtained with the perchlofate salt. -Calculation from
the optiéal density measurements for completion of ghe first
process gives a value for Kc,3 of 150x20 1 mol_l. Again Kc,l
cannot be calculated with great aécuracy from the optical
density measurements but like Kc,é it is considerably larger
than the overall equilibrium-constanté obtained with the per-
chlorate salt. A value for k; of 630 1 mo1l™t 57! is obtained
from the data at higher concentratibhs and, assuming kAm/k—l
will reméin at 2,000 1 molfl, a value for Kynggt OFf 321 mol~1

is obtained. Combination of the kinetic parameters allows

l(=k k /k

-1
1. AmH+) to be galculatgd as 40000 1 mol .



TABLE 6.5 Kinetic and equilibrium data for reaction of TNBC1l with

n-butylamine in DMSO

containing n-butylammonium chloride (0.1M) at 25°C

[n—BuNH_Z'] (OD) 3a Kcl.3/l. mol‘l (oD) lb Kc, l/1 mol'l kobs/s—l galc/s‘l
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 24,000 3.8 3.6
0.008 0.020 4.8 4.6
‘0.0lp 0.021 5.8 5.5
' 6.015 0.0057 160 0.021 7.8 7.2
0.020 0.0083. . 160 0.021 8.9 7.9
0.030 0.0128 170. 0.021 8.3 8.4
0.040 0.0143 130 0.021 8.2 7.5
a. Optical densitf at completion of reaction giving 3—adduct. A Bensei-Hildebrand type. plot
gives a value for (ODw)3 of 0.021.

b. Optical density at completion of reaction giving ;-adduct.

c.  Calculated from equation 6.7 with k; 630 1 mo1™* 71, K, 5 150 1 mo17t, X, /k , 2000 1
mol” s .

, and kAme 32 1 mol™

76

6€T
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6.5.2 Reaction with benzvlaﬁine

Two c—eddﬁet formatioﬁ reacfions are observed.
With no added amine salt in solution rate data for amine
attack at the 3-position hae.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 [Amﬂ/kobs‘versus

1/[Am] is linear and yields a value for K3kAm of 1.4 x 10> 12

mol™? s! from the slope and for k,; of 1000 1 mol™! s™! from

TABLE 6.6 Kinetic data for the fast reaction of TNBCl with
benzylamine in DMSO at 250C, vielding the 3-adduct

‘ . _1 a “1 o
[Benzylamlne]/g kfast/s kcalc/s (OD)3
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
a. Calculated from equation 6.5 with k3 1000 1 mol_1 s—l.
o 5,2 . ,-2 -1
K3kAm 1.4 x 107 1° mol s .

b. Measured at 450 nm.

the intercept, Data for solutions eontaining 0.1M 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 51 mol™ " to be calculated. The optical density

measurements at completion of' the second process give a value
of Kc 1 of 1000 1 mol—l. This KC 1 value is considerably

, [



TABLE 6.7 .Kihetic and equilibrium data for the reaction of TNBCl with benzylamine in

DMSO containing benzylammonium perchlorate (0.1M). at 25%

[Bénzylaminé]/g '(OD)3a Kc'3/l mol ™1 (OD) ’Kcil/l mol ™1 ‘kobs/é—l kcglc -1
0.005 . 0.0051 1000 2.9 2.9
0.0075 . | o.oos8 | = 940 2.8 . 2.9
0.01 n S 0.0119 880 3.1 3.1
0.02 . ' ' | 0.0200 910 4.2 . 4.6
0.04 . 1 0.0241 1070 1 7.6 '4 8.0
0.06 o A . 0.0250 | 11.9 11.1
‘0.08 0.0070 7.7 0.0250 13.2 | 13.4
0.10 ~ . .| o0.0079 | 6.0 . 0.0259 | - 15.2 . | 14.7
0.15 | .0.0106 | . 4.5 | o0.0255 . 16.1 15.8
0.20 0.0146 | 5.6 0.0259

Optical density at complétion'of reaction giving 3-adduct; measured at 450nm.
A Benesi-Hildebrand plot76 gives value for (ODm)3 of 0.021.

Calculated from equation 6.7 with k; 230 1 mol™ sfl, K 51 mol—l, k 200 1
mol™! and k, .+ 46 1_mol‘l s,

c,3 Am/k—l

|8 A8
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lafger than has:been prévioﬁslygz"calculated; However it.'
is believed that the new Kcll value of 1000 1 mol™! is more
reliable.  Sufficient kinetic data is available to calculate
the kinetic parémeters of the second process in an énalogous

' way to those calculated for. the reaction with n-butylamine and
its perchlorate. The calculated values are k; 230 1 mol”t S—l,

, ' -1 .
for the ratio k_lkAmH+/kAm 0.23 s and for the ratio kAm/];_l

200 1 mol—l. Combining these results gives a value for

kAmH+ of 46 1 mol_l sfl. 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 0.1M
benzylammonium chloride. The values of kl and the ratio
kAm/k_l'are unchanged within experimental error. Significant:
differences are found:in thé calculated values for Kc 3 10 1 mol”
-1 . -1
2000 1 mol ~, the ratio k_lkAmH+/kAm 0.125 s and kAmH+

c,l
25 1 mol_l s_l.

K

The rate coefficients for the third process giving
the conjugate base has been @easured, at 620nm, with a convent-
ional spectrophotometer, in solutions containing O.1M benzyl-
ammonium perchlorate. 'Equation 6.10, using a value for Kc,l
of 2000 1 mol‘l, is used to interpret the results in Table 6.9.
Values for k, of 3.4 1 mol™" 57! and k_, of 0.024 1 mol™! 571

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 o-adduct by amine addition at the 3-

atet

ﬁééiﬁi@ﬁ} the assignment of the position will be justified i
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TABLE 6.8 Kinetic and equilibrium data for the reaction of TNBCl with benzylamine in

DMSO containing benzylammonium chloride (O.l@) at 25°c

[Bgnzylaminéj/g (op) 5 Kc?3/l mo1™t (op) 4 Kc?l/l mol ™t kobs/‘s‘l kcaic
0.0025 . | 0.0031 2200 1.9 1.9
0.005 . | » 0.0084 2000 1 1.9
0.0075 i A 0.0123 1800 . 2.0 ©2.1
0.01 | . | 0.0175 2300 2.5 2.5
. 0.02 - 1 | | 0.0223 2000 4.1 4.0
0.04 : | 0.0241 | - 7.5 . 7.9
0.06 ' 0.0059 12 0.0246 10.4 10.2
0.07. 0.0072 11 0.0246
0.08. . | ©0.c088 12 ~ 0.025 12.0 11.6
0.09 : 0.6092 10 0.024
0.10 0.0101 10 0.025 e 12.8 .| 12.0°
0.15 . 0.0132 9 . 0.025

a. Calculated from equatién 6.11 using a value for (ODm)3 of 0.020; measured at 450nm.

b. Calculated using a value for (ODw)l of 0.025; measured at 450nm. ' , B

c. Calculated from equation 6.7 with k, 250 1 mo1~ 1 s_l; Ko 3 101 mol~ 1, k_1 kAmH+/kAm 0.125 E

1 . : .

K /X_1 200 1 mol™~.
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TABLE 6.9 Rate data for the deprotonation of TNBCl by
benzylamine in DMSO containing 0.1M benzyl-

ammonium chloride

[Benzylamine] /M kobs/s—l kzalc/s—l
0.001 . 0.0054 10.0057
0.002 o 0.0075 0.0087
0.004 ~ 0.0114 0.0125
0.006 0.0144 ~ 0.0140
o.ooa' 0.0153 0.0143
0.01 0.0131 0.0138
0.02 ' 0.0108 0.0100
0.04 0.0065 . 0.0065

a. Calculated from equation 6.10 with values of kp 3.4 1

mo1 '™, k_ 0.024 1 mo1™ 7! and K, 2000 1 mo17t.

The slow process is removal of a side chain proton to form

the conjugate base.

In solutions containing 0.1M piperidinium per-
chlorate a plot of k_, - versus (Am] 2, data in Table 6.10, for
the fast process is linear. This indicates that k_3 > kAm[Am]

~and therefore equation'6.2 applies. Values for k3kAm of
-1

2.6 x lO4 1 mol_2 s_l and for kAmH+ of 280 1 mol—1 s are

obtained from the slope and intercept of the plot respectively.

The value for K_ ; of 93 1 mol™L is calculated from

K.k, /k The absence of curvature in the plot allows an

Am AAme'
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 O.1lM piperidinium

perchlorate
[piperidine] /M ' "kobs/s_lbl kzalc/ -1
0.01 | 30 31
0.015 | 36 34
0.02 41 ‘ 39
0.03 50 50
0.04 » 69 69
0.05 _ 94 : i 93
a. Calculated from equation 6.2 with K3kAm 2.6 x lO4 l2
mol™? s7t, k, .+ 280 1 mol™t 71, k, [Am] << k_,.

In the presence of O.IQ piperidinium chloride
K, 5 is calculated as 200 1 mol™! ‘from the kinetic data, and
! |

as 220x30 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 observed. By use of tetraethylammonium
perchlorate as a neutral electrolyte all measurements were

made at constant ionic strength.



TABLE 6.11 Kinetic and equilibrium data for reaction of TNBCl with piperidine in

DMSO containing O.1M piperidinium chloride at 25°C,

Epiperidiné]/g kobs/s_l kczlc , (0D) 4 Kc?3/l mo1”1
o.01 144 14.4 0.0079 258
0.02 - 1. 2106  21.6 0.0177 213
0.03 | 34.7 33.5  0.0246 197

' 0.04 | | 451.0 | 50.5 0.0306 242
0.05 : 69 . 72 0.0325 | 217
0.06 102 1 99 0.0343 226

2.4 x 104 12 mo172 s, k. 4+ 1201

kAm

a. Calculated from equation 6.2 w1th_K3 AmH
-1 -1
mol s and k_; >> k,_[Am]. |
k. Calculated from(OD)3 values uSing a value of 0.0385 for completé conversion

to 3-adduct:; measured at 450nm.

9vT
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Data for the o-adduct forming reaction at the 3-position
in the absence of added pyrrolidinium saits is given in
Table 6.12. Equation 6.5 allows the calculation for KK

of (5.840.5) x 10° 1% mol™2 s~ % and ky Of (1.7:1) x 10% 1 mo17!s

~from this data. Combining these'values gives the ratio

' -1
kAm/k—B of.34 1 mol .

TABLE 6.12 Kinetic data for the reaction of TNBCl with
: pyrrolidine in DMSO containing O.1M tetra-

ethylammonium perchlorate at 250C

pyrrolidine] /IMmol =k /s k2 /s
0.002 2.2 2.2
0.004 7.7 . o '8.2
0.00é 18 17.3
0.008 28.7 29.2
0.010 S 43.6 43.3

"a. Calculated from equation 6.5 with K3kAm 5.8 x lO5
1 mo1™? s7' and ky 1.7 x 10° 1 mo17ts

The data in Table 6.13,is ag%in'for the formation of
the 3-adduct but here constant'coﬁcentrations of pyrrolidinium
pérchiorate are présent;‘ By extﬁapolétingithis data to zero
.amine concentration a value for.kAmH+ of 2400100 1 mol_l s—l'
is obtaiped. The calculation for_Kc'3‘of 240 1 mol-l from
the kinetic parametefs are in good agreement with that obtained

from equilibrium optical densities.



TABLE 6.13 Kinetic and equilibrium data for reaction of TNBC1l with'pyrrolidine in

the presence of pyrrolidinium perchlorate at 250C

[Pyrrolidiné] /M [ngiziigigig?/¥ kobs/s*l ' kcglc/s‘l OD3C KC?3/1 mo1”!
0.001 0.01 24 24
0.002 0.0l 26 25
0.004 0.01 28 29 0.0134 260
0.006 0.01 36 37 0.0219 260
0.007 0.01 41 42 0.0246 250
0.008 o.01 - 48 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
0.008 0.02 69 67 0.0205 260
0.015 0.02 125 120 0.0337 260
a. I = 0.1M with tetraethylammonium perchlorate.
b. Calcula;ed from equation 6.2 with K3k 5.3:(10512 mol-2 s_l, Kpn+ 2400 1 mol~1g1
c. Measured at 450nm at completion of rapid forming reaction. (and kAm/k-B 34 1 mol™
d.

Calculated using a value for (ODw)3 of 0.045.

1

8Vl



TABLE 6.14 Kihetic and equilibrium data for the reaction of TNBC1 with pyrrolidine

perchlorate in the presence of pyrrolidine at 250C

-1

[:Pyrrolidine:] /M [:;Zizﬁi;i;:z] a/[\=/1 kobs/s—l kczlc/s (oD) 3c Kc, 3/l mo1”1
0.006 o 18 17 0.043
0.006 0.001 19 19 0.038 . 210
0.006 0.002 21 21 0.034 210
0.006 0.004 25 25 0.029 230
0.006 - 0.006 30 29 0.025. 230
0.006 0.008 32 F 33 0.023 250
0.006 0.010 36 37 0.021 260 .
0.010 o) 43 43
0.010  0.001 - 44 45
0.010 1 0.002 47 47
0.010 0.694 51 50
0.010 - © 0.006 52 .. 54
0.010 0.008 57 57
0.010 0.010 62 61

a. I = 0.1M with tetraethylammonium perchlorate.

b 5 .2 -2 -1 1

C.

Calculated from equation 6.2 with K3kAm5.8 x 107 1 mol

Measured at 450nm at completion of rapid colour forming reaction.

S

’

k. ..+ 2400 1 mol™Y ana

AmH

( X, /k_5 34 1 mol

1

6v1
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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. . Thesé data are given in
| Table 6.14 énd are in gooa 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 ﬁsing-the previously deter-

. -1 :
mined value for Kc,3 of 240 1 mol . The plot of kobs versus

[Aﬁ]/(l + KCI3EAm12/[}mH+])_is linear the slope giving a value

for kp of 143 1 mol™ % s_l, whilst the intercept, equai to

k_pEAmH+], is indistinguishable from zero.

TABLE 6.15 Rate data for the deprotonation of TNBCl by
pyrrolidine in DMSO containing O.1M pyrrolidinium

perchlorate at 25°C

[Pyrrolidine]/M kobs/s_l‘ Akzalc/s_l
0.001 0.14 0.14
0.002 0.27 0.28
0.003 0.39 ' 0.42
0.004 ~ 0.55 : . 0.55
o.oosA‘ B  0.66 . 0.67
0.006 L 0.83 . 0.79
0.008 - C1.12 . 0.99
~a. Ccalculated using equation 6.10 with k 143 1 mo1”1 73
1l

‘and K 240 1 mol —.
c,3 )
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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 involviﬁg n—ﬁutylammpnium, benzylammonium and
piperidinium salts,,wﬁere ﬁotal sélt coﬁcentration has been
maintained at 0.1M. It isishownithat K, 3+ the overall
equilibrium constant for formation of the 3—adduct;-and Kc,l'
the overall équilibrium constant for.the formation of the
l1-adduct, are larger in the pfesehce of chloride ions than.
in the presence of perchlorate ions. Similar effects of
chloride ions have been observed by Buncel and Egg’iman86 for
the reactions of 1,3,5-trinitroberizene kTNB)'with aniline in
the presence of DABCO, and by Cramptoﬁ and Greenhalgh151 for
the reaction of TNB with piperidine. This effect of chloride
ions on K 3 and Kc,l'is attributed to the éSsoéiation of Cl1™
with the substituted ions (RR’NH; ....C17). It is assuﬁed
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 reéction of TNBCl with amines.

K ‘ -
TNBC1+2RR’NH +Cl~ ;:Sﬁ%e (TNBCl.NRR')'+RR‘§H2+c1'
. .
Scheme 6.2 i . 1[ Cl
‘Rr-NH.Y. .. .c1”
4 2
(Kc 3)Cl- is defined as the overall equilibrium

constant for g-adduct formation at the 3-position. It is
related to K  ; and K,;-, the equilibrium 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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(-Kc,3)c.1*__ = Kg 3 1+ ch[cl"]) ' (equation 6.14)

formation of the l-adduct applies. From the measurements
it is found that_thé effect of O.ig chloride ions approximately

doubles the values of the equilibrium constants, and this gives

1

a value cg 10 1 mol ~ for the association constants, Kcl-, for

each of the substitutéd ammonium ions used.

Comparison of the rate data in Table 6.16 show

the ratio kAm/k-l and K3kAm are, within experi-

that while kl’
mental error, unéhanged-by the presence of O.lg chloride ions,
the values of Kamgt reduced by a factor ca 2. | These 6bserv—
ations are compatible with association of the substituted

ammonium ions with chloride ions resulting in lower rates of

protonation of the anionic o-adducts.

6.6.2 Attack at the unsubstituted ring position

Because association effects are unimportant for
perchlorate salts the rate and equilibrium data measured in
their presence will be used for sﬁbsequent discussion. Table
6.17 allows the data for amine attack at thé 3-position, the
unsubstituted ring position, of TNBCl to be compared with the
data for amine attack at the unsubstitﬁted ring position of
| mNB. 121 192 The gata in the fir§£ five rows has been directly
measured or calculated from measured values. The data in

the last two rows has been calculated assuming the ratio of

+
aciditi_es'KaZ/Ka has a value of 500, which is independent
of the nature of the amine and of the substrate. It is kno%gs’]

that the trinitrocyclohexadienate group, although negatively

charged, is electron withdrawing relative to hydrogen, and this
+ .
AmH

a is greater than unity. Also

explains why the ratio KaZ/K



TABLE 6\.16 Effects of chloride ions on equilibrium and rate data at 25°C

.a.

a a - . ‘ 5
Kc, 3 Kc,l kl ‘ kAm/k—l : kAmH+. K3kAm kAmH+
(1 rrol-l) (1 mol-l) (1 mol_ls—l (1 rrol—l) (1 m:)l—ls_l) (l2 mol_zs_l) (1 ‘mol_ls_l)
n-Butylammonium pefchlorate 73 23000 630 2000 _ 55
n-Butylammonium chloride 150 40000 630 2000 - 32
Benzylammonium perchlorate 5 1000 230 200 46
Benzylammonium chloride 10 . 2000 250 200 25
P:_'Lperidinium perchlorate. 2.6 x 10 280
Piperidinium chloride 2.4 x 10° 120
In the presence of chloride ‘ions ;hese data are re-defined as. (Kc,3).cl._ or (K ',1)c1'~’
b. '~ Attack at 3—position. .

€ST



TABLE 6.17 Comparison of kinetic and eqyilibrium;paraméters for-reaction at.
: . unsubstituted ring positions of TNBC1l and TNB

Benzylaminea h—ButYlaminea l Pyrrolidineb Piperidineb
/2 mo1™Le TNBC1 1000 3000 - | 1.7 x 10f b1.3 x 107
TNB 13000 45000 7.5 x 10 > 2 x 10
K k. /1 mol -1 TNBCl | 1.4 x 102 >3.0 x 103- 5.8 x 103 2.6 x log
3 Am TNB 1.6 x 10 5.5 x 10~ 1.0 x 10 6 x 1O
-1, { TNBCl 140 >1000 34 < 2
b pr/K_3 (4 mo1” ){ TNB 120 1200 14 <10
TNBC1 5 73 240 93
J" ,3/% mol’ { TNB 105 1000 3500 2140
4 ' ' 4 :
-1{ TNBC1C 3 x 10 >4 x 10 2400 280
K pmurt/% mol” { TNB 1.5 x 10% 6 x 10° 3000 - 280
7 » 7 6 5
™Bcl | 1.5 x 1o >2 x 10 1.2 x 10 1.4 x 10
hpm/ Mol ™8™ { TNB 7.5 x 10° 3 x 10’ | 1.5 x 10° 1.4 x 10°
. kd /s—l ‘TNBC1 1 x,lOi -2 x_lOi 3.5 x.log > 7 x 102
-3 ‘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
.+ -
d. These data are based on the assumption: that Kaz/ka has the value 500.

AR
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for the reactlons of  TNB a value of 500 for this ratio has
been Justlfled-preV1ously,152 153 and it is unlikely that
thisvratio would change for TNBCl. The 3-adduct is fourteen
to twenty—three times more stable, depending upon the amine,
for TNB compared w1th TNBC1. This is slmilar to the observ-
atlon that 3 .alkoxy adducts formed from TNT are found to be
:less stable than those formed from TNB.SZ; The electron with-
’Jdrawing_abillty of al—Chzcl group might be expected to increase
the stability of the 3-adducts formed from TNBCl relative to
TNE; However,ia bulky group at the l—positlon causes the .
orthofnitro groupsfto rotate'ogt of the.ring'plane, where they
‘-’canhot-exert their.maximum electron withdrawlng ability, thereby
h reduclng-the.addtcts stability. It can be seen in Table 6.17
that almost entlrely all the decrease in stability of the

TNBC1 adducts results from a decrease in k3. the rate coeffic-

ient for amine attack on the substrate.

Values of Kc 3 decrease in the order pyrrolidine »>

;plperldlne > n—butylamlne > benzylamlne and largely reflect

: the ba51c1ty order of the amlnes.157 158 The react1v1ty order

of the amines, K, values, parallels that obtained for SyAr
sﬁbStitution of léchlorofz,4-din1trobenzene in ethanol.>>’

Am' for proton transfer-from the
zw1tter10n to amine is not dlffu31on controlled. The reduction

152,153

in value of Kap has been attributed previcusly to steric

x’hindrance, in that the reactioﬁ site is crowded and cannot
_leasily be approached by bases larger than hydroxide ion. The
'1ncreased sterlc hlndrance is reflected by the decrease in the
Avalue of kAm in the serles primary amlne > pyrrolldlne >
plperldlnel ~Also it is observed that the ralues kAm and kAmH+
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" the rate cqefficieﬁt for Qroton transfer from substituted
ammonium ions to anionic adducts, are, for a given aﬁine,
almost identical for TNBCl and TNB. These results indicate
that_tﬁe steric situation at thé reaction site is similar in
both cases aé attack occurs at the unsubstitu;ed position
between two nitro groups. | They.also provide strong evidence
.that the adduct forming reaction occurs at the 3-position, and
not at the l-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 bf attack ét the l-position. At this position the
CH2Cl group is sub;tituted in the ring and.itsAelectronic
~effects détermiﬁe,the stability of the l—addﬁct. The data

is presented in Table 6.18.

Values.of kl aré ca fiveAtimes smaller than corres-
pohding valués_éf k3. Vaiues of Kcll_are'respéctively three
hundred and tw@ hundred times larger than K¢,3 for behzylamine
and n-butylamine reépectively. Formation of the l-adduct
relieves stericAstréinAat the 1—positibn caused by interaction
'befween the:bulky CHZClAgroup andythe ortho ﬁitro groups. In
the d;adduct the CH2C1 group is perpendlcular to the ring '
allow1ng the ortho nitro groups to rotate to be co- planar with
Athe ring, where they exert their max1mum electron withdrawing
‘ppwer.' ,The elec;ron withdréwing character of fhe CH2C1 group
‘attachéa‘fo the c§rbon where nucléophilic attack occurs is
proﬁébly_an additional"stébilising factor. F—strain160 (steric
'hindrance-t§ the'approach of»the reagent) probably accounts for

amine attack at the 3-position being faster than at the l-positior
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TABLE 6.18 Summary of kinetic and equlllbrlum data for.
formation of l-adducts in DMSO ‘containing O. lM

substituted ammonium perchlorate salts at 25 Oc

n-butylamine : Benzylamine

k,/1 mol 17t 630 230
3 1 :

kAm/k_ /1 mol 2000 200

/1 mo1™ L 23000 ’ 1000

-1 -1 ‘
kAmH+/l mol s 55 . 46
k.3/1 mo1 ts”t 2.7 x 107 . 2.3 x 10*
Am
k2 /st 13 110
AmH .
~ a. These values are calculated using K /K = 500. It is

assumed that the presence of thei CHZCl group will not
greatly effect the electron-withdrawing capabilify of the

cyclohexadienate ring.

The values of the rate coefficients, k, and k, .+
relating'to the proton transfer steps are reduced by factors
of ca lO3 when feaction occurs at the l;positien. The pre-
sence of the CH,Cl group at the reaction site causes an addit-"

.ional unfavourable steric effect which results in these re--

actions.

The cyclic eecohdar§ amines do not form l-amido adducts
under the conditions in which they were studied. This failufe
‘can be explalned by the fact that due to the bulk of the CH201
group and the p1per1d1ne molecule the adduct formed would be
thermodynam;cally unfavourable due to a sterlcally crowded :

| 103,161 .

environmeht.' 'Itihas'been reported recently that cyclic

secondary-amines, particularly piperidine, have large steric
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réquiremeﬁts. This is supported by the observation162

that the bulky sulphite ion will only éttack at unsubstituted
positidns iﬁ the TNBCl ring. More-evidenée;63 is supplied
from studiesAof alkoxy édducts. It is found that 1,1-
diaikoxf aaducts beqome less favoured relative to their 1, 3-
isomers as the steric bulk of the alkoxy groups increase.
There is also a kinetic explanation for the non-observance

of the.l;adduct with cyclic amines; The l-adduct may have
greater thermodynamic stability than the 3—isbmers but the
rate of their formation is véry slow that the transfer of

the side-chain proton to form.the conjugate base ﬁakes

precedence.
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6.7 Derivation of Equations

6.7.1 Rate expressions

(i) o-adduct formation in solutions containing added
amine salt.
For the formation of the 3-adduct the following scheme

applies.

k3' | kAm +
(6.1) + 2Am —=—= (6.2) + Am ——=> - (6.3) + AmH
- : k_, Kyt :
dj6.3
,—[a-t—l i) [6.2] - kAmH+[:AmH+] 53] 0

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.

iLé_zl 3[6 1] [Am] + k +[AmH+] [6.3] - };9_3[6.2] - kAm[Am] [6.2]

dt

If (6.2), the zwitterion, is treated as a steady-state

intermediate78’153'154 then QI%EZI = 0.
o xgle.1]fAn] + k, _+TAmE"] [6. 3]
6.2 =
[6-2] k_, * Am[Anﬂ (2)

Substituting (2) into (1)

ale.37 "';:'k_Am[AIﬁ] (k, [6-‘1]-[51“]. + kAmH:;[AmH*] [6'.3j~)

at
- kAmH+.[AmH+:] [6 .3]

4 [

Multiplying k +[AmH "1 1s. 3] by kK, * kAm[A‘“]

.and-re—arranging,

—~
~—

at k_5 + k, [Am] . =

Lol _ Fyan[l?0-31 - x g BT 06,3
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[6.1] = [6.1] + [6.2] + [6.3]

[6.2] ~ 0 as (6.2) is treated as a steady-state inter-

mediate. .
T6-1] = T6-1], + [6:3] (4)
where o denotes initial concentration.

Substituting (4) into (3)

ale.s] _ Ksfaplan]®[6- 1 o-koky [an] ® [6. 3k gk, o+ [ami ] [6.]

—
'~

dt k_5 + kAml_'Am] - =
Cy s d|§.3] .
At equilibrium 3t = 0

| k3kAm[Am]2]:6;1]O—k3kAm[Am]2]:6.3]e—k_3kAmH+ [amu™] [6.3]
- k_5 + kAm[Am] Lo

—
~—

where e denotes concentration at equilibrium.

Subtracting (6) from (5)

al6.3] k3kAm[Am]2 * k-3kAmH+[AmH+]]([6'3:|e‘E6-3I) (7

at - k_3 + Kk, [2m]
Relating [6.3] to QD

The parent, (QL;)Y does not absorb at the wavelength
where‘thé reaction is studied. As (g;;) is a steady-state
intermediate its concentration is very small so if it does
absorb at the wavelength where the reaétion is studi?d its
~contribution is negligible. Therefoie the only absorbing

species is (6.3)

—
~—

oD = e, 45 [6.3] | (8)

At equilibrium,

—
—

Mg = 5.3 |---6°3]e : —



0D, - OD = ¢4 (T6.3], - T6.3D - (10)

Differentiating (8)

d ob _ afl6.3]
at =~ 6.3 at
Hence,
d op . 1 _ ale.3] . 1 " (11)
at 0D_~OD at ([6.3] -[6.3])
k is defined thus,
obs N
_ dop . 1 .
Kobs = at. (ooe-on) » (12)

Therefore combining (11), (12) and (7)

2 +
_ k3kAm[Am] + k_qky o+ [AmH"]

k ..
obs ~ k_y + ky [Am]

For the. formation of the l-adduct the following scheme

applies
" _ (6.3) + AmH'
(6.1) + 2am <
€§§§2§$ S _Eéﬂ_a +
. (6.4) + Ame—— (6.5) + AmH
e AmH"’

-1
Formation of the 3-adduct (6.3) is rapid compared to

the formatibn of the 1l-adduct (6{5);

(3) is the rate equation for the formation of the 3-
‘addﬁct. (13) is derived in an analogous way for the formation

of the l-adduct.

éfs’: 51 “=.»':k1kAm [am)2[6.1] - k.;.lkm.+ [Am ] [6..5]
dt | k_, + K,_[Am]
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[6.1] = l6.1] + [6.3] + [6.5] . (14)
The overall equilibrium constant for formation of the
3-adduct is defined as follows:

-+
AmH

Koy T [g:i]'[Am]Z g
[6.1], = [6.1] + X , %—2&16—41 + [6.5]

Re-arranging,

[6.1] oo LI | | (15)
; +AKC'3{§£gﬁj : ‘ =

Substituting (14) into (13)

o] | *yanan2[6-1] -k k, [An]2[6.5] ;k_; M+Em+] l6.5]

at  (k_;+k, [Am]) [1+ K, jjam]2 ] Tk [Amj
At équilibrium glgtil = 0.
a2 [0 1] Kk [a]2[6.5], k) AmH+EAnﬁ 16-51, .
(k ¥k A AT 1+I<c 3%@iLj] T T - TAn] (17)
Subtractlng:ggy £rom (16)
ale.s] | [fakagld? - k) Kt A ([6.5]_-[6.5
-odae o (k—l+kAm Am)[lchl3_Am : k_1+kAm[Am1 “T-e T
i | AmH .
| (18)
By definition,
. _ dop- . e _
- ¥obs T gt (op_-op) .. | (19)

Relating [6 . 5] to OD.
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In the reaction the abSorbing species are (6.3) and (6.5).
oD = ¢, 3[6.3] + ¢, ;[6.5] (20)

Substituting (14) into (20); then QEQ'

| l am]2 f [6.1] - [6.5]
0D = eq 5[6 5] + eg Ke, 3Tama"] TR, = (21)
| . C'» AmHT ]

Re—arranging,<-

ob = [6.5].a + B (22)
here A A . ‘3EAm]2
A\ r = g - =

6.5~ [amH¥] K 5 [Am] 2
1 - 56.3[6.1J0KCI»‘3[Am_'[2

an - (A ]+K . [Am]?
ope = [6.5]é. A + B | (23)
Diffefentiating g@)

dop  _ dfe.5] . . A

at at A : | (24)
Combining (22), (23) and (24), .
dgop. 1 _ afe.s] . 1 (25)
at (0D -0D) dt ([6.5]_-T6.51) Lo

Combining (18), (19) and (25)
' +
. am [Am] 2 K_ Koyt [AMH]
ob (k +k [Am'_]) 1+K 3[Am] k_l+kAmIAmT
|AmH+|
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(1) o-adduct formation in solutions containing no added

amine salt.

This is the scheme for the overall o-adduct formation.

P kf .+
P + 2Am ———> A + AmH
- <
r

As all experimental measurements were made with [Am] in-

large excéss over [P] the rate expression is given by (26).

: ala]l _

rate = T2 = k%[@] - k% [a]2 _ (26)
where k% = first—order forward rate constant

and k% = second-order reverse rate constant.

(26) can belintegrated by standard methods75

{Ep] [a] +[a]([P1,-[A] )} (2[p] [A1> ,
1n gﬂ (Dﬂ —DQ) = qu kit (27)

to give (27)

where o denotes initial concentration
and ‘e denotes concentration at equilibrium.
If the reaction 3z 95% complete, then'[P]em[P]o giving (28).
(A1, 1 | - |
SRRy R S
e IR
This equation is in the form of a first-order rate
equatlop so that kft kobs'
For the formation of the 3-adduct it has been shown above

that
. =k3kAm[Am]- + k_jk +[m*]
obs =~ - . k_5 + kAmI§m]

With no.added amine salt [}mH+] N O

kA6[AM}2

= (kDb =
c 7. Tobs . TTE'3 k_3+kAthmﬂ

ot
|
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 For fofmation of the l-adduct it has been shown above

that

kobs =

Kc,3

EA‘“]z k_1 AmH+[AInH+] (29)
(k 1+kAm[Am]) [1+K {M:L]J k_,+k m[Am‘] -
can be defined thu$,>
< - (0D) 4 - [ama™]
c,3

(OD,,) 3-(0D) 5 [Am] 2.

Re-arranging;

salt

.kobs

(ii1)

~dt

:[:6 1,

1[6491' T .' 1kp te, 1] [Am] -l— k;p [6v.'6] [amz*]

Ke,3 Tama™] = (013(,‘,)3—(0D)3 . T

Substltutlng (30) into (29), and with no added amine

[AmH ]m o
: k.k, [Am]?2
':=f(k%)1t = 1+ lAAgg ] [Am]
_ . 3 k ,+k Am
e ]

Deprotonation of the substrate:to form the conjugate base,

(6.3) + AmH

(6.1) +  2 Am'

» (6.6)«.+ AmH+ + Am

(F8)
.
~—

—
w
N
e

[61]+[63]+[6sj+[66]

where o denotes 1n1t1al concentration.

3
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The o-adduct formation reactions are fast in comparison to

the deprotoﬁation reaction.
A +
_ 16.5] |[AmH K - 6.3 |AmH
1 6.1] [Am] 2 e, 3 6.1 [Am
. 2 2
[6_.1’]0= [6.1] + ¥, , %mﬂaﬂ + K,y ‘E%Jﬁ—‘] [6.1]+ [6.6]

[6.11 = [6.1] - [‘6;6] .

S I+K, ;) [Am[Z 4 K 4 2 (33)
‘% [AmHT] 7 [AmHT] :

Substituting (33) into (31)

—

ale. | Sl UMl - loellal
dt 1+1<C 1 %nm%%Jr <. %Aﬂm%;’z]' k_p[s.'sj ma*] (34
| ‘g&ﬂ .

At equilibrium 3t =

—
—

k&nrm-km@@ﬂ

O f 1 + K ,1(F¥gﬂ~] c 3 {%mlij - k [6 6] [AmH 1 Lji

Subtracting (35) from (34)

—

a[6.6] o x p [Am] ) ) — |
= - ([6. 6] -[6.6])
d -1+ [éml- ’éml
t | : .. Kc,;l_ C 3 1 E

tk_ l'_AmH]([é 6] - [6-61)

—~
i)

By definitionv.

_ ' 1 ' :
kobs - dt - OD'e—OD (37)

The'usual%method shown above for oc-adduct formation can
be used to relate OD to [66] .

Therefore,

d oD . 1 _ di6.6 . 1 (38)

dt ODe-OD : dt (|6.6Ie—|§.6l) —
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k D“ﬂ

k = D

obs T+K_ | [Am]Z + K fami]
" [AmH
' 2 2

If 1 >> KC:.l % + Kc'3 THT then
: +
kops = K [Ar] + k__[AmH"]

6.7.2 Equilibrium constants

(1) Defining K ve R
(6.1) + 2Am —— 7 + Am _;f_—§ A + AmH
X_x o kamt
~ v
r

where Z = Zwitterion

Aaduct

S
I

X ;,lVOr 3 depending on .whether l-adduct or 3-adduct
‘is formed.
Ebr the equilibrium shown above the overall equilibrium

X is defined by

’ .

K'.. = ] [amn®]
Se,x T [6.1][Am]2

At equilibrium ve = v

constant Kc

r

| kxkAm [6.1?] [Am]2 = k--x_kAmH‘*- [A] [ama™)
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K_?%, the acid dissociation constant of Z is defined from

> + Ama’t ' '
Z == A + H and Ka , the acid dissociation constant of

the protonated amine E&mﬁ] is defined from

: +
AmH+a==2 Am + H

-kx Ka
t T Kc,x = k ' AmH?
-X Ka

Relating (Kc,3)cl— to K

_ _ + o
(6.1) + 2Aam + C1 _T——~ (6.3) + AmH .+ Cl

ST

AmH .....C1l"
. + -
- 6.3 mH ]+ ....c17])
(Ke,3de1m = | 6. 1] |Amn] 2 SN X4
: - ""Cl-l
Ker™ = Tams™] [C17] (40)

Substi;uting.(ég) into Qi2).
[6.3] (fam™] + k- [ama*] [c17])

(K, 3?_(:1“ - ~ T6.1[am]?

Re—arrangihg, 
® . = 6.3 [Am"
~e,3'c1y T [ﬁ.y}EAMJZ

+ ~ .
o _ 6.3 [am
Kes = Le.ljgmjzl e .42

‘Substituting (42) into (41)

c,3 Ke,3 U +,Kc1"ECl—])

(1% Kgy-[1D (41)

;(K cl~ =

(K - ¢an be related to Kc 1 in an analogous way.

C;l)Cl' ’
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CHAPTER SEVEN

THE REACTIONS. OF

2,2°,4,4°,6,6 ~HEXANITROBIBENZYL

WITH ALIPHATIC AMINES

IN DIMETHYL SULPHOXIDE
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7.1 Introduction'

It has been discoveredll that the addition of amines
to the Shipp-Kaplan reaction2 increases the yield of the
commercially important explosive 2,27,4,47,6,6 " -hexanitro-

12 that the reaction

stilbene (HNS). It haé also been found
between amines and 2,2‘,4,4‘,6,6’—hexanitrobibenzyl (HNBB)
can be used to.prqduce HNS in high yields. Therefore it was
of interest to study the reactions of amines with HNBB. 1In
this chapter the reactions betwéen HNBB and n-butylamine,

benzylamine, piperidine, pyrrolidine and 1,4-diazabicyclo-

E2,2,2]octane (DABCO) in diméthyl éulphoxide (DMS0Q) are reported.

If HNBB is considered as a picryl (Pic) ring with a

Ch2¢h2

" can be predicted_from the reactions of TNBCl, a picryl ring

Pic substituent then reactions between HNBB and amines

with a CHZCl substituent, with amines, which were reported in
the previous chapter. Figure>7.l shows possible 1:1 o-adducts

" formed by amine éttack at the'3-position (7.3) or the l-position
(7.5), formed via their respective'zwitterionic intermediates
(7.2) and-(zL;Lf However, as for the reactions between HNBB
and alkoxide ions, aftér'fhé initial formaﬁion of the 1:1
c-adducts there is a further possibility of attack on the second’
ring,Aat'the‘l‘— or 3‘—poéition, to form 1:2 g-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 bé presented shows that

transfer of side-chain protons leads'pfeferentially to the

dianion (7.9).
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Fiqure 7.2

(7.3)

o,N NO.
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Measurements were made in the presence of substituted
ammonium perchlorate or chloride salts. Again the results

86 for the stabilisation of

reported here provide evidence
. the substituted ammonium ions by association with chloride

ions, RR‘ﬁHé....Cl_.
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7.2 Experimental

Visible spectra were recorded on a Pye-Unicam SP 8005
spectrophotometer, using either a 1Omm 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 raﬁe coefficients
are the mean of at least five separate determinations and are
precise to *5%. Slow rate measurements were made using a
SP 8100 récording spectrophotomeﬁer at 25°c. Here, the rate
coefficients ére.the'mean of duplicate runs. Both spectro-
photométefs were ﬁsed to measure qptical densities. In all
cases freshly prepared solutions of reagents were used and
méasurementé were made with amine concentration in large excess

of substrate concentration.

A Kent EIL 7055 pH meter was used to check that the
Spbstituted 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.

lH n.m.r. measurements were made on a Varian EM 360L

- instrument operating at 60MHz and the chemical shifts were

measured relative to internal tetramethylsilane.
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TABLE 7.1 Typical resﬁlts from rate measurements.
(i) HNBB (5 x 10 °M), DABCO (0.08M) .
Only process; measured at 600nm in DMSO.

(ii) HNBB (1 x lO—Sg),‘piperidine (0.02M) .
Only process; measured at 450nm in DMSO

containing O.1M piperidinium chloride.

(i) | (i)

. ?/s : Ave t/ms | ave
o - 3.7 o | 4.3
2.5 3.0 ' 10 3.5
5 2.4 - 20 - 2.8
7.54  | :'2,0“ | 30 2.1

10 S 1.5 o " 40 | 1.8

12.5 1.3 - 50 1.
15 R 60 1.1
.20 . o1 80 0.6
A p1§£ 6fliﬁ.AV vérsus to - A plot.of ln AV versus t
,ig!linéar'and>Yiélds‘ - is linear and yields
k= o0.082 5% . x.,_ =22.88 5L

obs | : f'obs
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TABLE 7.2 Typical results from rate measurements

(i) HNBB (5 x 107°M), n-butylamine (0.01M)

First process; measured at 460nm in DMSO.

(ii) HNBB (1 x lO~5§), benzylamine (0.06M).
Only process, measured at 460nm ih DMSO

containing 0.1M benzylammonium perchlorate.

(i) - (i1)

t/ms Ve - t/ms v
o 3.0 . o - 5.4
10 - 2.4 50 . 4.2
20 2.0 100 3.3
300 - . 1.7 . 150 2.6
40 1.4 . 200 2.0
50 - 1.2 ' 250 1.6
60 1.0 300 - 1.2
80 o "0.7
A plot of;lnjAV'Versus f_ - . A plot of 1ln AV vérsus t
"is linear aﬁd-yields _ . is linear and yields
. “él_ | ] * o : -1
k = 17.8 S . kobs = 4.90 s’

“obs
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TABLE 7.3 Typical results. from rate measurements

(i) HNBB (2 x 107 °M), pyrrolidine (0.01M).

Only process; measured at 450nm in DMSO.

(ii) HNBB (5 x 10'6g),.piperidine (0.1M) .
- Deprotonation process; measured at 640nm in

‘DMSO containing O.lg piperidinium perchlorate.

(i) (i1)

t/ms _ : ave l t/s‘ - ave
o 3.4 0 6.0
10 : 2.9 5 | 4.9
20 2.4 A 10 4.0
30 . 2.1 | 15 . 3.2
40 © 1.65 20 - 2.7
600 - - 1.2 25 2.2
g0 0.8 ' 30 1.8
” 35 1.4
40  1l.0
A plotléf lhTAV vefsﬁs t ‘A plot pf'ln AV versus t
yields a valﬁe of . | ‘ yieldé a value of
k. . = 18.25 sl k. _ = 0.0415 s,

obs obs
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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 (TNBC1)
.tQ form the conjugate base without preliminary formation of
the o-adduct. (Tertiary émines cannot form'o—aaducts). The
reaction of HNBB with DABCO produces a deep.blué species in
én irrevers;ble reaction thch decays to give a brown coloured
species. .,Visible spectra of HNBB (2 x 10‘5gf and DABCO

(0.01-0.1M) in DMSO show that the blue species has maxima at
1 4

1 mol-l

620nm (e 4.2 x 104 1 mo1” cm_l) and 380nm (e 1.3 x 10
cm_l). An example of such spéctra is shown in Figure 7.3.
vin solutions containing 0.01M DABCO the formation of the blﬁe
species is complete after caq six minutes and'then decays slowly.
In solutions containing O.1M DABCO the formation of the blue ’
species is complete after éa six seconds before it decays slowly.
In DMSO solutions containing O;lg DABCO peréhlbrate, (N.B. at
the pH éf the sqlutions used in this work only one nitrogen atom
per DABCO moléculé is protonated to give the mono perchlorate
salt), the réteuof formation and décay of the“biue species is
' incréased. 4

4  Absorption maxima at 373nm (e 8 x'_lO3 1 mo1~t cm—l),
490nm (1.5 x lo4 1 mo1~1 cm-l) and 600nm (8 x lO3 1 mol ™~ em ) -
for the cénjﬁgate base of TNBCl énd at 377nm (9 x 103 1 mo17t Cm_l)
1 | 3 1 ol

83,93,94, 117,118,164

530nm.(1.5 x 10% l}mol- em™!) and 640 (9 x 10 1 mol™ ™ cm’
for the conjugate base of TNT have beén reportéd.
The visible(spectré of the blﬁe speciés forméd from.HNBB bears
little Similarify with ﬁhe above spectra énd the blue specieé“

has extinction coefficients which are approximately twice as



FIGURE 7.3 'Visible spectrum of HNBB (2 x 10—51\_4) and DABCO (0.2M) in DMSO
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A 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 dianion (7.9).
Strong evidence for the blue species being the dianion, formed
by removal of two chain protons-from HNBB, is given by lH n.m.r.
measurements, (which will be reported below), and by conductance
measufements. ‘The conductance measurements, reported in

Table 7.4, shcw chat 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 aboﬁt two minutes, were identical to those of the blue
species formed in mdre_dilute solutions. The curvature ob-
sefyed for the plot in Figure 7.4 indicates that the overall
equilibfigm constaht for dianion formation{'Kp'c, is nof
infinitelyvhigh, and allows tﬁe calculation (at I = o.1zg)

of a very abproximate value‘for'Kp c,defined by equation 7.4,

165 have also shown that

 of ca 200.. Pclarography meascreﬁents
HNS accepts two electrons per molecuievic one step to give
the dianion.

The possibiiity that the blue species is a radical also
had to be considered; although from previcus work7 it is known
thet tri-nitroaromatic compcunds show a preference for forming
anions pather than radicals. E.s.r. measu;ements149 indicate
tﬁatlno radicals are present when the blue species is formed.
Further evidence that supports this conclusion is that the
-formation of the blue species proceeds to completion even in ..
the pfesence of free radical inhibitors such as di-tert-butyl
nitroxide of oxygen. | |

.AAcidification of the blue species by aQueous HCl'produces

a solid which, after purification and solution in[2H.] DMSO,
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TABLE 7.4 Conductance measurements for the reaction between
HNBB (0.04M) and DABCO in-DMSO.

: [bABCd]/gi | _ 103 Excess Conductancea/mhob
0.0l | 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
0.69 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
in Figure 7.4. This gives for the ratio HNBB:DABCO

a value of 1:1.875.

b. .mho = ohm L.



FIGURE 7.4 A plot of Excess Conductance versus .[DABCO]. for the data given in Table 7.4
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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 (§9.10) to
olefinic protons (67.13). A broad band was also observed at

§5.10 presumably due to water present in the damp sample.

_The.formation of the dianion presumably occurs via the
monoanion. If the monoanioh were present in relatively lafge
concentrations it would be expected that it wéuld react as a-.
carbanion. However the blue species has ﬁot been observed165
to react with ketones to form any products by nucleophilic
attack‘at-the carbonyl bond. Also if the ménoanion is present
in relatively large concentrations there is the possibility
of deuterium exchangé. The H n.m.r. spectrum in [zﬁé]DMSO
was recorded of the solid that came down on adding deuterium
oxide to the blue species. The major bands observed were at
§9.17, 9.10, 7.13 and 3.33. The bands at §9.17 and §7.13 are
approximately in the ratio of 2:1 and afe assigned to the ring
:protons'and olefinic protons of HNS respectively. The bands
at 69.10 and 63.33 are approximately in the ratio of 1:1 and |
are assigned to the ring protons and chain protons of HNBB
respectivelyf | The slight difference in chéhical shifts re-
ported.here Qith those reported in earlier chapters is assumed
to be caused by the n.m.r.-spectrometer. Ndldeuﬁerium incor-
poration was obsefved in either HNS ér HNBB.

AllmlH n.m.r. measureménts for the reaction‘of HNBB

(0.10M) with DABCO were made in [2H/]DMSO.  The spectrum of
HNBB Shqwed‘bénds.at'59.lo (ring protons) and §3.37 (chain
érotons),;ﬁhich are within‘expérimental error of the spectrum
of HNBB reported in Chaéter Four. The spectrum of DABCO in

[?H6]DMSO produces one large singlet at §2.6. The épectrum
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reéofded dne:minute after thé.éddition of five molecular
eqﬁivalents of DABCO-to HNBB shows two sharp bands at §8.20
and §6.10. '~ With time the 68{20-band moved downfield eventually
reaching a'position of §9.10, while the §6.10 band moved upfield
stopping at 65.80. The'final4spectrum; taken after thirty
minutes, shows major bands at §9.10, 7.5, 7.10 and 5.80, with
a few smaller bands in the §8.9-8.35 region. The band at
§8.20 is attributed to the ring protons of the dianion which
is in rapid éqﬁilibrium, 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 resonaté. Also.the band at §7.10 can
be attributed to the olefinié protons of HNS. Earlier it was
shown thé product of the reaction between HBB and DABCO is HNS.
The bands at §7.50 and those befween §8.9 and §8.35 are attrib-
uted to one'or.mOre spééies broduced by some unknown reaction
or reactions. Ninety seconds after the addition of half a
Amolecular-equivalent of DABCO the band at §9.10 (ring protons)
collapses to form a broad band; a broad band at §8.57 appears,
| attfibuted to the ring protons of the dianion; and a pronounced
'-curvét@re in‘the:baséline‘at about §6.2 is 6bserved, probably
‘attributaﬁle'£o £he proton on the niﬁfogenvatdm of the conjugate
" acid of DABCO. After eight hinutés the band at §8.57 has
: mo#ed"downfiéld to-69.13 and over the néxt five minutes'sharpené.
As thié band moves'aownfield é{,band at §7.53 appears and in-
creaséé in intensity for the next six minutes; as do the bands
in the §8.68-8.43 region. After about twelve minutes a band
at 67.l7 appears and grows in inteﬁsity with time. The final
spectrﬁm after thirty—six min@FéS'shows bands at §9.13, attrib—
utable'to the ring protons of HNS and»unreacﬁéd HNBB; at ¢7.17,

attributébie to the olefinic protons of HNS; at §7.5 and several
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small bénds‘between §8.68 and 68.43, attribﬁted to some species
producéd'by an unknown reaction. A slight curvature of the
basé liﬁe ca 65.8 is also noticeable presumébly due to the
protonatea DABCOlpréton. A band at 63.40 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 presernce of one molecular 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 —CHZCsz link between the

X | |
(7.1) + R'RNH ==E= (7.8 + R°RriH,

k

Scheme 7.1

picryl rings to form the monoanion. This is followed rapidly
by the loss of é 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 k2p[}@]>>k_pENMiJ
. then equation 7.1 reduces to eqﬁétion 7.2. When there is no
éddéd amine salt present in solution then equation 7.2 becomes

equation 7.3 as -[AmH+_]'\aO.
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2 12
k = Kap" [Am] X pfoo [t (equation 7.1)
obs Kyp (A + k_ TAnH?] " q :
k_p]:AmH+ 2
Kops = K [Am] + 7 [ 2 (equation 7.2)

Equation .7.3 only applies if there is 295% conversion of

HNBB to dianion.

Kops = kp[Am] - , (equation 7.3)

Equation 7.3 allows a value for kp of 1.05:0.05 1 mol™t sfl

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
(2.5 x 107 %) ana DABCO in DMSO at 25°C

[pasco]l/w 10° k_ /s k /1 mo1t s71 op?
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
o.o8 8.2 , | 1.03 0.0200
0.10 ~10.0 1.00 0.0195

a. k= k ps/ [Am]

b. Optical densities show the rcecaction has gone to
completion at the concentrations studied. The cell

. pathlength was 2mm.

" Data for}this reaction in DMSO containing 0.1M DABCO

perchlorate and 0.2M DABCO perchlorate are given in Table 7.6.
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For thesedata equation 7.2 applies and plots of kobSEAm1
versus [Am]? give values for k, of 1.1#0.05 1 mol™t s ana

k_p/K2p of (1+0.2) x lO_2 \lmol'_l s—l. The overall equilibrium

constant Kp,c (= kazp/k_p) i; defined in equation 7.4.4 Com-

' bination of the rate coefficients

9 L
K~ =K .K = ;'i 2$H2 . (equation 7.4)

give a value for K c of 11l0. This value is in agreement

14

with the approximate K value of 200 calculated from the

’

. conductance measurements.

It has been found165 that theApresencé 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 wifh DABCO in DMSO
containing 0O.1M 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 samé as those for

the reaction studied under air, i.e. kp 1.11 mol”t s’l,

k—2p/K2p 0.01 1 mo1”t 571, However, as DMSO contains oxygen
"atoms there exists the poésibility that theée oxygen atoms
might pérticipate in enhanéing the reaction yiéld (énd perhaps
chénging the reaction mechénism) instead of dissolved oxygen.
To test this possibility the kinetics of the reaction were
_measuféd in de-gassed acetonitrile under nitrogen. Thesedata
aﬁégiven:in Table 7;7. The value for.kp of 1.1 1 mo1-t st
| was calculated using equation 7.3 and is, within experimental

error, identical to those kp values measured in DMSO.



TABLE 7.6

[DABCO perchlorate]/M [DABCO]/M

a.

- b.

between HNBB (5 x 10~ M) and DABCO in DMSO

containing DABCO perchlorate at 25 C

0.01°
0.01P
0.01
0.01

0.01

o o*,'o%o‘ o o

10.01 1 mol™?!

s”

0.01

0.02v

0.04
0.06

0.08

0.10

0.01
0.02
ol. 04
0.06
0.08

0.10

Calculated using kp 1.1 1 mol

-1

k

/s

obs

0.026

0.028

0.044

0.063 -

0.076

0.111

0.042

0.063

0.079
0.093

0.118

1 0.024

0.024

0.044

0.067

0.111

-1
s

1 and equation 7.2.

0.090

k

The,se data Weré measured under nitrogen.

1

e

-p

ka
C

2p

/s

alc

Kinetic and egulllbrlum data for the reaction

-1

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 10-65)

with DABCO_in acetonitrile, at 25°C, under nitrogen

.‘[DABCQJ/Q -l(‘)zkobs/s-l o kg/l mol_"]'s_l ODEOO
0.01 . 1.3 f _ 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 . A 8.5 1.1 0.200
0.10 ' 10.3 1.0 0.200
a. k= x /[am].  oOnly for those concentrations where

p- obs

there is >90% conversion of HNBB to dianion.

b. = Measured using a 2mm pathlength cell.

Due to fhe insolubility of DABCO perchlorate in acetonitrile
no rate measurements could be made in acetonitrile containing:
O0.1M 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
to the‘aianion occurs at lower DABCO concentrations in DMSO
‘than in acetonitrile. This indicates K, o is slightly smaller
“in acetonitfileithan in DMSO which by'inferenqe because the

kp values are identical sﬁggests k_p/K2p is smaller in aceto-

nitrile than DMSO. I

_f7.3.2 Reaction with pipetidine-

The visible spectra of HNBB (either 1 x 10-5§ or
2 x lO-Sg) with piperidine (0.005 - 0.1M) in DMSO showed that

-initially a red species, with maxima at 450nm and 516nm; was
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formed and this‘was'Converted,’indicated by good isobestic

points, into a blue species with absorption maxima at 620nm

(large and broad) and 378nm (small). Figure 7.5 shows an
example of these spectra. When piperidine concentration <0.005
g‘dnly the blue species is observed. These spectra are inter-

preted as o—addugt formation followedAby the formation of the
dianion. In the presence of 0.1M piperidinium chloride only
the spectrum due to the blue species was recorded with the
'absorption maxiﬁa at slightly higher wavelength; 630-640nm
(large and broad) and 380nm (sméll).’ This time, howéver, the
blue spécies converts, indicated by reasonabiy good isobestic
poiﬁts, into another red séecies with maxima at 444nm and.SZOnm.
This final spectrum suggests that another o-adduct has been
.qumed. It is believed that amines react with HNBB to produce
HNS, and therefore the final o-adduct probaply results from
some interaction of HNS with piperidine. . The spectra of HNS
and piperidine will be reportéd‘in'Chépter Eight.. Although
Athey have similar maxima (Amax 450nm and 520-530nm) to those

of the second species they are not identical.

Coﬁdﬁcﬁance measurements, (measured when the equilibrium
was reached after ca two minutes), giveﬁ iniTable 7.8, have
shbwn the stoichiometry of the reaction to form the blue species
is 152 HNBB: piperidine, theréféré indicating that the blue
species is the.dianion (7.9). - As with DABCO it is seen in
Figure 7.6 thatva plqt of excess conductance versus piperidine
. concentration, for phé data in_TabIe 7.8, is curved indicating

'that the dvefali equilibrium constant for dianion formation,
- K .is not infinitely high. 'Again using équaﬁion 7.4 and at

x4

I = 0.12M a very approximate value for Kp o of 1000 1 mo1~ ! can

[

be calculated for the dep:otonétion of HNBB by piperidine.



FIGURE 7.5 The visible spectrum of 1 x 10™°M HNBB with O.1M piperidine in DMSO
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TABLE 7.8 Conductance measurements for the reaction of
HNBB (0.04M) with piperidine in DMSO

[bipéridiné]/g : ‘ _103 Excess Conductaricea/mhob
0.01 - 0.92
0.02 ' " ' 1;77
'o.o3 . | 2.61
0.04 3.53
0.05 4.09
0.06 4.88
0.07 5.54
0.08 6.23
0.09 6.39
0.10 - 6.59
0.12 . S 6.66
0.16 ' o 6.69
0.20 .  6.68.

0.25 | 6.78

a. . A plot of Excess Conductance versus [piperidine] is
shown in' Figure 7.6. This gives for the ratib
HNBB : piperidine a value of 1:1.875.

" b.. mho = ohm ™.



1073 Conductance / mho

Figure 7.6 A plot of Excess Conductance versus [piperidinég] for the data in Table 7.8
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1y ﬁ.m.r. measurements made in EZHé]DMSO confirm the
formation of thé.dianion. Spectra for the addition of one,
two, five and ten molecular equivélents of piperidine to HNS
dissolved in [ZHé]DMSO were recorded. Once again the band
‘attributable to the ring protons appéars at §8.2. Another
band also appeared at 66.7(2), orA65.10(5), or 66.10(10); its
slightly different position depending on the molecular equiv-
alents of piperidine, indicated by the bracketed numbers, used.
This band may_bé the result of the nitrogen proton of the
piperidinium ion fapidly exchanging with the-chain protons of
the dianion. Bands attributable to HNS at 69.2 and §67.2 weré
only observed after ca thirty-six minutes_inAsolutioﬂE con-
taining one molecular equivalent of piperidine. in the other
solutions the band at §8.2 just decayed slowly with time. The
formation of the o-adduct expected béfore the formation of the
dianion, as indicated by the visible spectra, was not observed.
A£ the éonéentrations used for lH n.m.r. studiés it is probable
that the o-adduct is formed and éonvefts to the dianion very

rapidly; too rapidly for its observation by the 1H n.m.r.

technigque used.

Study of the>r¢action Qf‘HNBB with piperidine‘in‘DMSO

" on the Stoppedaflow spectrophotometer showed two colour forming
processes.at 450nm. The fifst process is intefpreted as
$-adduct formation at the 3-§osition. Evidence that it is

the 3—addﬁct rather than the l-adduct will be given later.

k
(1.1) + 2R°RNH === (7.2) + R’RNH

Scheme 7.2 | . KAmH+'1 L kAm
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The general rate expfession for -0-adduct formation at the
3-position, derived from Scheme 7.2, is equation 7.5. If
there is no édded piperidinium salt then Emﬁ*j is very small -
(approximately zero) and provided conversion of HNBB to the

adduct »95% then equation 7.6 applies.

Kk [AM] 2 + k_gk, o+ [AmH ]

(equation 7.5)

obs | k_3 + k @mﬂ
k.k quz
37Am .
k = , (equation 7.6)
obs "k_3 + kz Qmﬂ d
faét |

As a plot of k versus piperidine concentration

obs
squaréa,'for the data in Table 7.9, is found to be linear

then the condition k_3 >> kAm[§m1~must apply, indicating proton
transfer is rate limiting, and equation 7.6 becomes equation 7.7.

From the slope of the plot a value for Ky of

kAm

3 , , B ‘ E | ) |
kobs- K3kﬁm1gmﬂ o | (equation 7.7)

7 (1.1+0.05) x lO4 l2 mol-_l s—l is calculated. The second

process obéerved for piperidinium concentrations >0.0lM is
believed to be due to the formation of the 1:2 adduct. No

. rate coeffiéients éan be calculated from kiigw as the process

' hés not'gone to égmpleté cdnversioﬁ é£ the pipefidine concen-
.‘tratiqns used.« Hdwéver) rqugb calculations show the reaction '
éppears»to second ofdef with respect ﬁo‘émine concentration. .
Attempts;to calcﬁlaté th¢ équilibrium constants Kc,3; the overall
equilibrium constant fbr 3-adduct formatiop, and KD,3’ overall

equilibrium constant for 3-, 3--adduct formation, from optical :

A‘density.measurements_failed due to the rapid decay of the g-adduct

' The.reaction.of'HNBB with piperidine has been studied in

. DMSO containing 0.1M piperidinium perchlorate, data in Table 7.10,
~ 1na ’ : ’

ﬁp(j; o B , oL . . s o
and Qslfg Ppiperidinium eh_l’oride, -data in Table 7.11. In these



TABLE 7.9 .Kinetié data for the reactions of HNBB

(5 x lO_Gg) with piperidine in DMSO at 25°c

: fast/s—l ka

[piperidine] /M K e alc
0.006 : 0,3510.2 0.40
0.008  0.62 0.70
o.o1 ~ 0.94 . 1.10
0.02 a7 4.4
0.04 19 ' 18
0.06 .41 40
0.08 _. 70 70
0.10
0.15

b
Ol-)fast

0.0218
0.0228
0.0223
0.0205

0.0205

- 0.0205

0.0209 -
0.0227
0.0214

0.0214

2

 3. Calculated using K3kAm 1.1 x 104 1 mol”

| and‘equation‘7.7.

k'obs

2

5.6

11

19

S

.6

.1

-1

"b. Measured ‘at 450nm using a 2mm pathlength cell.
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b
Cmglau

/

0.0250
0.0297
0.0306
0.0334
0.0343
0.0353

0.0372



a.

. b.

TABLE 7.10
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Klnetlc and equlllbrlum data for the reaction of

HNBB (2 x 10™ M) with piperidine in DMSO containing

O.1M p1per1d1n1um perchlorate at 25°C

Calculated using K3

K ama

+ 410 1 mo1™ 1

[piperidine] /M kobs/ 51
0.01 4212
0.02 45
0.03 54
0.04 62
0.05 - 78
0.06 85

k

S_

Am

K21 c/s"l oD (450nm)
43 0.0044
46 0.0686
52 0.0177
60 0.0273
70 0.0343
82 . 0.0429
4 .2 2 -1

1.1 x 10" 1“ mol “ s

aad equation 7.8.

Measured using a 2mm pathlength cell.

’

C
Kélyﬂ.mol

56
29
30
30
28

29

TABLE: 7.11 Klnetlc and equlllbrlum data for the reaction of

S ae

Xamy

Calculated.using an_optical density value for

-1

HNBB (1 x 107 M) w1th piperidine in DMSO contalnlng

: O.lg plperldlnlum chloride at 250C

=
i

'Bﬁperidhﬁﬂ/g | kbts/s
| 0.0l | 19+1
:Q.OZ' 24

0.03 30
 0.04 35 °
”_ 0.05 46

0.06 57

4+ 190 1 molfl

-1

S

“Calculatad ualngaK3kAm_

a -1
kaﬂx/s

20

23

29

<37

47
59

4

oD (450nm) °

1.1 x 10 12 mo1~ s™

0.0024
0.0084
0.0155
0.0223
0.0250
0.0273

2

-1 ang equation 7.8..

_ Eé”bleté &6AvVersion of 0.042.

-1

14

-1
Kélgﬂlnol

64
63
68
69
59

56
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solutions épntaining piperidinium salts only one colour
forming .process was observed for the reaction measured at

450nm. If, once again, k_3 >> kAm[Am] then equation 775

is modified to equation 7.8. A plot of k_, . versus [Am]2

‘.kAobs = [Amj +[Am{*] ; (equation 7.8)

gives -values for K3kAm and kAmH+ from the slope and intercept

- respectively. 'For the data'measured in the presence of

perchlorate salt values for Kk, of (1.1+0.1) x 10% 12 mo172 7?1

and for kAmH+,°f 410420 1 mol~ -1 st are:obtéined. ‘Equation

7.9. defines the overall équilibrium constant-KC 3 This allows

K,y = 3 Am Am : {%4—% Eﬁ%%fl (equation 7.9)
! - k3 AmH

v afvalue to.bevcalculatedvfor Kc 3 of 321 rnol-l from the ,

kinetic data which is in good agreement with that calculated

from optical density measurements. For the data in the presence

of chlorlde salt Values for K3kAm of (1.1%0.1) x lO4 12 mol—2 s_l
-1

and k, o+ ofAl9Otlo 1 mol are obtained. These rate coefficien!
give a value for K 3 of 58 1 mol_l which is also in good agree-
ment with the Kc 3 value calculated from optical density measure-

ments.

Data for the deprotonatlon of HNBB by plperldlne'to form
the dlanlon in DMSO containing O. lM plperldlnlum chloride are
_ given in Table 7.12. ~ As for. the deprotonation of HNBB by DABCO
ééheme_7.1 applies, but unlike DABCO the deprotonation of HNBB.
by piperidine is preceded by rapid‘e—adduét formation. Again
assumiﬁg kszAﬁl >> k;pEAmH+] and taking into account the o-
.adduct'formétion 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 (7.9) in DMSO

containing O.1M piperidinium chloride at 25°¢

a - 2 . b

L ' 2 -1 2 c
[piperidine] /M 107 k /s 10"k, 10 k_;. OD (640nm)
0.005 0.97 0.90 0.90" 0.035
0.01 s 1.75 - 1.70 1.71 0.035
0.02 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 4.06 0.036
0.10 4,24 . 2.65 4.01  0.037
0.15 . 4.43 1.92 - 4.16 0.037:
0.20 . 4.68 . 1.49 4.61 0.037
a. Calculated from equation 7.10 with kp 1.8 1 mol™t s_l,
k /K. 01mol st anax , 581 mo1™t
"'p 2p ) » Cc, 3 St
b. Calculated from equation 7.11 with k  1.8'1 mol ™1 s_},
k2 0.16 1 mol Y s}, x /k., 01 mol”t s7! ang
S Tp T -p’ 2p ) .
K 58 1 mol t.
~c,3
C. Measured using a 2mm pathlength_éell and 5 x lo—6g HNBB.
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'piperidihe cbncentratidn'of 0.04M, using values for_kp of

1.8 1 “mo1™t 71 ana k_p/K2p.O 1 mo1”?t s_l,-but then the

observed rate constants become progressively larger than the
calculated rate constants. : If thefe is anAadditional re-
actlon pathway 1nvolv1ng formation of the dlanlon via proton
transfer from.the o-adduct (7.3:;R°RN = C5H10N) to give

N) , (see Figurev7.7), then the data can be

well fitted by equation 7.11 and the values kp 1.8 1 mo1~t s-l,

k /K 01 mol_l s_l and 'k’ O.lé 1 mol-l s—l. k7 is the
-p’ " 2p A p j

(7.10; R°RN = c,

rate coefficient for proton transfer from the o-adduct

(7.3; R’°RN H, N) to give (7.10; R’RN = CSHION)'

= G5t
- k [Am] [AmH
k = 2 F + (equation 7.10)
bs T TR DRI X, r'r |
'k [Am] | N3 R SRS E |
Kobs = 3[Am] 2/ EAmH‘*‘] p Am AmH+ +K Am] slequation 7

Scheme 7.3'represents the final interpretation of the data.

The equilibria K, o and ky o Will be explained in the dis-

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 Kp C‘of 1000 was calculated; : Combining this Kp c valuc
-1 ' 3
1.8 1 1 11 k K = k_/K 1.
and kp mo a ows. _p/ (= p/ p,cC ) as ca 8 x 10

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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Fiqure 7.7
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7.3.3 Reaction with pyrrolidine

Pyrrolidine,(being a secondary amine, feacts
in an analogous way to biperidine with HNBE. ‘The visible
spectra of HNBB (2 x 10_'5@ with pyfrolidihe (0.001 - 0.5M)
vtheréfore are similar; an initial red species being formed,

4 1 mol_l cm-l)

with absorption maxima at 450nm (é 2.1 x 10~
and 530nm at pyrrolidine concentfations 0.1M, followed by

the formation of a blue species with maxima at 380 and 630nm.
The red species has the spectrun exvected for a 1:1 o-adduct while
that of the blue species is expected for a.dianion. At high
pyrrolidine concentratiohs the maxima moved%hSS and 520nm

and the extinction‘éfficient at 455nm of 4 x lO4 1 mol_l cm_l
indicates formation of a 1:2 o¢g-adduct, possibly with the
structure (7.7). Even at these higher pyrrdlidine.concen—
frations the o-adduct formation is followed by the formation

'df the dianion.

Study of the reaction between HNBB and pyrrolidine in
DMSO containing'o}lg neutral tetraethylammoﬁium perchlorate
sélt by stopped—flow'spectrophotometry shows two separate
colour forming processes. The'first process was measured
kinetically and is attributed to amine éttack 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'expérimental difficulties. It is assumed

these measurements are prbduced by the 1:2 adduct.

The data in Table 7.13 aF® best interpreted using cquation

7.6 but in the more convenient form of equation 7.12. Pre-

151

viously in Chapter Six and for a related system thé_ratio

kAm/k_._3 has been observed to have a higher value for reaction
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TABLE 7.13:-K1net1c and- equlllbrlum data for the reaction

of HNBB (1 x 10~ M) with pyrrolidine in DMSO

containing O.1lM tetramethylammonium perchlorate

at_25°%
‘ Do ' -1 a -1 b : b
[Pyrrolidine]/M kobs/s : kcalc/s ODr ot OPoiow
0.008 15.5 15.1 0.0419 0.0516
0.009 18.3 18.5 0.0410 0.0535
0.010 21.2 22 ' 0.0419  0.0545
0.015 43 43 0.0391  0.0575
0.020 70 69 0.0419 0.0645
. o N 5 .2 -2 -1
a. Calculated using K3kAm 3.1 xAlO 1" mol s 7,
-1 .
kAm/k-3 40 1 mol and equation 7.12.
b. Measured with a 2mm pathlength cell at- 450nm.
with'pyrrolidine than with piperidine. Therefore, the limit

k_é >> 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] | 1 1 .
lamb L + = . . (equation 7.12)
kobs KBkAm[Am] k3 :

fo; a plot Of.[Am]/kobs versus 1/[Am] yields a value for

K3kAm of (3.1:0.3) x 10° 172 mol™? ™1 and a value for ky of
7750+1000 1 mol™t s71 can be.éalculated from the reciprocal of
the interéept. : Combinat;on of these values gives kAm/k_3 40 1 -

;«mol_;.

In Table 7.14 data for the reaction of HNBB with pyrrolidine

in DMSO containing pyrrolidinium perchlorate. Here pyrrolidine
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Kinetic and equilibrium data for o-adduct

formation from HNBB (2 x 10'5§) and

pyrrolidine in DMSO at 25©C

[pyrrolidine}/M

0.004
0.006
0.008
0.010
0.612

0.015

0.01

‘Solutions made up to constant ionic strength, I = O.1M,

Calculated from equation 7.13'with K

-ZJS

mol

=1

[pyrrolidine
perchlorate]»/g

’ kAm/k—3 40 1 mol

1

39
45
50
57
67
21
23
27
32
41
50

75

:with'tetraethylammonium perchlorate.

and kAmH+ 3900 1 mol

-1 .b -1
kobs/s kcalc/s oD

40
25
50
57
68
22
25
28
33
41
50

78

k. 3.1 x 10

37Am

5

1

c K2,3/l mol
0.009 75
0.017 70
0.027 74
0.032 62
.0.043 73
0.053 76
0.084 -
0.071 55
0.066 73
0.056 80
0.044 77
0.034 68
0.022 71

12

]

Measured at completion of the fast colour forming re-

action at 450nm with a 2mm pathlength cell.

Calculatéd.from'OD;[AmH+]/(0.084—0D)[Am]z.

1
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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 values K3kAm 3.1 x lO5 12
-2 -1 -141 -1
mol s 7, KAmH+ 3900 1 mol “sand kAm/k_3 40 1 mol .

(Am]2 + K, . +[AmH"] |

kobs = 3 AT % [Am]/k (equation 7.13)
Am -3 :
A value for KC 3 of 79 1 mol—l—using eguation 7.9 is calculated

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 <0.08M a good fit is obtained

using equation 7.10 with values for kp of 5.5 1 mol™ t s™1 and

ko /K2p of 0.007 1 mol_liﬁ Combination of these quantities

gives a value for K (= k /k ,), the overall equilibrium

p.c = pf2p
constant for formation of the dianion, of 800. As obscrved
in the similar reaction with piﬁeridine, the rate data at
higher amine céncentrations require the use of equation 7.11
which includes a term involving kg,(ké 0.4 1 mo1™t 571y,
Hence, with pyrrolidine there is also evidence for the formation
of the dianion by a pathway initiélly involving proton transfer

to amine from the adduct (7.3; R°RN = C4H8N) 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

0.1M pyrrolidinium perchlorate at 250C

e .2 -1 2 .a -1 2 . b -1 ¢
[pyrrolidine]/M =~ 10 kobs/s | 10 kcalc/s 10 kcalc/s . OD~ (640nm)
0.005 ' 4.0 ' 4.1 - - 4.1 0.024
0.008 4.6 - 5.1 : 5.1 0.032
- 0.01 6.1 5.8 5.8 0.032
0.02 8.5 8.7 9.0 0.036
- 0.04 - 10.2 10.2 - 11.0 . 0.038
0.06 9.2 9.1 10.8 0.039
0.08 . 10.7 7.7 10.3 0.033
0.10 | 10.0 6.6 10.1 0.037
1 0.15 | 11.5 - 4.7 - 10.3 0.036
0.20 ! 11.7 3.5 . 11.3 0.036
a. Calculated from equation 7.10 with kp 5.5 1 moln1 s—l,
-1 -1 ' -1
k_p/sz 0.007 1 mol (] and Kc,3 75 1l mol .
b. Calculated from equation 7.11 with‘ké 5.5 1 mol L s71,
k'P/KépAO'OO7 1 mol T 57T, kj 0.4 1 mo1™t 571 ang
K . 75 1 mol 1.

c,3

6

c. For 5 x 10 M HNBB measured with a 2mm pathlength cell.
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"7.3.4 Reaction with n-butylamine

The reaction 6f HNBB with n-butylamine in DMSO
provides evidence for all thevprocesses shown in Scheme 7.4.
'Visible spectra recorded with a conventional spectrophotometer.
showed maxima at 460nm and 520-530nm typical of 1:1 o-adducts.
Conversion into the diénion was slow even in solutions con-
taining n-butylammonium salts. The blue dianion converts
even more slowly (good isobestic points) into a second red
Aspecies.' This species is observed in DMSO containing O.1M
n-butylammonium.chloride and O0.1lM nfbutylamine and has maxima at
“456nm and SIOhm. These maxima aré similar to those produced
when HNS_feacts with n-butylamipe (spectra reported in nexf
éhapter). It is believed HNBB is converted to HNS by amines
although it has only been shown for the reaction of HNBB with
DABCO. | Therefore this secoﬁd species may be the o-adduct

formed between HNS, or some derivative of HNS, with n-butylamine.

A lH n.m.r. spectrum, recordea about one minute after
miXing in [2H6]DMSO, showed bands of equal intensity at §8.38
-and_62.§3 attributed respectively to the ring and methylene
'protons of the 1-, 1--di-adduct (z;g; R“RN = CH,CH,CH,CH,NH) .
Then conversion to the dianion followed with a band at 8.2,

as observed previously for DABCO and piperidine.l

The o;adducts were sufficiently stable to allow calculation
éf kc;i andeD’l from the optical density data, which are
B definéd in equations 7;14 and 7.15 respectively, and with an
extinction coeff;cient fqr'complete formation of the di-adduct
at 46dnm of ca 6 'x 104 l_mol_l'cm_l. Optical density measure-
- ments have been meaéured in DMSO containing 0.1M n-butylammonium

perchlorate, data reported in Table 7.16; 0:02} n-butyarinon ium
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chloride and 0.0Sg'tetraethylamenium perchlorate (Ionic
strength I = 0.1M), data reported in Table 7.17; O.lgn—butyl—
ammonium chloride, data reported in Table 7.18. The values

of the equilibrium constants

[7.3] [AmHY]

c,1 -~ T ITIEmTZ — (equation 7.14)

- _  [7.6][AmH ] .
KD,l' = T 1 TAm]Z (equation 7.15)

are calculated to be: 1in DMSO containing O.lg n-butylammonium

' -1
perchlorate Kc,l 1150 1 mol —, KD,l

containing 0.02M n-butylammonium chloride (I = O.1Y made up

using tetraethylammonium perchlorate) K 1500 1 mol-l,
c,1

17 1 mol'l; in DMSO

KD 1 18 1 mol_l; in DMSO containing 0.1M n-butylammonium
’
1 1

chloride Kc,l 2400 1 mol —, KD,l 20 1 mol

86,151 ,nd the previous chapter specific effects

As found in
relatéd work

due to the chloride ions are present.

. Kinetic measurements were limited to low n-butylamine
concentrations where only the adducts of 1:1 stoichiometry were -
present. Two rapid well separated processes were observed

when the reaction of HNBB and n-butylamine was examined by

stopped-flGW‘spectrophotometry. ‘These processes are taken to
be the formation of the 3-adduct, (7.3; R’RN = CH,CH,CH,CH,NH)
followed by formation of the l-adduct, (7.5; R°RN = CH3CH2CH2CHZD

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 Table 7.19 corresponds:

kobs = k3[Am] : (equation 7.16)

to.egliatiod 7.16, a limiting form of equation 7.6 whefi
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TABLE 7.16 Equilibrium data for o-adduct formation from
HNBB (2 x 10 °M) and n-butylamine in DMSO

containing 0.1lM n-butylammonium perchlorate

at 250C

[n-butylamine] /M 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 A 1.11
0.396 | 1.16 1.17
0.594 ' : 1.17 1.18
1.16 1.19 1.19

a. Calculated with valges of Kc,l 1150 1 mol—l, KD,l 17 1

mol_l and with optical densities for compiete conversion

to the-l:l adduct of 0.595 and to the 1:2 adduct of 1.19.
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TABLE 7.17 Eguiiibrium data for o-adduct formation from
HNBB (2 x lO-Sg) and n-butylamine in DMSO

containing 0.02M n—butylammonium chloride and

0.08M tetraethylammonium perchlorate at 25°C

~ [n-butylamine] /M OD (460nm) op?(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 4 . 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 o 1.20
a. Calculated with Values-of Kc'1 1500 1 moifl, KD,l 18 1
mol-l and with optical densities for complete éonversion

to the 1:1 adduct of 0.60 and‘to the 1:2 adduct of 1.20.
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TABLE 7.18 Eguilibrium data for oc-adduct formation from
| HNBB (2 x 10‘5¥) and n-butylamine in DMSO

containing O.1lM n-butylammonium at 25°¢

[n-butylamine] /M OD (460nm) ob?(calc)
0.00098 0.018 | 0.013
0.00193 : . 0.055 - 0.048
0.00393 0.158 0.158
0.00595 : 0.265 _ 0.269
0.00791 0.340 0.354
0.00986 - 0.418 : 0.416
0.0147  0.510 " 0.510
0.0195 . 0.560 0.564
0.0290 0.635 0.636
0.0383 o | 0.686  0.696
0.0598 0.837 | 0.816
0.0797 ‘ 0.930 o 0.930
0.0996 | 1.00  0.965
0.199 1.08 1.10
0.398 1.14 1.14
0.598 ,' . 1.14 1.15
0.797 - 1.16 | 1.16

a. Calculated with values of Kc,l 2400 l'mol—l, 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
6

(7.3; R'RN = CH,CH,CH,CH,NH) from HNBB(5 x 10 "M)
and n-butylamine in DMSO at 25°C
[n-butylamine] /M kobs/s_l kg/l molﬂls—l OD (460nm)
0.1 e o 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

kAm[Am] >> k Using equation 7.16 a value for k., of

-3° 3

1700:200 1 mol ts i,

In the presence of n-butylammonium salts the formation
of‘the 3-adduct is too fast for measurement by stopped-flow
spectrqphotometry but optical densityAmeasurements are possible.
The formation:of the l-adduct is shown in Scheme 7. 5. Treat-
'ment of (7.4), the zwitterionic intermediate, as a.éteady—state

intermediate leads to the kinetic expression of equation 7.17.

(7.3) + R'Rﬁnz

A '
‘ * Kam
(1.1) + 2R°RNH == (7.4) + R'RNH —E&> (7.5) + R°RNH,

k_l A kAmH+

-:Scheme-7.5

If kAm[Am] >?-k_l this reduces to equation 7.18.



215

2 +
K _ A Z ., K_ K, o+ (AmH "]
obs (k_lkam[AmD(l+Kc,3[Am] / [AmH¥]) kfl + k, [An]
(equation 7.17)]
kl [Am] k;lkAmH+[AmH+]
kobs =T + K 3[Am]1/[AmH+]"+ kAm[Am] (equation 7.18)

The kinetic and equilibrium data reported in Table 7.20
were measured in DMSO containing O.1M n—bufylammonium perchlerate

From the optical density for the formation of the 3-adduct a

value for K 3 of 25:5 1 mol-l is calculated. Using this

: ’

quantlty in equation 7.18 the following values of kl 150 1 mol-l
-1 _ -1 .. s . .

s ~ and k_jk; .t /kAm 0.14 s ~ fit the kinetic data. Combinatior

of the rate coefficients give a value for KC 1 of 1100 1 mol—l,
’

which is in good agreement with that obtained from the optical
density measurements in Table 7.16. The data given here

i ;equire that k, /k_; >> 5000 1 moy-l‘

The same procedure is followed for the data reported in
' DMSO _containing

Table 7.21 measured inAO. o2M n-butylammonlum chloride and 0.08M .
tetraethylammonium perchlorate. Here values for KC 3 31+5 1
’ 14

-1 ' -1 -1 ~ —1 .
mol —, kl 150 1 mol S and k lkAmH /kAm 0.10 s _fet thedaulﬁ
" amine concentrations g 0.4M. . Kc 1 calculated from the rate

I
coeff1c1ents gives a value of 1500 1 mol l, which is in good
,agreement with that obtained from optlcal density measurements
in Table 7.17. The poor agreement between measured and
calculated values for amine concentrations > 0.04g may be due
to appreciable formation of the 1'-, 1-°-adduct at these con-
v TMSO cmﬁauung

centrations. For the reaction inj0.1M n—butylammonlum chloride
equatien 7.18,1s.aga1n used to fit the data; data given in

Table 7.22. ~However, this data does not include optical density

fissgirements for the formation of the 3-adduct! tt H4E been
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TABLE 7.20 Kinetic and equilibrium data for o-adduct

formation from HNBB (1 x 10—5¥) and n-butylamine

in DMSO containing O.1lM n-butylammonium

perchlorate at 25°C

[n-butylamine] /M OD®(460mm) K2,3/1 mol "k /s kS oo agomm)
0.002 | 6.7 7.3 0.0024
0.004 | - 4.2 4.1 0.0071
0.006 | 3.2 3.2 0.0l46
0.008 - 3.0 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

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.

Calculated using OD(460) [AmH'1/[0.040-0D (460) ] [Am] 2.

Calculated from equation 7.18 with kl 150 1 mol-l.s—l,

1 ana K, 3 25 1 mol 1.

k_;k /kAm 0.14 s 3

-1 AmH+

At completion of the slower colour forming reaction

giving the l-adduct.
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" TABLE 7.21 Kinetic and equilibrium data for c-adduct

- formation from HNBB (5 x 10_6¥) and n-butyl-
amine in DMSO containing 0.2M n-butylammonium
chloride and 0.08M tetraethylammonium perchlorate

at 259C
[n-butylamine]/M 0D (460rm) K2’3/1 mol ™tk st kS o0 (a6om)
0.002 | , ' 1.39 1.30 0.0040
0.003 1.06 1.11 0.0092
0.005 o 108 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 0.0297
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

b.

C. -

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.

Calculated using OD(460) (AmH'1/[0.022-0D (460)] [Am) 2.

Calculated from equation 7.18 with kl 150 1 mol-l s_l;

1 1

-1 AmH+/k 0.10 s

k Am and Kc 31 1 mol

’3
At completion of the slower colour forming process, giving

the lfadduct.
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TABLE 7.22 Kinetic data for o-adduct formation from
HNBB (1 x 10-°M) and n-butylamine in DMSO

containing O.1M n-butylammonium chloride at 25°¢

. -1 a -1
[n-butylamine] /M kobs/s kcalc/s
0.002 3. 3.3
0.003 4 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 k1 150 1 mol-l s_l,

S -1
k_l kAmH+/kAm 0.06 s and Kc,3 50 1 mol .

shown previously in Chapter Six and elsewhere151 that equilibriun

constants of 1:1 adducts measured in solutions contéining sub-
stituted ammonium‘chloride~ions are double those measured in
solutions contéining substituted ammonium perchlorate ions.
This allgws a valug for Kc,3 of 50 1 mol_l to be estimated,

(i.e. twice the value of'Kc 3 measured in solutions containing
, : ;

n-butylammonium perchlorate). Using the values Kc 3 501 mol—l,
’

' -1 -1 -1 . .
kl 150 1 mol S and k_lkAmH+/kAm Of06 [ with equation 7.18

the data in Table 7.22 @are well fitted. Again using the rate
coefficients a value for Ko 1 of 2500 1 mol™! is calculated,
4 .

in good agreement with the Kc 1 value calculated from the
_ . ,

optical density measurements in Table 7.18.
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'Rate data for formation of the dianionAare reported in
Table 7.23 and were measured aﬁ 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 kzp[Am] >> k_p[AmH+] and the prior formation of the

l-adduct is taken into account.  Equation 7.19 corresponds
k[Am] k_p[AmH+]2
kobs - l+KC 3[Am]‘/[AmH+] + sz[Am] - (equation 7.19)
, .

_ welllwith the data for n;butylamine concentrations ¢ 0.1M.
However, equatibn 7.19 ohly éllowsAfor the parent to react

with the amine fo give thé dianioh. If in addition there

is a pathway for deprotonation of the o-adduct then equation
7.20 would be predicted to fit the data. The most probable
o-adduct to transfer a proton would be (7.5; R’RN=CH3CH2CH2CH2NH)
to give (Z#l;;R‘RN#CH3CH2CH2CH2NH) shown in Figure'7.7. Scheme
7.6 depicts the processes involved in the formation of the
dianion. The Qquilibria designated Kx’c and K c will be

explained below in the discussion section. They are the two

possible pathways for (7.11) to convert into the dianion.

The values obtained are kp 0.8 1 mol—lg;k_p/sz 1 x 164 1 mol—l
- ' 4 + .
k_[Am]+k’K . [Am]3/[AmH "] k _[AmH ]2
K = _P pc,l_ _“P____ " (equation 7.
obs 1+ Kc l[AmTY/[AmH’f] sz[Am]
. 14

571 and k~ 0,03 1 mol_l s_l. ‘Combination of the former two

quantities gives a value for Kp c
. 14

(Kp. sz) of 8900.
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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 DMSO

containing (0.1M) n-butylammonium chloride at 25

S¢c

[n-butylaminel /M 103 k2 /5L 103 kgalc/ “L03 kS 1o
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 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.

Calculated from equation 7.19 with kp 0.8 1 mol—l s_l,

C1x107t Umol 167, ) -1
k_p/szAand Kc,l 2500 mql

Calculated from equation 7.20 with kp 0.8 1 mol—l s_l,

-4 -1 -1 . -1 -1
k_p/k2p 1 g 10 l.mol s 7, kp 0.03 1 mol s~ and
K. . 2500 1 mol™?!

c,1



Scheme 7.6 -

K
YrC
(7.11) + 2R“RNH, ——m (7.9)

+ 2R‘R§IH2 + R“RNH

k
Koo 122;55

(7.8) + R‘RiﬁH2 + 2R°RNH

| NA4
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7.3.5 Béaction with benzylamine

Benzylamine reacts with HNBB in the same way
as h;butylamine. Visible spectra of HNBB (1 x lO_Sg) with
benzylamine (0.001 - Oﬂlg) in DMSO show a red species with
two ma#ima typical of a 1l:1 ¢-adduct. Af a benzylamine
éoncentration of 0.001M the maxima are at 454nm and 530-540nm,
and with increasing benzylamine concentrations shift towards
each other until at a benzylamine concentrétion of 0.1M 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) . Onée again conversion of the blue dianion to a second
red species is.observed; maxima at 460nm and 520-530nm are
typical of 1:1 o-adduct formation. Again the maxima are at
. similar wavelengths to those observed for c-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 concentratién) to twenty minutes (at high benzylamine
' cbnéentration) for the equilibrium to be reached. This indic—
atesvthat the stability of‘the o-adduct is high, and therefore
aliows a greater.possibility for a side reaction, e.g. decom-
_position reéctioné-of the substrate, wﬁich could lead to the
_éohducténce.measurements here having larger errors than the

conductance measurements reported earlier in this chapter.
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TABLE 7.24 Conductance measurements for the reaction of
HNBB (0.04M) and benzylamine in DMSO.

[Behzylamine]/g -HlO3 Excess Cohductanceakﬁhob
0.01 ‘ 0.86
0.02 | 1.62
0.03 | 2.37
0.04 | | 3.12
0.05 | | 3.60
0.06° 2 4.22
0.07 ? 471
0.08 ._ 5.10
6.09 ' . : 5.26
0.10 . ’ 5.47
0.12 | 5.56
0.16 . | 5.68
10.20 o 5.76
0.25 5.77

~a.. 'A plot 'of Excess Conductance versus ben;ylamine concen-
tration is shown in Figure 7.8. - This gives the rétio
HNBB: amine a value of 1:1.875. |

Howévef, dianioh’fbrmation is still indicated by tw@ amine

molecules.reacting per HNBB molecule té produce the blue species.

The'éonductance data are shown'plotted against benzylamine con;

centration in Figure 7.8 and there is éurvature in the plot

is not infinitely high.

ihdicating the equilibrium constant K
N . 14

‘A Caiqglatign (at T = 0.13M) using equation 7.4 produces an

approximate value for K c of ca 200. . A more accurate value
approxliats va-s ,

. for K - . 'will be given with the kinetic data for dianion form-

FAS

~ation,



Figure 7.8 A plot ofrexdess conductance versus ' [benzylamine] for the data inen in Table 7.24
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Opntical density data, presented in Table 7.25, were
measured.at the completion of the o-adduct forming reactions
in the presence of 0.1M n-butylammonium chloride. Values for

140 1 mol_l and K of 1.1 1 mol_l'were obtained by

K D,1

c,1l ,
fitting the data to equations 7.14 and 7.15.

TABLE 7.25 Equilibrium data for o-adduct formation from
HNBB (2 x 10-5M) and benzylamine in DMSO containing

0.1M benzylammonium chloride at 25°C.

[benZy;amine]/g OD (460nm) ' op® (calc)
0.00196 - 0.006 0.003
0.00399 _ 0.017 0.013
0.06597' : 0.029 ' 0.027
0.00795 | 0.051 0.046
0.00992 : 0.066 0.068
0.0148 0.137 0.134
0.0196 . 0.182 0.200
0.0292 | 0.3083 0.314
0.0385 0.372 | 0.393
0.0607 0.491 0.498
0.0890 0.549 0.551
0.101 . - 0.595 . 0.589

- 0.202 0.720 0.737
0.404 | | 0.920 ‘ 0.934
' 0.606 | 1.06 1.02
0.809 1.08 - 1.07
1

a. Calculéted with values of Kc 1 140 1 mol ; KD 1 1.1 1
. : ’ ’
_»mol-l and with optical densities for complete conversion to

the 1:1 adduct 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 céntaining no added
'benzylammonium salt a value_for k3 of 550 1 mol_lgaas’obtained
using equation 7.16 for the data in Table 7.26. Data obtained
. in the presence of 0.1M benzylammonium perchlorate are in Téble
7.27{ From the'opticél density measurements for completion
of the fastef pfocess, formation of the 3-adduct, a value for

Kc 3 of 1.25 1 mol—l was calculated. The kinetic data for
’ .

the slower process were interpreted using Scheme 7.5 and equation

‘ : -1 -1 -1
7.18. Values of kl 60 1 mol s and k_l kAmH+/kAm 0.8 s
were calculated, which combined gives Kc 1 75 1 mol_l.

’

same procedures were used for the data in Table 7.28, obtained

The

in the presence of 0.1M benzylammonium chloride. Here values

60 1 mol 1 s, k .k 0.4 s71, K 2.2 1 mol™}

of k ~1¥amat *an c,3

1
and Kc 1 150 1 mol-l were calculated.
, 10 : .

TABLE 7.26 Rate data for formation of the 3-adduct from
‘ HNBB (5 x 10-6g) and benzylamine in DMSO at 25°C

[benzylamine] /M 4 kobs/s_l k?/l mol_:ls_l OD (460nm)
0.04 | 20.4 510 0.017
' 0.06 | 32 540 0.021
0.07 37 - 530 ‘ 0.021
0.08 42 | 530  0.022

0.09 . 51 © 570 0.022
o,lb | 57 | 570 0.021



TABLE 7.27

[benzylamine] /M ODa(460nm)

0.006

0.008

0.010°
- 0.020
"0.040
. 0.060

0.080

0.100

0.150

0.200

0.300

. 0.400

0.600

Kinetic and equilibrium data for o-adduct
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formation from HNBB (1 x 10'5g) and benzylamine

in DMSO containing O0.1M beniylammonium perchlorate

at 250C

0.019
0.024

0.030

0.012

c,

1.25

1.25

1.40

Kb yﬂ.moi_

1

13.6
10.5
8.8
5.9
4.9
5.0
5.5
6.2
7.4

8.1

obs/s-

c
]%alc

13.7

10.5.

o9 (460rm)

' 0.0011
0.0026
0.0031
0.0102
0.0236
0.0306
0.0372
0.0400
0.0477

0.0545

At completion of the rapid colour forming reaction.

A value for complete conversion to the 3-adduct is 0.36.

Calculated using OD(460) [AmH']/[0.036-0D (460) ] [Am] 2.

Calculated from equation 7.18 with kl 60 1 mol

K 1.

c,3

25 1 mol *

and k

—lkAmH+/k

Am

0.8 s

1

-1
S ’

At completion of the slower colour forming reaction.
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'TABLE 7.28 Kinetic and rate equilibrium for c-adduct
formation from HNBB (1 x 10 °M) and benzylamine

in DMSO containing 0.1lM benzylammonium chloride

at 250C

[benzylaminel /M 0D (460mm) KI; /mol bk Obs/s'l kS /st o0 (460nm)
0.006 - | 6.8 7.0 ° 0.0026
0.008 _ - 5.5 5.5 - 0.0040
0.010 S 4.6 4.6 o.Qosé
0.020 2 | 3.3 3.2 0.0159
0.040 o | 3.4 3.4 0.0311
0.060 . . 4.0 3.9 0.0389
0.080 : : - © 4.6 4.7 0.0429
0.100 0.0083 2.4 5.2 5.3 0.0458
0.200 ~ o0.021 2.5 '

. 0.300 . 0.028 2.2

0.400 0.031 1.8
0.600 '0.037 2.1

a. At completion of the rapid colour forming reaction.

A value for complete cpnvérsion to 3-adduct-is 0.042.

b. Célculated_from OD(460)[AmH+]/[O.O42-OD(460)][Am]2.

c. Calculated from-equation 7.18 with k; 60 1 mol-l‘sil,

1 1

K 1*ama*/%

2.2 .1 mol * and k_.k 0.4 s~

c,3

d. . At completion of the slower reaction.
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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 k 0.24 l1mol -~ s —, kg ©0.007 1
mol™ L s, k /K. 0.002 1 mol”t st and k_ . 150 1 mol Y.
-p’ " 2p - c,1 :
A value for K (= k. K, /k ) of 120 is calculated.
. 'Prc p 2p’ " -p '

TABLE 7 .29 Rate data for formation of the blve dianion from

HNBB (2 x 10 M) and benzylamine in DMSO containing
0.1M benzylammonium chloride at 250C

[bgnzylamine]/g lO3 kgbs/s-l 163 kgalc/s-l lO3 Cx calc/s
_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
0.200 | 2.4 1.0 o 2.3

a. Measured at 620nm with a conventional séectrophotometer.

b. Calculatea using equation 7.19 with kp 0.24 1 mol_l s-l,
k_p/Kpp 0-002 1 mol™t 71 ang K, y 150 1 mol™".

c. . Calculated using equation 7.ZQ with kp 0.24 1 mol'-l s_l,
k_ /Ky, 0.002 1 mol™ ! s7%, k; 0.007 1 mol™t 7! ana
Ko p 150 1 mol™t.

TABLE 7.30 TH n.m.r. data for HNBB with amines in [2H6]ADMSO

Sbecies : § (ring) -~ § (methylene)

HNBB" B 9.10 s . 7.13

(7.9) | 8.2 ca 7.00

(7 7.6; RR'N=CH CH2CH2CH2NH)8 38 ' 2.33
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7.4 Discussion

The results reported in this chapter relate to an ionic
strength of O.1M. It has been found that the equilibrium

constants K, 3 and K 4 measured in solutions containing 0.1M
_ , =

14
substituted ammonium chloride are about twice as large as those
measured in solutions containing 0.1M substituted ammonium

perchlorate.A This has been observed for related compounds in

151,166 .ng in chapter Six. The explanation of

the literature
this.effect has been attributed to a stabilising essociation
.between.the substituted ammonium ions and chloride ions, which
are observed to reduce kAmH+ by a factor of ca two. In the

subsequent discussion for o-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 3famido—adducts of TNBCl and 1,3,5-trinitrobenzene (TNB)
are compared in Table 7.31 with the equivalent data obtained
for HNBB. The data for HNBB have not been statistically ad-
'jpsted. |

'Along the series TNB, TNBC1l, HNBB, the values for

K fall for a given amine. Amine attack at the unsubstituted

c,3
pbsitien of TNBC1l ahd HNBB would be expected to be encouraged
compared to ettack on TNB as the CH2C1 and CHéCHZPic substituents
vare electron withdrawing compared to hydrogen, (see Chapter Four)
HoWevet, the lowering in values of Kc,3 would suggest that the
steric effect, due to bﬁlky substituents at the l-position, is

dominant. Depending on the amine Kc 3 values for TNB amido-
’ .

adducts are 40 to 80 times larger than K, 5 values for TNBCI,
) T



- TABLE 7.31

a. Data for TNBC1l from Chapter Six.
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b. Data for TNB from references 151, 152.

Comparison of kinetic and equilibrium data for
reaction at unsubstituted positions of HNBB,
tNBC1? and TNB.P
Benzylamine n-Butylamine Pyrrolidine Piperidine
HNBB 550 1700 8000 > 5000
TNBC1 1000 3000 17000 > 13000
TNB 13000. 45000 750000 >200000
(HNEB 25 25 79 26
TNBC1 55 73 240 93
TNB 105 1000 3500 2140
HNBB 3.1x% 100 1.1 x 105
TNBC1 5.8 x lO5 2.6 x 105
TNB 1.0 x 10 6 x 10
HNBB 40 2
{TNBC1 34 . < 2
TNB 14 <10
HNBB 3900 420
{TNBC1 2400 280
TNB 3000 280
HNBB 450 70 100 >200
TNBC1 200 41 70 >140
TNB 125 75 210 > 90
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which are.3 to 4 times larger thah Kc,3 valugs for HNBB.
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 lar‘ger'Kc 3 value for TNBC1 than for HNBB may derive from

’
a larger steric effect of the CH2CH2Pic substituent relative
'to-the CH2C1 substituent, and/or a larger ;nducfive withdrawing
effect of the'CHZCl substitueﬁt relative to the CH2CH2Pic
vsubstituent.- The Values of k4, the rate coefficiept for amine
attack at the 3-position, similarly fall in the order TNB >
TNBCl > HNBB and largely account for variations in values of
157-159

K The basicity order of the amines is reflected,

c,3’

for a given nitro-compound, by the order in which the Kc 3 and
’
k3.va1ues fall, <e /:pyrrolidine > piperidine > n-butylamine >

benzylamine.

The rate coefficient for proton transfer from a
substifuted ammgnium ion{ to an anionic adduct, kAmH+’ (see
Scheme 7.2) was.measured for the reactions with piperidine and
pyrrolidine. The vaiues are similar to those for the corres-
ponding reactions involving'TNBCI to TNB and are considered
typical for the'reaction at unsubstituted ring-positions in
trinitro—aromaﬁic substrates. When reaction occurs at a sub-
‘stituted rihg position it is knbwn (see Chapter Six) that steric

effects cause large'reductiOns in the rate coefficients for

proton transfer.

Earlier the assumption'was.made that piperidine and
pyrroiidine form the 3-adduct with HNBB by attack at an unsub-
stituted ring position. This assumption has been justified by
fhe comparison of the HNBB data with that of the TNB and the

TNBCI data:
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7.4.2 Attack at the 1- and l°-positions

The data collected in Table 7.32 is for the
formation of the l—amido-addugt of HNBB with primary amines.

for benzylamine (Kc,l/Kc,3=60)

Comparlsgn of Kc,l with Kc,3

and n-butylamine (Kc 1/Kc 3=46) show that the l-adduct is
7

14
thermodynamically preferred. This is attributed mainly to

the steric relief found in the l-adduct, due to the CHZCHZPic
substituent fotating out of the ring plane. This allows the

ortho nitro-groups to achieve co-planarity with the ring. ‘An

additional effect is the electron withdréwing effect of the

CH2CH2

at the l-position-(F-strain)160 probably accounts for kl values

Pic substituent. Steric hindrance for attack of the amine

being lower than £he corresponding k3 values. Comparison of
the final rows in Tabies7.31 and 7.32 allow the reiative values
of k_, and k_, to'be.estimated. It isAexpected that the acidit§
of the zwitterionic intermediate relative to that of cofres—
popding substituted'ammonium ion, measured-ﬁy kam/kAmH+' will

151

not vary greatly with the position of attack. Thus com-

parison of the data for benzylamine and for n-butylamine gives
ratios of k—3/k-l of ca 500, indicating slower expulsion of amine
from the 'l-position than from the 3-position.

TABLE 7.32 Comparison of kinetic and equilibrium data for
' reaction at. the l-position of HNBB and TNBC1l2

Benzylamine n-Butylamine
-1, [HNBB o 75 | 1150
Ke,1(t mol %) {TNBCl 1000 23000
K. . (1 mol™t') mnBB 0.6 . 17
D’l .
. -1 -1, [HNBB . 60 150
Kl(l mol s _){TNBC1 230 630
k .k +/k HNBB 0.8 0.14
- *-1%amH /A . :
1" Am (s-1y {TNBCl | 0.23 0.028

a. Data from Chapter Six.
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HNBB and secondary amines are not observed to

form l-adducts. This was also found for TNBC1l and secondary .
amines in Chapter Six. The reason for the non-formation of
' 103,161

the l-adduct is presumably for steric reasons. If the

1—aaduct.was formed the bulky secondary amine attached at the
i—positiOn already containing a bulky subStituent, and adjacent
to ortho-hifro—groups, would cause a.sterically crowded environ-
ment. The l~adduct therefore, wou}d be kineticaily and/or.
thermodynamiéally ﬁnfavourable.

-The values of KD 1 for conversion of the 1l:1 o-adduct
1

to Ehe 1:2 o-adduct are lower than the Kc,l values‘byAfactors
of 120 for benzyiémine 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 fhem by Balf, but the concluéion that formatioh
"of the l-adduct inhibits formation of the 1-, 1°-diadduct, even

though the two picryl 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 speciés
is-the dianion, formed by the transfer of two protons from HNBB
to amine. lH'n.m.r. measurements have shown it to have the
structure (7.9). The kinetic studies have been interpreted
usin§ Scheme 7.1. Here, the formation of the monoanion (7.8)
is fouhd to be the réte‘determining step folleed'by rapid con-
version to the dianion (z;g). ' Appreciable build-up of mono-
anion Was_not observed. These results imply that the monoanion

has greater acidity than HNBB. Why should this be so0?
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The feady formation of dianions from 2,2’ -biindenyl and
‘9,9'—bifluorenyl hydrocarbons has been rationali_sed167 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‘(1#§) relative to that of (7.9) can be
Arationalised in terms of two possible factors. . The first is
the stefic strain in (7.8) due to the close proximity of the
CHZPic grouﬁ and an ortho nitro-group which may be partially
removed during the formation of (7.9) by ionisation of one of

‘the CH,Pic hydrogens. The second factor is electronic; there

2
is the possibility of the negative charge being delocalised over

‘the whole molecule in (7.9). Another electronic factor which
should be considered is the electronic effects in IHNBB compared
to those in~the mpnoanion. In HNBE the CH2 protons are activ;
ated by a picrYl ring and a-picry1 ring through a CH2 group,
whereas in the monoanion they are activated by a picryl ring and
acC H2(N02)3_ group coupled through a double bond. The

6
156,168

to be electron withdrawing

C6H (NO group 1is known

2 2)3
relative to hydrogen despite being negatively charged. - It is
therefore a possibility that the electronic influence of the

C6H2(N02)3— group vZia 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 kp, the rate
coefficiept for-proton transfer. kp.decreases with respect to
amine in the order pyrrolidine > piperidine,> n-butylamine,
DABCO »> benzyiamine and is similar to that opserved for o-adduct
formation. Valdes aré between 14 and 23 times smaller than

those for the reaction of TNBC1l with the corresponding amines.



TABLE 7.33 Summary of rate data for transfer of methylene protons

Benzylamine n-Butylamine Pyrrolidine Piperidine

kp/l'mol'l st {HNBB

TNBC1 .-
1 -1

k;/l'mol— s HNBB

a. Data from Chapter Six.

b. .Data from referehce 92.

0.24 . 0.8 5.5 1.8 -

3.42 17° - 140° 42
0.007 0.003 0.4 0.16

9¢c
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‘The forﬁation of the dianion can also be produced vza the.
deérotoﬁation of o-adducts. With n-butylamine and benzylamine
k. represents proton transfer of a methylene proton from thé
l—adduct (7.5) and the ratios of kp/ké have the values of 11

~and 14 respectively.

Schemes 7.3 and'7.6 show‘how the fdrmation of the di-

-anion has been interpreted for the deprotonation cf HNBB by

and _primary’ |
secondaryfamines respectively. Subsequent discussion will

concentrate on the deprotonation of the dianion using secondary
amines, but an énalogoﬁs discussion can be applied to the same

process using primary amines.

The data for formation of the dianion (7.9) shows that
dep;otonation'of the o-adduct (7.3) to give (7.10) is fate—
limitiﬂg. The spécies (7.10) then has two possible pathways
to form the dianion. These are designated in Scheme 7.3 as

the equilibria K Schemes 7.7 and 7.8 show how

X,C y,c’

and K
these pathways may prdceed in more detail. The equilibrium
constant K , -ié the overall equilibrium constant for the route
from (7.10) to (7.8) via (7.12) in Scheme 7.7. This pathway
is expulsionAOf the amine molecule from (7.10) via the zwitter-
ionic intermediate (7.12) to produce the ménoanion, which then
rapidly loses a proton to give the dianion (not shown in Scheme
7.7). The equilibrium constant Ky,c is the overall equilibrium
constant for the route which goes clockwise from (2419) 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 .

timing of these processes.



Scheme 7.7

Interpretation of the equilibrium KX c shown in Scheme 7.3

VA

+ 2R “RNH

O,N 3. -2 NO

(7.10) (7.12) - (1.8)

14
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Scheme 7.8

Interpretation of the equilibrium Ky c shown in Scheme 7.3

L




240

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 expressions used in this chapter were for the

formation of the diaﬁion (7.9).

(i) Formation of the dianion by a tertiary amine, <.ce.

no prior o-adduct formation, from the substrate only.

k
(7.1) + Am ;::EEE (7.8) + Ama"’

k
-p
k2 +
(7.8) + am  —=E=  (7.9) + AnH
k_zp
ar7.91 _ -k +
=3 kzp[7.8][Am] k_ppl7-91(AmH] @)

ar7.81 _ . ‘ + -
Sg = k1711 (A + k;2pl7.9]FAmH 1 =k, [7.81 (Am)- k_[7.8] (A

Treating (7.8) as a steady-state intermediate, Qlééﬁl = 0.
' +
k_[7.11[Am] + k 7.9] [AmH
k1701 0Am) + ko (7.9 (AmH) 2

[7.8] =
k, [Am] + k__[AmH*
| 2p[ ] -p[ ]
. Substituting (2) into (1)

. +
af7.91 _ (Am] k9{7.1][Am] + k_zp[7.9][AmH ]
2p kzp[Am] + k_p[AmH*]

+
- k_2pH.%[Hmi]

dt
(3)

k

2 [7.9] [AmH'] is multiplied by 1.

+
Ky Aml + k_p[AmH;]
k2p[Am] + k_p[AmH )

i.e. k_zp[7.91[AmH+] x

k__k . Am : . -
<_pK_ppl7-91[AmE'T + k_) k) [7.9] [Am] [AnH )
kzp{Am] + k_p[AmH+]
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Re-inserting into (3)

| a2 ' +.2
kyoko (Bml 17.21%- k_ k_, (7.9) (ami")

dt kzp[Am] + k_p[AmH ] -
17.11, = [7.11 + [7.91 + [7.8]
As (7.8) is a steady-state intermediate [7.8]~0.
7,11 = 17.11, - [7.9] (5)
Substituting (5) into (4)
. A -k k (am207.9] - k_k_. (7.9] (ane*)?
ar7.91 _ —_"2p'p ) P -2p -
dt : k2p[Am] + k_p[AmH ] | | (6)
. _ . 2
where A = 'kzpkp[Am] [7.1]o
At equilibrium gi%égl = 0.
2 +,2
o - A - kszP[Am] [7.91, k_pk_2P[7.9]e[AmH ] N
' kzp[Am] + k_p[AmH+] =

Subtracting (7) from (6)

- ' 2 +.2
a(7.9] _ KopkplAml® + k_k_, [AnH"]
at T K, [anT + k__TAnAT]

([7.9]e-[7.9]).

In previous chapters it has been shown that for a single
absorbing species present in solution, in this case (7.9), the
<concentratioh of that species is related to the optical density

‘by the following equation;

aop . 1l _ df7.9] . 1

dc . Op-0D at [7.97, (7.9]

By definition,

K . = d ob . 1
obs dt ODe—OD
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Therefore;

2 ' L2
ki, k_[Am + k k AmH
Kobs = 2pkp[ {AJ]n] k-p[-zg"[' ]
s ¥ Am
0bS3 2p -p 1

(ii) Formation of the dianion by a secondary amine, <.e.

prior formation of the 3-amido-adduct, from the substrate only{

(7.3) + AmH'

Kc~,3
7 x ' K, .
(7.1) + 2Am —2Es (7.8) + Am —2=Ba (7.9) + AmH
k k

P -2p
As the formation of the 3-adduct is rapid compared to

the formation of the dianion, then equation (4) can be derived-

as shown abcve,

k. k_[Am][7.1] - k i +
e (am) [7.1] = k_k_, [7.9] [AnK" ]

ar7.91 _ 2 2)
e 7 k. [a] + k _[AmH') *
2p -p
[7.1]40 = [7.11 + [7.31 + [7.9] ' (8)
< _[7.31[AmHT]
c,3 ~ [7.117am]*
Kc’3[7.l][AIh]2

Substitutihg.(g) into (8) and re-arranging,

[7.1]o - [7.1]

[7.1] - = - 5 - (10)
14K (Am] “/[AmH ] '
c,3
Substituting (10) into (4)
) | 2 ks 2
7.9 _ B kzp;p[Am] [7.9] . ) k—pk—Zp[Am” 1717.91
' + .
dt _ (l+KC,3[Am]- /[AmHTY) (kzp[mﬂfk_p[l\mll*] k_p[mm|+]+k2pl/\m1

(11)

. » 2
where B k kp[ém] [7.lo].

2p
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At equilibrium, Ql%tgl = 0.

2 +, 2,
- k . k .
B - k p[Am] [7.91, k_p _2p[AmH 1707.9:

- 2p
C = +
(1+KC,3[§m]2/IAmH+])(kzp[Am]+kfp[AmH+]) kzp[Am] + k_p[AmH*]

(12)

Subtracting (12) from (11)

ar7.91 _ %2p%p1ami? + k__k_ . [AmHTJ1+K_ . (Am) %/ [AnEt))
T ~p_=2p TR .
(1+K, 3[Am]2/[AmHT]) (kpp [AmI + k_p[AmH"l)

([7.9]e-[7

(7.9) is thé 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 fbllowing equation.

ar7.91 . 1 _ 4daop . 1
dt [7.9]e-[7.9] - dt one—oo

By definition,

X _ 40D . 1
obs dt ODe—OD
Therefoxe,
2 ‘ +.2
k., k_[Am : k k AmH -

’

k = , : + .
ob$~ (1+K 3[Am]Z/[AmHﬂ)(kzp[Am]+k_p[AmH+]) kzp[Am]+k_p[AmH+]

(iii) Formation of the dianion by a secondary amine from
the substrate and from deprotonation of the 3-adduct.
(7.3) + AmH’ + Am

K .
c'3. _k‘ 1L k; :
-p P v K. . .
- (7.10) + 2AmH" ——2+Ss (7.9) + 2AmH + Am

(7.1)43Am .

: o X,C 5
:f§::§\ 1'L %+f amut + 2amM izgjai-Zp

(7.8)
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In the following derivation ké >> k:p.will be assumed so that tem
incorporating k:p is unnecessary}

ar7.91 _ - + ) .
SE 7 Kgpl7.811Am] - Kk, 7.9 [AmHT) + k517.3] (Am) (13)

Treating (7.8) as a steady-state intermediate as shown above
and substituting equations (2) and (9) into (13)

+

k_[7.11[Am)+k_.,_[7.9] [AmH"]
d[;£9] = Xk, [An] p__ 2p -
P K,plAn] + k__ [AmH"]

_ + . 3 s
k_2p[AmH 1{7.9] + kpﬂc,3[Am1.[7.1]/[AmH ] (14)

As»befofe’(see derivation of equation (4)) the first

two terms of (l4) can be combined.

2 +,2
ar7.91 _ XopKpAml“17.11 - k_ k_, (7.9] [AmH"]

t k Am] + k AmH™Y
3 2pAR] + K__UAmH']

. 3 +
+ kaCf3F7.l][Am] / [AmH "] (15)

'[7,110 = [7.11 + [{7.3] + [7.9]1 + [7.10]

leé and Ky,c are very rapid, .°. [7.10] ~ O.

Therefore,

[7.11, = [7.1] + (7.31 + [7.9].

which is equation- (8)

As before,
[7.1]O - [7.9] f (10)
1+K 3fAm]yIAmH*]

[7.1]
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Substituting (10) into (15)

.2
ar7.91 - B - k kzp[Am] [7.9] '
- 2 + ¥
dt | (1+Kc'3[Am] / [AmH ])(kzp[Am] + k_p[AmH N

+,2
k:pk_zp[AmH ] [7.3]
kzp[Ami.+ k_p[AmH ]

. 3 _
+ %EKC’3[Am] ([7.1]o [7.9]1)
[AmHT] + Kc'3[Am]2 (16)
At equilibrium,-g—[%é-g—l = 0.
B - k. k_[Am]%[7.9] k k . [(amET1%(7.9)
0 = 2 E ; ; - Rk .+ <
‘ (1+Kc’3[Am] / [AmH ])(kzp[Am]+k_p[AmH ] kzp[Am] + k_p[AmH ]
3
kK Am . - .
.55 ¢, 3B~ ([7.1] - 17.9] ) a
[AmHT] + K [Am] 2 —
c,3
Subtracting (17) from (16)
| kK k. [Am]2
dar7.91 . 1 _ p_2p. -
- T
dt [7.9]e [7.9] (l+KC’3[Am]2/[AmH ])(kzp[Am]+k_p[AmH 1)

. 3
. k_pk_zp[AmH+]2 ka3[Am] ]
+
Ky (AmI+k__TARHT] [AmHTT+K, 3 [Am]

+

Using the principles outlined in previous chapters [7.9]

can be related to Ob by the following equation.

ar7.91 . 1 - aop . 1 .
ac [7.91_-17.9] at ob_ - 0D

- By definition, _
, —4dop . _1 !
obs dt ODe-OD
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TherefOre}

L,
_ . k k., [Am
kK . = B 2p 2 —
obs (1+KC-’3[Am]2/[AmH ])(kzp[Amv]+k_p[AmH 1)

+.2 by 3
_k AmH k'K Am
+ k_p*-2p! : — + B 0;3[ _ : -
: kzp[Am]+k_p[AmH ] [AmH ]+Kc'3[AQ]
' +
AIf k2p [Am] >> k_p[AmH ]
K - k_[Am] . k__[AmH"] - k K S[Am]
obs + p + P Cq.
1+K, 3 [Am] 2/ [AmHT] sz[Am] : [AmH*] K 3 [Am] 2

(iv) .Formation of the dianion by primary amines, %.e.
prior formation of the l-adduct, from the ‘substrate and from

deprotonation of the l-adduct.

Analogous procedures to those described above for

the secondary amines can be used to show

| k. k. [Am]? | |
Kobs = [AIE]972 AmAT [(Am1+k__ [AmAT \
obs = TI¥K_ 5 /TRRAFTYK, TART #k_TARETT
. k—pk—zp (AmH "] K .kEKC'llAm]

2l - |
kzp[Am]fk_p[AmH ] [AmHT] + KC'3[Am]2

%
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CHAPTER EIGHT

THE REACTIONS OF

2,2°,4,47,6,67, -HEXANITROSTILBENE

 WITH ALTIPHATIC AMINES

IN DIMETHYL SULPHOXIDE
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8.1 Introduction

Another preparation of 2,2°,4,47,6,6 -hexanitrostilbene

(HNS) is usiﬁg the 'Hungarian Method'.169

~This_method empioys‘
a copper éuiphate/pyridine éatalyst with'ﬁase to‘produce HNS

in high yields from 2,2’,4,4‘,6,6’—hexanitrobibenzyl'(HNBB) or
2,4,6—trini£rotoluene (TNT) in various solvents.  The use of
amine bases iﬁ the preparation of HNS was mentioned in Chapter

Seven. Therefore, there is an interest to study the inter-

actions of HNS with amines.

The~iﬁtefactions of é,4,6—trinitrobenzyl chloridé (TNBCL)
and HNBB with amines haveAbeen reported in preQious chaﬁtérs..
Using this knbwlédge the intefactions of HNS with amines:in
DMSO can‘be'prediCted. _The formatibn of o—addﬁcts; 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 l-position. Proton transfer from zwitterion
to amine may be rate-limiting. Because HNS has two activated

rings formation of the 1:1 g-adduct may be foiiowed by amine
attack on the seéond ring té form a di—énionic specics. -This
.di—anionic species may be formed by amine addition-at.the 1- and
1°-, 3- and 3;—,Aor 1- and 3’—'positions.' .Unlike HNBB it is
improbable that deprotonation of‘HNS Will occur to groduce the
conjugate base of HNS.. However, amine addition at the 6lefiﬁic
bond'may'occuf, ohée again vig a zwitterionic intermediate.

. The major reaction pathways possible are summarised in Scheme_
8.2. (Thé'stfuctures.of the species (8.1), gngYL étc, are .
'giﬁen in-Figure 8.1). This scheme,-for-cémpactness, has not
rincluded'freé amine molecules, ammbnium ions or zwitterionic

intermediates.



j(l
- -——l——A
+ 2R°RNH
k1
Scheme 8.1
0,8
K_.
D,3
(8.2) p—
¢ii;i///,
Keo1 Kp,1
——— __:.V
(8.1) - (8.4) ——

Scheme 8.2_'
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Figure &8.1
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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°%. AFirst order
kinetics wefe alwayé observed because base concentration was
kept in large excess of parent concentration.: For reactions
of HNS with amines in the absence of added saits a sufficient
excess of amine was used to ensure >95% conversion to product at
equilibfium. For reactions Qith buffersA(amines plus aminc¢ salt
the buffer components were in large excess 6f HNS concentration.
The observed rate coefficients are a mean bf at least five
separate determiﬁations, when measured using the.stopped—flow
spectfophotomefer,‘and at least two separéte determiﬁations.when
measured using a conventional spectrophotometer. Examples of,
typical rate measurements are given in Tables 8.1 and 8.2.

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

instrument operating at 60MHz using tetramethylsilane as the
internal reference.
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.
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TABLE 8.1 Typical results from rate measurements.

(1) HNS (1 x 107°W), piperidine (0.1M).
- Formation of 3—addﬁct measured at 450nm in
Dmso,containing 0.1M piperidinium chloride.
(ii) ENS (4 x 10 °w), pyrrolidine (0.002M).
Fofmation of (8.6; R'RN = CgHSN); measured at

510nm in DMSO containing O.1M pyrrolidinium perchlorate

(i) - ' ' (id)

t/ms : 'AVa t/s | A AODb
0 - 3.00 | 0 0.531
10 . 2.60 . 100  0.440
20 2.20 . 200 . 0.384
30 1.80 , 300 0.341
40 1.50 400 - 0.307
60 - 1.15 600 . 0.251
80 | - 0.80 . 800 »o.zos
1000  0.174
A plot of 1nAV vérsus't | A plot of lnAOD versus t
is 1inear and yields . is linear and yields
ko = 16.4 80 ko= 1.17 x 1077 s

a. AV =V_ -V,

b. AOD calculated using the Guggenheim method.
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TABLE 8.2 Typical results from rate measurements -

(i) HNS (1 x lO—Sg), n-butylamine (6.06%).
Formation of l-adduct, measuréd at 455nm in
DMSO containing O.1M n-butylammonium perchiorate.
(ii) HNS (1 x 10‘5@), benzylamine (C.OOSM).
Formétion of 3-adduct, measured at 450nm in DMSO

"containihglo.lg benzylammonium chloride.

(1) (ii)
t/ms . ave . t/ms"- ave
20 4.0 } 0 4.1
30 . 3.6 | 25 3.5
0 S 3.3 50 2.9
60 2.6 75 2.4
80 2.0 - _ 100 2.0
100 1.6 150 1.5
120 1.2 : 200 1.0
A plot of 1nAV versus t A piot of 1nAV versus t
is linear and yields is linear and yields
_ -1 - _ -1
kobs = 11.50 s . kobs = 7.05 s .
a AV =V -V
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8.3 Results

8.3.1 lH n.m.r. measurements

The reactions between HNS and 1,4-diazabicyclo-
[2,2;2]octane (DABCO) , piperidine and n—butylamine in [2H6]

DMSO have been studied by lH n.m.r. spectroscopy.

_The lH n.m.r. spectrum of HNS (0.02M) in [2H6]
DMSO shows two bands with an intensity ratio of 2:1 at §9.13
(ring';rotons) and §7.15 (olefinic protons) respectively.
Within the accuracy of the instrument used this spectrum is
identical to that of HNS in fully deuteriated 80:20 (v/v) DMSO-
mefhanol, where bands were measured at §9.10 and §7.12, which.

was reported in Chapter Five.

Addition of-one molecular equivalent of DABCO.to )
HNS - in [2H6] DMSO immediately resulted in a collapsing and
broadening of tﬁé 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 minutés the band at .
8§7.15 re—appeared and increased in intensity with time. After
twelve minutes a specﬁrum was recorded with bands at §9.13 énd’
§ 7.15 with an intensity ratio of 2:1. This spectrum.remainéd
unchanged for a further eighteen minutes when measurements were
»étoppéd. However the final ‘spectrum indica£ed that bhly half
the number of protons were present in éach 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 éf HNS with DABCO. That is the band at §7.15 disappears
immediateiy the solutions are mixed and réturns after about ten -
minutes; while the band af §9.13 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
'(riﬁg'protons:olefinic.prétons) but are perhaps'not as intense.
With two molecular equivalents of piperidine the same initial
spectré are observed. . However the band at §7.15 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 aftef mixing HNS

" with ten molecular equivalents of piperidine shows neither the

§7.15 or the 69.13 bands.

These spectra are difficult to interpret dueA£o
the lack of new bands expected for the products. 'The blue
colour and broadening of the bands suggests an electron transfer
process, possibiy the formation of the dianion by transfef of
two electrons to HNS. The disappearance of the bands on additic
of twoior more molecular equivalents indicates that at leasf
two piperidine molecules are needed per molecuie of HNS to
" complete this unknown reaction. |

lH n.m.r. spectra for the reaction of HNS with two

Amolecﬁlér equivalents of n—bufylamine show three bands, of equal
~intensity, at §9.00, 8.50 (ring protohs) and.6.63 (olefinic
protons) . ::In Figure 8.2 one of'theée spectra is shown. Theée
speCtravare consistent with the‘formétion of (§;i7 |

CH,CH,CH

2CHCM, .
pected to give an AB quartet.l

NH) except the olefinic protons,Would be ex—i
47 | | |

R RN = Cl-l3

An AB quartet was observed -

for the olefinic protons for the formation of (8.4;R’RN = CD3)'
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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-
alencé of these olefinic protons is due tovrapid proton exchange
with the.bﬁtylammonium cations presenﬁ in solution. After
abOut an hour éll the bandé had decayed. With five molecular
eQuivalents°of base bands at'58"37 and §6.60 are observed which
afe nevérlvefy intense and decay rapidiy.. These bands may be
attributable to (8.5; R°RN = CHyCH,,CH,,CH,NH) .

The lH'n.m.r. spectral evidence is generally poor
and therefore iﬁconclusive. o-Adduct formation between HNS
andipiperidine was not obsérved by lH n.m.r. but kinetic evidence
for o-adduct formation will be given below.‘ There is both
,lH n.m.r. and kinetic evidence»(again given beiow) for 6-adduct
formatién between HNS and n-butylamine. The lack of lH n,ﬁ.r.
evidence for o-adduct formation between HNS and piperidine will
be showﬁ iater from the kinetic and équilibrium studies to Se
due‘to'its‘low thermodynamic stability compared with‘the thermo-

dynamic'stability of the o-adduct formed between HNS and n-

butylamine. -

8.3.2 Reaction with DABCO

- DABCO being a tertiary amine.would not be expected '
to form ¢-adducts by reaction with HNS. The feaction of HNS.
(2 x 10_55) with DABCO (O.1-1M) produces'a'blue species followed
'by‘aAbrown speciés. Visiblé spéctra of'théée'soluéions show
the blue species héstmaxima at 620nm ahd 480nm ahd siowly (withif
about thirty minuteé aftér mixing) converts into é.brbwn.speciés

with maxima‘at 486nm and 380nm.



FIGURE 8.2 lH n.m.r. spectrum of HNS (0.02HM) and 2 molecular equi\}alents of n-butylamine

in [2H6j DMSO
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'TABLE 8.3 Tabulation lH n.m.r. data for HNS and its
adducts with n-butylamine in [2H6] DMSO

Species §2 (ring) §2 (olefinic bond)
HNS ' ‘ 9.13(s) 7.15(s)
. R‘RN= | | | b
(8.4; R RN—CH3CH2CH2CH2NH) H 8.5(s) 6.63(s)
o Hy 9iO(S)
(8.5;’R’RN=CH3CH2CH2CH2NH) 8.37(s) 6.60(s)
a. All shifts measured relétive to internal TMS.
- b. -Expected147 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 récorded; The shape and size of the spéctrum of
the blue species, as well as its colour, suggest the formation
of the dianion of HNS (8.7) by addition of two electrons.
ﬁABCO would not be expected to remove two olefinic protons from
HﬁS»tolform the dianionic conjugate base of HNS. - Therefore if
.the dianioﬁ (8.7) is produced it would be identical to the di-

anion of HNBB produced by removal of two chain protons. The

(8.7)

brown species is unknown but could be a Janowsky type complex

by the attaék of the dianion of HNS (8.7) on a neutrél HNS

149

molecule. It'is known from e.s.r. measurements of ‘HNS -

(1 x lO—Sg) with DABCO (O.1M) in DMSO that a free radical species
'cd 0.1% of the4original HNS concentration, appears as.the brown

colouration appears.149 Spin-spin splitting values of'a(N)4.7

gauss and a(ﬁyl.8 gauss were measured. This shows the radical

’
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is unusual as a value of a(N) ca 12 gausé fdr the nitrégen'
atoms in the nitro groups of HNS would haQe been expected.l7o'
At present the radical species had not been identified, but its
'low concentration suggests its production may énly be a minor

process, and its formation may not be responsible for the brown

colouration observed.

8.3.3 Reaction with piperidine

Visible spectra of HNS (1 2 lO_Sg) and piperidine
(0.001 —'Q.lg3 in DMSO were recorded. A red species with
maxima at 450nm and 520-530nm is produced first, and slowly
decays to be replaced by a species with a large broad maximum
at about 640nmi 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 colour forming
. process. . Only the fast process was measured and this is assumed
to be o—adduct formation by amine attack at tﬁe 3—posi£ion to -
form (§;g} R’RN = C_H,.N). Evidence to justifi this assumption

5710

will be given later. The following slower reaction at high

piperidine concentrations may be formation of §8.3; R'RN = CSHloN)

The kinetic and equilibrium data for the o-adduct
formation reaction between HNS and piperidine in DMSO is given
in Table 8.4. Using Scheme 8.3 the general kinetic expression,

given by'equatiqn;S,l, can be derived.

2 .+
kBkAm[Am] + k_3kAmH+[Amh ]

Ck_3 + k, [Am]

k =

obs (quation 8.1)

When there is no added amine salt present and conversion

to the o-adduct is 295% then equatioh 8.1 rcecduces to equation 8.2
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2
k3kAm[Am]
k [Am]

(equation 8.2)
_3* kAm

kobs =

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.

A value of Kk, (4r0.4) x 10% 12 mo1™? s71 is obtained.

2 . (equation 8.3)

kob_s = Kk (aml

TABLE 8.4 Kinetic data for the reaction of HNS (1 x 10 °M)

with piperidine in DMSO at 25°C

(Piperidine] M  k_ /s T K2 s 0P (fast) o0 (slow)

0.004 - 0.74 0.64 0.0334 |
0.006 1.7 1.4 O¥O343
o}ooé’ 2.8 2.6 . 0.0343
0.01 3.8 4.0 0.0343 . 0.0353
0.02 | i7 16 0.0334 0.0410
0.03 ’ 33 36 ~ 0.0343 0.0429
0.04 . 51 - 55 0.0343 0.0458

a. uCalculatéd using K3kAm 4 x 104_12 mol_2 s_l. |

b. }Méasured at 450nm at completion of the 3-adduct formation.

A 2mm pathlength cell was used.
- C. Measured at 450hm at the completion of the second colour.

forming process.

Rate and equilibrium measurements for the s-adduct
‘formatibn reactioﬁ betweeanNS and pipéridine in DMSO'céntaining
0.1M piperidinium perchlorate, data ianable 8.5, or O0.1M )
_piperidiniﬁm chloride, data in Table 8;6; haVe been made using

stopped-flow spectrophotometry. At the concentrationé studied

H



"HNS + 2 R’RNH o——

Scheme 8.3

.+ R“RNH

I o R‘Rﬁﬁz

NO

(8.2)

29¢
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TABLE 8.5 Kinetic and equilibrium data for the reaction of
HNS (1 x 10'55) with piperidine in DMSO containing

0.1M piperidinium perchlorate at 25°C

 [Piperidine] /4 kpo/s T K,/s T op(4asom) 32,3/1 mol L
0.01 311 31 0.0060 168
0.015 | 33 36 0.0100 . 140
0.02 _ - 43 43 0.0148 138
0.025 52 52 0.0l9i 135
0.03 . 60 : 63 0.0241 152-
0.04 86 91 0.0287 138

a. Calculated using K3k 4 x lO4 l2 mol—2 s_l, kAmH+ 270 1

mol_l s—l and equation 8.4.
b. Calculated using an optical density for éomplete con-
version to 3-adduct of 0.0417 and equation 8.6.
TABLE 8.6 Kinetic and equlllbrlum data for the reaction
between HNS (1 x 10 M) and plperldlne in DMSO
containing O.1M piperidinium chloride at 25 C
(Piperidinel /4 Kk /sT  Ka;/s T op’(450mm) K2,3/1 mol ™!
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 Y s 0.0269 296
0.04 64 71 0.0306 298
a. Calculated using Kzk, 3.7 x 10° 1° mo1™? s7%, k, .+ 120 1

mol Y s7! ana equation 8.4}

b. Measured using a 2mm pathlength cell.
Calculated using an optical density for complete conversion

i f

td 3-ddddct of 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 2> kAm[Am]T

L 2 + . |
kobs = K3kAm[Am] + kAmH+[AmH ] - (equation 8.4

In O.1M piperidinium peréhlorate solution a plot of kobs versus

[Am]2 is linear and gives values for K3kAm of 4 x lO4 12 mol_2

s_l and. for kAmH+ of 270 l'mol—l s—l. Combination of these

values giveé a value for Kc 3 (defined in equation 8.5) of
- Ue . , :

148 1 mol—l. - This value is in good agreement with the KC 3
- . ) ’

k,.k
b4 =3 Am , ' (equation 8.5]

c,3A k—3'kAmH+

value calculated from the optical density measurements using

equation 8.6. In O.lg piperidinium chloride solution equation
8.4 again fitted the data to give a value for K3kAm'of

+
% [8.2] [AmH ]

.= » (equation 8.6)
©3 (5.1 [(Am)?

+ of 120 1 mol_l s_l. Using

AmH

equatioh 8.5 gives a value for K. 3 of 310 1 mol—l which is in
14

3.7 % 10% 1% mo1™% 57! ang for x

reasonable agreement with the Kc 3 value calculated from the
. ! .

»optical density values.

8.3.4 - Reaction with pyrrolidine

Mixing solutions in DMSO of HNS (2_x-lO—5g) and
pyrrolidine. (0.001-0.1M) results in the rapid formation of a

red species whose visible spectra, X
92

max 450nm and 520-530nm, is

typical of o-adducts. There is a slow subsequent reaction

giving rise to an increase in absorption at 630-640nm.
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Spectra recorded in the presence of a 0.14 pyrrolj'
idiniuﬁ perchlorate indicate the siow formation of a species with
Mpax 4 SiOnm. This is thought to be th¢ adduct (§;§;

R°RN = C,HgN) 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 o-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 = C4H8N) followed by conversion to (8.6).

Kinetic dafa for the rapid reaction'giving (8.6;
R'RN = C4H8N) were obtained by stopped-flow spectrophotometry in
solutions containing pyrrolidine in DMSO with and without added.
tetraethylammonium perchlorate (to maintain constant ionic
Strength).i They are presented in Table 8.7. A very much slower
colour forming feaction 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). Values for K3kAm
2
k| = (equation 8.7)
obs = L + k, [Am] ~equarion ©-
[ - Am
k_3
.5 .2 -2 =1 . R -1 . A
7.5 x 107 1”7 mol s and for kAm/k—3 of 21 1 mol ™ give cal-
culated rate coefficients which best fit the data. They are

intermediate between the observed rate coefficients measured in
© DMSO and in DMSO containing 0.1M tetramethylammonium perchlorate.

‘The value of._k-Am/k_3 is the parameter most subject to error.

Further rate and equilibrium measurements have been

'Amade on the fast process. Table 8.8 contains data measured in

1

DMSO contéinihg‘0.006g pyrrolidine with varying pyrrolidinium
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TABLE 8.7 Kinetic and equilibrium data for the reaction of

~HNS (1 x lO-Sg) and pyrrolidine in DMSO at 25°C

[Pyrrolidine] /M kgbs/s_l gzk‘/s'l kgbs/s-l ong_, (450m) 0DS, _ (4501
0.004 . 10.1 11.1 11.5 0.042 0.044
0.005 17.0 18.6 0.042 0.044
'0.006 23.5 24.0 27 0.042 0.045
0.008 35 41 46 . 0.042 0.048
0.010 . 55 62 60 0.042 0.050

a. These measurements were made in DMSO. . 1

b. Calculated using Kk, 7.5 x 10° 1% mol™? 5™, k, /k_; 21 1
mol“l and equation 8.7.

c. These measurements were made in DMSO,.containing 0.1M
tetraethylammonium perchlorate. |

d. Measured.a£ completion of the fast process.

e. Measured at completion of the second process.

TABLE 8.8 Kinetic and equilibrium data for the reactlon of HNS
| (1 x 10~ M) with pyrrolidine (0.006M) in DMSO

contalnlngupy;rolldlnlumAperchlorate at 250C

[Pyrnolldlne perchlorate]/w o.bs/s kgalc 0p (450nm) Ac’3/l nol "t
0 24 24 0.0419 |
0.002 21 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
k‘ 0.02 59 61 0.0155 326
“a. Ionic strength = 0.1lM by using tetraethylammoniﬁm perchlofate
b. Célculafed using KjkAm 7;5 X 105 l2 mol—2 s_l, kem/k—3 21 1
mol_}, - 2100 1 mol™t s7! and equation 8.8. h
C. Measured at completion of the first process.

4. .Calculated using K_ 4 = OD(4SO)[AmH 1/10.0419- ~0D(450) ] [Am] 2
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'perchlorate concentrations. ‘They are intérpreted ﬁsing

equation 8.8 which is a modified form of equation 8.2. Using

the previous values for K3kAm of 7.5 xlOS_l2 mol"2 s_l and
' 1 -1

. ‘ — l . _ -
for kAm/ke3 of 2; 1 mol a value for kAmH+ of 2100 1 mol S

can be calculated. The data given in Table 8.9 were measured

.2 +.
. . Koky o (Al ™ + ko4 [AmH ] (ccuation 8.8)
obs k + k, [Am] | equation 8.

k-3
in DMSO solutions containing g, 1.4 or szg pyrrolidinium perchlorate

Théy“are again best fitted using equation 8.8 with values for
- 5 . 2 -2 -1 | -
K3kAm_of (7.5#0.3) x 107 1 7 mol s —, for kAm/k_3 of 21#6 1 mol
1 -1

and for k, .+ of 2100:100 1 mol” " s '.  The overall equilibrium

1

AmH

constant Ké"3, defined by équation 8.5, is calculated as 360 1
14
mol_l, which is in agreement with a value for KC 3 calculated

from the optical density data.

A conVentional épectrophotometer was used at a
wavelength of'510nmAto measﬁre a very slow colour forming process,
whiéh'followéd the rapid‘coiour forming process measured on thé
' stopped—flow)speétrophotometer. This reaction is intefpreted
as amine-attack>on the 6lefinic bond of HNS as_shown in Scheme
8.4. TheArate exprgssién allowing er preliminary formation '
of the 3-adduct is given by equation 8.9. H0wever by assuming
equation 8.9 reduces to equétion*B.lO. The value-

b

L+ . . :
of k_bkAmH+[AmH j/kAm[Am] is expected to be small (the:qulva;ent

term for methoxide attack on the olefinic bond of HNS in methanol

K, [Am]>>k_

was shown to be very smali in Chapter Five) so that equation 8;10

can be‘modified_into equatioh 8.11. For the data given ih
: o ) | O

¢ o= kbkAm[Am] S— Xop g LA ](amménxusx
obs ‘(k_b+kAm[Am])(l+Kc,3[Am] /TAamEF] © k_ ¥k, TAm] et
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" ’
[8.4] [AmH ] (equation 8.1:

Ke,1 = TENST [Am)2

X _ [8.5] [AmH'] ( cion 8.1°
°D,1 ~ T8.47 (Am]Z equation 8.1:
[ENS] = [HNS] + (8.4] + [8.5] (equation 8.14

line can be extrapolated to give a value for the obtical density
df completée 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
thése Values aﬁd-equations 3.12,‘8.13 and 8.14 values for Kc,l

1

of 4500 1. mol ! and for K of 65 1 mol

D,1 flt the data in

Table 8.11.

Kinetic measurements were limited to iow n-butylamihe
concentrations where only c-adducts of l:l‘sﬁoichiOmetry'were
observed. Two fast processes were observed which are taken to
be amine attack at the 3-position to give (8.2; R’RN = CH.,CH.,CH,CH, NI
followed by amine attack at the l-position to give gngfv
| R“RN = CH,CH CH'CH2Nﬁ). The general rate expression derived

372772
from Scheme 8.3 for formation of the 3-adduct is given by

equation 8.1.

The rate data for the'faster process; obtained iﬂ
solutions wittht added n-butylammonium ions, is given'in Table
8.12. . The data fits équétion'S.lS which is derived from equation
8.1 whenvamIAm]>>k_3}and [AmH+] is extremely small. A Qalue'

for k., of 5300+300 1 mol™F 71 is calculated.

3

kobs ='k3[Am]- ) (equation 8.15
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TABLE 8.12 Rate measurements for formation of
(8.2; R°RN = CH3CH2CH2CH2NH) from HNS

(5 x 107°M) and n-butylamine in DMSO at 25°¢

[n-butylamine] /M kobs/s_l kg/l mol st op® (460nm)
0.005 26.3 5250 0.0182
0.006 . 30.3 5050 " 0.0186
6.008 43.3 5400 0.0186
0.010 54.8 | 5500 0.0195
0.012 ' 64.1 5350 0.0186

a-. ,k3 = X pg/ [Am]
b. Measured at completion of the first process. Indicates

- conversion to 3-adduct >95%.

In solutions containing O.1M n-butylammonium
perchlorate the formation of the 3-adduct is tdo rapid for rate
measu%ements but at higher amine concentrations a value for
Kc,3 of 1465 1 mol -1 can be calculated from the equilibrium
optical den51t1es., These data along with rate ﬁeasurements
fqr the formation of the i—adduct aré given in_Table 8.13. The
scheme for o*adduthformatibh by amine addition at thell—position
is given in Scheme 8.6, from which the géneral rate expression{
given by'equation 8.16, is.derived; " This includes a term which
allows for prellmlnary formatlon of the 3-adduct. The data in

Table 8.13 best fits equation 8 17, Wthh is a modified form of

equation 8.16.

2
klkAm[ ]

obs = Ko F 1K (AR ) (T+K ’3[Am]2/[AmH+]

k




HNS + 2R“RNH

Scheme 8.6

+ R*RNH-

SLT
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TABLE 8.13 Kinetic and equilibrium data for the o-adduct

forming reactions of HNS (1 x’lO—Sg) with n-

' butylamine in DMSO containing 0.1M n-butylammonium
perchlorate at 259C

[n—butylaﬁinél/g opS (455mm) K2’3/l mol bk /st xS /st
- 0.001 ' 13?2 12.9
0.002 | ' _ o 9.3 8.9

0.004 | 7.1 7.2
- 0.006 | . 7.3 7.4
0.008 R - 7.3 8.0
0.010 . N 8.6 8.8
0.015 0.0092 © 149 10.2 10.4
0.020 | i1.8 11.3

0.030. 0.0205. 141 '
0.040 . - 0.0259 151 12.1 © 1o.4
0.050 0.0287 145 |

0.060 . 0.0306 142 11.3 8.3
0.080 0.0362 10.9 6.7

a..

‘Measured at the completion of the formation of the 3-adduct.

A Benesi-Hildebrand typé plot7§ gives an optical density for
complete conversion to the'3—adduct of 0.0366.

) 0D, (455) [AmH"]
Calculated u51ng»KC’3 =»[O.0366-OD3(455)][Am]2

calculated using k; 840 1 mol™* s™%, k, /k_; 1575 1 mol™ %, .

’ -1 -1 S ; '
kAmH+ 320 1 moll »s "y Kc’3 14611_mol and equation 8.175
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bs ~ (I+k [Am]]){%];i?[Am}[Ar{l}](z}[AmHﬂ * };ﬁHJrE::? .] (equation 8.
° _@ c,3 __A_m
k_; kK, -

Using the calculated value for-Kc 3 of 146 1 mol_l
r .

the data for n-butylamine concentrations <0.02M &re best fitted

using the values: kl 840 1 mol-l S-l, kAm/k_l 1575 1 mol—1 and
.kAmH+ 320 1 mol_l s—l. For n-butylamine concentrations 20.02M

kobs; the observed rate coefficient, is found to be larger than

k the calculated rate coefficient. In these solutions the

calc’ , ‘
optiqal density data indicate the presénce of appreciable amounts
of'the-di—adduct, which probably accounts for this discrepancy.
Thé equilibrium constant Kcll’cglculated frém_the k;netic para-
metérs gives a Qalue of 4200 1 mol—l\' "which is in good agree-
ment with that calculated from the optical density measurements‘
in Table 8.11. |

AThé kinetic and equiiibrium data measured in the
presence of 0.1M n-butylammonium chloride are given in Table 8.14.
No independent valﬁe for Kc,3 was meaéured, but a value of Kc,3
of 292 1 molfl.was_used‘by"aSSuming,-as found previously, that.
equilibrium constanté for adducts of 1:1 stoichiometry are about
‘twice'as iarge_in solutions containing substituted ammonium
chloride ions than those containing substituted ammonium perchlor-

92,151 yging the parameters k; 840 1 mol™t s %, Kam/ K-

+ 176 1 mol™ ! s™1 and the value for K, 4 of
, c, |

ate ions.

AmH

1575 1 mol™ %,
292 1 mol_li\With equatioh 8.17, good agreement between kcalc andA

kobs

last two n-butylamine concentrations which again suggests that

is obtained. It is observed that k > k for the
, . - obs calc

at these n-butylamine concentrations there may be some formation

of the 1:2'adduct.
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TABLE 8.14 Kinetic and equilibrium data for the o-adduct
forming reactions of HNS (1 x 1075M) with-

| n-butylamine in DMSO containing O.1M n;butyl—‘

ammonium chloride at 250C

[n-butylamine] /M kobs/s_l kgalc/s—i ODb(455nm)
0.0006 . 9.28 | 9.29 0.0016 ;
0.0008 . 8.15 8.16 0.0028
0.001 1750 | 7.35 0.0037
0.002 o 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 using k; 840 1 mol™' s™%, k, /k_ 1575 1 mo1™!,

Kyt 176 1 mol s7L, K, 5 292 1 mol” ! and equation 8.17.

b. Measured at completioh of the colour fbfming process.

8.3.6 Reaction with benzylamine

Visible spectra for the reaction of HNS with beﬁzYl-
amine in DMSO are similar to those 6f HNS with n-butylamine.
In solutions without added benzylammonium salts the visible spectre

of HNS (1 x 10 °M) with benzylamine (0.001-0.1M) are typical of

92

_ c—adducts‘ and appear to be very stable.. The maxima as the

amine concentrations increase move from 450nm and 540nm with
0.001M benzylamine to 458 and 510nm with 0.1M. benzylamine as
shown in Figure 8.3. The first is probably the visible spectrum

- of the 1:1 adduct (8.4; R'RN = CH.CH,NH) while the second is that

of the 1:2 adduct (8.5; R°RN = CH

5CHZNH). In solutions con-

‘_‘taining 0.1¥ benzylammonium chloride, HNS (1 x lO—Sg) and benzyl-



'Figure 8.3 Visible spectra of the o-adduct formation reaction between HNS (1 x 10‘5@)
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TABLE 8.15 quilibrium data for o-adduct formation from
‘ HNS (4 x lO-Sg) in DMSO containing 0.1M

benzylammonium perchlorate at 250C

a

[Qenzylamine]/g 40Dobs(530nm) ’ oDcalc(530nm)
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 . o.086 © 0.081
0.0195 - 0.210 0.219
0.0383 | 0.365 0.389.
0.0603 | 0.470 '0.468 .
0.0804 o 0.513 0.507
0.101 ~ 0.540 | 10.533
0.201 : 0.648 0.641
0.402 | 0.777 | ©0.812
0.603 ‘ 0.904 : '»04907'
o.804 0.963  0.956
0.979 0.990 - | 0.980
1.175 - 1.005 - 0.997

a. Calculated using K 190 1 mol_l, K. 0.8 1 mol™1
: c,l D1 - . :

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 (0.001-0.1M), o-adduct formation is observed with maxima
at 450 and 530-540nm. Very slowly a maximum at ca 500nm appears
‘to replace the o-adduct maxima. This is probably amine attack

on the olefinic bond to produce the adduct (8.6; C6H5CH2NH;RRTH.

Table 8.15 shows optical density data of the c-adduct
formation reactions in solutions containing O.1M benzylammonium
perchlorate. < Using equations 8.12, 8.13 and 8.14 the values

for Ké 3 of 190 l'mbl'-l and Kb l‘bf 0.8 1 mol—l are calculated.
’ _ '

Kinetic studies have once again been limited to
adducts of 1:1 stoichiometry. =~ In solutions containing no added
benzylammdnium ions a value for k3 of 1200+150 1 mol—%4has been

calculated using equation 8.15 for the data in Table 8.16.

TABLE 8.16 Kinetic and equilibrium data for the reaction
: of HNS (1 x 10-5M) with benzylamine in DMSO at 25 °c

[Benzylaminel/ﬂ Vkobs/s-l ik§/l mc_)l—l_s_l OD (455nm)
. 0.015 16.2to;5 1100 0.040
0.020 21.4 1100 - 0.041
10.025 25.9 050 0.040
0.030 8.5 1300 - 0.042
0.035  45.8 1300 . 0.042
0.000 ~48.7 o '1'200' - ' 0.041

a. ,k3~= kobs/[Am]'

Table 8.l7lcontains>the data for the fdrmation of
the l-adduct in solutions containing 0.1M behzylammonium perchlor-

ate. The data'§@3best fitted using equation 8.17 and values

, 4 2 -2 -1 : -1 _-1
for Kikan 9f_6.8 x 107 1 mpl s 7, for'kAme,of 310 1 mol © s
1

- l ) -_— . .
of 245 1 mol. and K?r3 7.3:0.2 1 mol . Kc,3 is

fh A d s el R HE SRS R BT PSR S AL R o :
calculated from eguilibrium optical deh51t1es_at the higher amine
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Kinetic and equilibrium data for c-adduct formation

from HNS (1 x lO_Sg) and benZylamine in DMSO con-

taining O0.1M benzylammonium perchlorate at 25°C

[Benzylamine] /M

0.004
0.006
0.008

0.01

0.02 .

0.04

0.08
0.10

0.15

'0.20

0.25

W%mm~i /1 mol b ok
14

OD3

obs

17.7

13.3

12.9

1.2

10.2

- 11.7

0.0177 7.3
0.0259 7.2
0.0315 7.5

0.0343 7.1

14.5°
17.0
17.8
19.5
19.0

18.5

16

.2

13.

10.

9.

11.

14.

- 15.

16.

16

14.

12.

5

8

-1 . c -1
/s kaﬂc/s QDlMSOmQ

0.0019
0.0036 .
0.0062
0.0087
0.0106
0.0438
0.0526
0.0565
0.0595
0.0655
0.0706

0.0757

Measured at compietion of the 3-adduct formation reaction.

A Benesi-Hildebrand type plot76 yields OD

conversion to the 3—adduct‘of 0.0420.

3

for complete

Calculated from K_ 0D, (450) [AmH*1/[0.0420-0D, (450)] [Am] %,
. 14 . .

-Calculatéd usihg K.k,
-1

mol

S

-1

4

1Map 6-8 % 107 1

A -1 |
' kAm/k_l 245.1 mol -, Kc,3

equation 8;17,

2 mol”

2

S

-1

14

kAmH

+ 310 1

7.3 1 mol-l and

Measured at completion of the lfadduct'fOrmation reaction.
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1 is calculated

14

concentrations. From the rate coefficients Kc
as 220 1 mol_l. At the higher benzylamine coﬁcehtratibns a
mixture of 1:1 and 1:2 adducts will be present thus causing kobs
to be larger thaﬁ kcalc' Table 8.18 shows'data meaéured in
solutions'containing 0.0l and 0.006M benzylamine. At these
amine concentrations ﬁhe concentration of the 1:2 adduct is

very small. The fate and equilibrium coefficienfs calculated
above fit fheSe data using equation 8.18. The'Kc,l value cal-
‘culated using the optical.density data is found to be 213215 1 mo:

which is in good agreément with the Kc 1 value calculated from

14

the kinetic data.
Table 8.19 contains the data for the formation of

the l-adduct in solutions containing O.14 beniylammonium chloride

the.data.@ﬁébést fitted using:values for KlkAm of 7.4 x lO4 l2

_ -2 -1 ' -1 -1 -1
mol s 7, kAme of 160 1 mol s 7, kAm/k-l of 160 1 mol —,

Kc,3 of 16.9:1.5 1 mol-'l (again measured from'optical densities
of ﬁhe 3-adduct at high benzyiamine concentrations) and equation
8.17. Again at the high benzylamine conbentrations 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 thesé concentrations.
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TABLE 8.18 Kinetic and equilibrium data for o-adduct formation

‘from HNS (2 x lO—Sg) and benzylamine in DMSO con-

taining benzylammonium perchlorate at 256C

C
(Benzylamine] /1 [B§2§Zi§2i2§e]/¥ k, /s b Kl /s otasom)® fcééi—]
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 0.10 112 . 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 212
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
a. Calculated using K k. 6.8 x 10% 12 mo1™2 s}, k. .+ 310 1
1%Am mos -+ “amH
mol™t s, k, /k_; 245 1 mol l, Ky 5 7.3 1 mol ! and
'equation-8.l7r
b. Measured.at completion of the process. A Benesi-Hildebranc

type plot76 gives an optical density for complete conversio:

of 0.125.

c.‘ Calculated using Kc 1= OD(450){AmH+]/[O;125—OD(45@J[Am]2;
. . . ) R 7 . “
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TABLE 8.19 Kinetic and equilibrium data for o-adduct formation

from HNS (1 x lO_Sg) and benzylamine in DMSO con-

taining O.1M benzylammonium chloride at 25°C

(Benzylamine] /M 0D, (450mm) > KEI Mmol ok /st S /s onf (4som)
0.002 ' LL6¢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 6.8  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 B 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 4.1 9.6  0.0655

A

Measured at completion of the formation of the 3-adduct.
A Benesi-Hildebrand type plot76 gives a OD3 for complete

conversion to the 3-adduct of 0.0357.

" Calculated using K_ 5 = ODJ(450) [amH]/[0.0357-0D, (45C)] [An]

14

‘ . ' 4 .2 -2 -1 :

Calculated using KlkAm 7.4 x 10" 1" mol s -, kAmH+ 160 1

-14 -1 ‘o -1 :
mol sffkkAm/k_l 245 1 mol K KC'3 16.9.lvmol and

equation 8.17.

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, the equilibrium constants K. 1 and K,

with previous work
14 !

have values ca twicé as large in solutioné éontaining O0.1M
substituted ammonium chloride as in solution;.coﬁtaining 0.1M
substituted ammonium perchlorate. Also ﬁhé values of kAmH+

are reduced by a factor of tWo. These observations have been
‘attributed to the stabilising ability of the.Substituted ammoniu

ions with the chloride ions.S0s1d1

'UnlessAspecifically stated
this discﬁssion will concentrate on the data obtained in the
presence of perchlorate salts. Also the values of‘k3, Kc,3'-
K4k .o k; and Kool for HNBB and HNS have béén statistically
corrected. This correction is necessary to-allow for the pre-
sence ofxtwo picryl rings in tﬁese 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
TNBC1 and'l,3,5jtrinitrobenzene'(TNB). The.éssumption that the
rate and equilibrium.daté for the rgaction of HNS with piperidin
and oyrrolidine refers to attack‘atthe 3—position' is justified by the
Way they fit,regularly into ﬁhe pattern for reaction at un?ub-

stituted positions. In particular the values of kAmH+ are
~ those expected for attack at the 3—position,152 as shown in

Chapters Six and Seven.

 The equilibrium constant K, 3 increases in the order
. . 1

HNBB < HNS, TNBCl < TNB, after statistical correction,{for each

amine used. The reduction in values of Kég3 for the substitute
. - 7
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TABLE 8.20 Comparison of kinetic data and equilibrium data
(statistically corrected) for reaction at unsub-

stituted ring positions@ in DMSO at 250C

Benzylamine n-Butylamine Pyrrolidine Piperidine

HNBB 275 850 4000 >2500
-1 -1 HNS 800 2700 1.8 x 10 >4000
ky(lmol s ) Ampe1 - 1000 3000 1.7 x 105 1.3 x 10,
TNB 13000 45000 7.5 x 10° »2 x 10
1 HNEB 0.6 13 40 13
K 5(1 mo1 ") HNS 3.7 73 180 - 75
' TNBC1 5 73 . - 240 93
TNB 105 1000 3500 2140
oy _p [mEB 1.5 x 102 6000
Kk, (1m0l “s™ ) JHNS 3.7 x 10, 2 x 10,
: TNBC1 5.8 x 103 2.6 x 10,
™NB 1.0 x 10 6 x 10
HNEB ‘ 40 < 2
-1, |mNs 21 <5
k%31 mOL ™) Ay 34 < 2
TNB 14 <10
HNEB 3900 420
Kot (1 001 Lo liws : 2100, 270
TNBCl : 2400 280
TNB 3000 280
450 70 100 >200
-1 HNS 160 37 97 > 55
k—3kAmH+/kAm(s ) yTNBC1 200 11 70 >140
| TNB 125 45 210 > 90
a. Data for HNBB from Chapter Seven; for TNBC1l from Chapter

Six; and for TNB from reference 152 and 153.

The measured values of HNBB and HNS have been statistically

corrected to allow for the presence, in these compounds,

" of two picryl rings. Measured values of k3, 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 l-substituent which will force the ortho nitro-groups

from the ring plane thus reducing their electron withdrawing
ability.

The ratio kAm/k + reflects the acidity of the

AmH

zwitterionic intermediate relative to the acidity of the sub-

stituted ammonium ion and isTunlikely to show a large variation

152

with the nature of the substrate: {also shown in Chapters

Six and Seven). Vélues of k3, the rate coefficient for attack
.' . C.

at the 3-position, increase in the same order as values of KC 3¢
14
However the k_3kAmH+/kAm term changes relatlvely little with

substrate and hence as neither does the ratio kAm/kAmH+' then

b

the values of k_5 are ‘insensitive to substrate structure. Value

of k 3 decrease in the order pyrrolidine > piperidine,

3 and Kc

n-butylamine > benzylamine but the values of k_3 do not vary

14

much with the nature 6f4the amine. These observations‘may
indicate that the transition states for amine attack at the 3f

position on these compounds are "product like".

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

. ' . : . . 152, 1!
amines. The ratio kAm/KAmH+ has previously been estimated

to have a value of 500. Therefore it is possible to calculate

a value for k, of ca 10% 1 mo1™t 7! for pyrrolidine and a valu

- for kAm of ca lO5 1 mol-l s_l for piperidine . The valueé of

kAm are significantly smaller than those expected for diffusion-

' controlled proton transfer reactions between nitrogen atoms.
This is attributed to steric hindrance, particularly severe with
pipéridine, when the bulky amine approaches the zwitterion re-

L R 12
action centre:
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8.4.2 Attack at the substituted position

The formation of o-adducts by amine attack at the
substituted or l-position of HNS waé only observed for the
primary amines n-butylamine and benzylaminé. These amihes,
at high'amine concentrations, also form the di-adducts by attack
at the 1- and l1°-positions of HNS. . The kinetic and equilibrium
data for these processes are collected together in Table 8.21.
Values of tﬁe'equilibrium constants Kc,l are larger than Kc,3
by factors of 29 for n-butylamine and 26 for benzylamine. The
.values of the rate coefficients kl are smaller than k3 by a
factor of ca 5. These changes reflect the steric and electroni
effects of the CH=CHPic group. The l—adduct is more stable
than the 3-adduct because of the relief of steric strain, presén‘
in the parent molecule, 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 theif
max imum eleétron withdrawal. An additional factor may be the
inductive electron withdrawing effect of the Ch=CHPic group at
the l-position. The attack at the l-position is slower than
attack at the 3—po§ition which may be attributed to E‘—strain,l6o
(steric hindrance ﬁo the approach of the reagent). Once again
it is necessary to note that kAm/kAmH+ will pot vary greatly
with the position of amine éttack. Therefore from comparison
of the third line and final line of data in Table 8.21 the
ratios_of k_3/k_l are lOO—ZOO, indicating very much slower’

expulsion of amine from the l-position than. from the 3-position.

The failure to observe attaék at the l-position in

the reaction bétWeen HNS and secondafy amines is probably once

v . . . . 103, 1¢
again due to the large steric requirements of such amines. !
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TABLE 8.21 Kinetic and equilibrium data (statistically
corrected) for o-adduct formation between HNS
and primary amines in DMSO at 250C

. n-Butylamine 'Benzylamine
21
K, 3(1 mol=") 73 3.7
kg (1 mol™ % &7 2700 800
- l .
k_3kAmH /Ry (577) 37 | 160
(1 mo1™h 2300 1000
7
-1
KD,l(l mol ™) - 65 ‘ 0.8
T kq (1 mo1™t s71) 420 140
— S
K_1 %t Kam (57 | 0.20 }.5

—————— o ——————— —— " ——— i —— ———_ o - -

The sterically crowded l-position due to the presence of_two
bulky qroups would make the formation of the l-adduct kineticall:

and/or thermodynamically unfavourable.

The‘values of KD,l for conversion of 1:1 adducts
to 1:2 are lower than the Kc,l &alues‘by factors of 350 for n-
butylamlne and 1250 for benzylamine. For comparison.in Chapter
Five it was reported that the correspondlng factor for reaction
w1th ethox1de ions ‘is 80;' ‘Therefore, it is shown that even tho

the picryl rings are well separated formation of the 1-adduct

by attack at the l-position inhibits attack at the 1“-position.

' Table 8.2]1 compares data for the reactions of primaf
aminés and HNBB, TNBCl and 254,6-trinitr6phenetole (TNP) with
fhose of HNS. The data for TNP are~takén from the next chapter
where'the reéctions of TNP with aliphatic aminés in DMSO are
reported. It is convenient for comparison purposes to repoft

some of the TNP data here. Ko 1 values increase in the order

’
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HNBB < HNS < TNBC1l < TNP. Regarding the substrates as 1-
Substituted—Z,4,6—trinitrobenzenes'the order'is the same as
the inductive electron-withdrawal of the l-substituent, with -

137

-the ethoxy group being the most powerful. However the

Kc,l values also are’centrolled‘by steric effects, as energy
is gained when the l-substituent rotates out of the plane of
" the ring on formation of the l-adduct. It is impossible to
eetimate quantitatively the individual contribution of the
electronic and steric effecte to Kc,l'A There is the possib-
“ility that adducts formed by attack at the l-position of HNS
and HNBBAere still subjecf to steric sfrainiso that the ortho
nitro?groﬁps are not coplanar with the ring. This is implied
by the fact that the values of K¢,3 for TNB in Table 8.20,
that is for amine attack at an unsubStituted position, are
similar, for a given amine, to thbse observed for Kc,l for
HNS and are larger than Kc,3 values for HNBB. .
Values of kl for HNBB, HNS and TNBCl increase in
the same order as do values for Kc,l: :'Howeyer the'value of
kl for TNP is lower than expected on thie basis. Electroseatic
repulsion between the electronegative entering group and the °

171

ethoxy-substituent may be responsible. Values of kl show

a smaller variation, both with change in substrate and with

amat’/

values of the ratio KAm/kAmH+ are not expected to vary widely,

amine, than do values of the ratio k_qk As before,

Fam'
so that the latter ratios give a measure of k_1 values. These
values:necessarily effect the kAm/k;i ratioe which measure the
susceptipility of adduct formation to base caﬁalysis. _Relative-
ly low values are observed for HNS and TNBél indicaﬁing a high

susceptibility to catalysis. Values of kKyngt 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 substltuted ring position@ in DMSO at 25°C

Benzylamine n-Butylamine

HNBB 37 580

-1 HNS 95 ‘ 2100
Ke,ptmol O 4 pypes 1000 23000
‘ TNP : 4700 50000

-1 . [ HNBB 0.6 17
Kp,1{tmol ) {HNS 0.8 . 65
_"l -, | HNBB 30 75

k(1 mol s ) HNS " 140 420
TNBC1 - 230 630

| TNP 95 250

( HNBB 0.8 0.14

, _ HNS 1.5 . 0.20
kK ¥ams ™1, § TNBC1 0.23 0.028
TNP 0.02 0.005

HNBB > 1000 ) > 5000

-1, | HNS 245 1600

AN R R 200 2000
TNP > 3000 > 1000

, HNBB > 800 > 700
-1 -1, | HNS 310 | . 320

K™ (3 ™L 7S 7Y { oype1 . 46 _ 55
TNP > 60 > 50

a. Data for HNBB from Chapter Seven; for TNBC1l from Chapter

Six; and for TNP from Chapter Nine.

The measured values‘of‘KC 1 and-kl for HNBB and HNS have.
7 ..

been divided by two to. allow for the presence of two

picryl ringé (statistical correction).
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Values of kAm will be expected to be ca 500 times larger.152

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 3-adduct and its zwitterion.

8.4.3 Attack at the olefinic bond

Fdllowing o-adduct formation HNS was observed, most

- clearly with pyrrolidine but also with the.other amineé 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 stéble and by ahalogy with related
systems,l46’l75’176 and because of similar observations for the
reéction of HNS with methanolic methoxide ions in Chapter Five,
it would-seem probable that the species formed is (8.6), re-
sulting ffom amine attack-dn the olefinic bond as shown by
Schemé 8.4. Kinetic data were obtained for reaction of HNS
with pyrrolidine and indicate that the rate-limiting step is

1

reaction of HNS with amine. A rate constant of 0.52 1 mol

was obtained.
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8.5 Derivation of the Rate Ekpressions

The rate expressions for the formation of the 1- and 3-
amido-adducts from HNS are derived in an anaiogous way to those

'_formed from TNBC1l, shown in Chapter Six.

(a) Formation of the o-adduct by attack at the olefinic bond.

Y3 = (8.2) + amat

Q§§i§3
Xam
Cx \ (8.6.7) + Am ———= (8.6) + AmH'

-b
kAmH+

H+[8.6][AmH+] | (1)

d18.61 = k, [8.6.2] [Am] - k,

dt-

dt816.Z] _ | - ] ' + ;
T —kb[8.l] {Am] + kAmH+[8.6] [AmH ] - k_b[8.6.Z']

- kAm[8.6.Z][Am]-

If (8.6.7) is treated as a steady-state intermediate

then d[SéE.Z] = 0. - . ) ’
‘ S +
k 8.1]1 [Am k . AmH
(8.6.4] = pl k][ +]k+ [i$?+[8 611 ] @)
' S ~b -~ TAm . ‘

Substituting (2) into (1).

8.6l _ [Aml<'b[8'1][Aml * Koyt (8- 61 [AmH i)'
- dt 'Am _ k_y, +'kAm[Am]...‘_
| o . . | R
- kAmH+F8.6][AmH 1 o fg)
e o kot A
Multiplying the term k, _+[8.6][AmH ] by \
ST T - AnH o k_ptKyp [Am]

‘and re-arranging,-

Rk 2, 4
a1s.6] _ NpKam!8-1) 1AM "k o+ (8.6 [AnH ]

dt | k_y t+ kpp, [Am]
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'[8.110 = [8.1] + [8.2] + [8.6] + [8.6.2] ~(5)

[8.6.2] ~ O as (8.6.Z2) is treated as a steady-state

intermediate.

~ [8.2] [AmH '] , - (6)
c,3 ” T8.111am2 o 6

K

Substituting (6) into (5) and re-arranging,
[8.1]o - [8.6] '

[8.1] = — .
l+KC 3[Am] / [AmH™]

Subsfituting (7) into (4)

, .
ars.61 _ Ky Kam [Am] " ([8.1] —[8.6]) - k. bkAmH+[8 6] [AmH ]
- 2 +
dt . (k_p+ Am[Am])(l+K 3 3 [Am] 2/ [AmHTY) k_, +k,  [Am]
.At equilibrium, élgéél = 0.
k K, [Am1%([8.1] _-[8.6] ) - x +(8.6]_[AmH"]
O = _b Am ( 1] *Ple -b AmH (9)
(k [AmD(l+K [Am]z/[AmH*D 'k_b + kAm[ ] =

b Am c,3

Subtracting (9) from (8) and re-arranging,

2
dis.61 1 = kbkAm[ ]
at " TTB.ET-T8.81)  &_pky TART) (LR, S TAmT7/(AmiT ]
k, k
+ka AmH " [Ama" ] - (10)

o+ Kam 1AM

Relating [8.6] to OD.

The parent does not absorb at theAwavelength chosen to
study the reaction. At the wavelength Chbsén (8.6) is the
major absorbing species and (g;gf may also‘héve a significant
' absorption,,whiie the species (8.6.Z) being a steady-state
intermediate'will have a very small'ﬁegligiblé absorption.
Therefore,

oD = vy [8.6] + cq .[8.2] - L (L)

8.6 8.2
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Substituting (6) into (;9), then (1);
' [8.1]0—[8;6] ’ K 4 lAm]
OD = eg [8.6] + eg 5 T7K_ ,(Am] 7/ TAmE+] ) ~[AmE¥]

Re-arranging,

2

0D = [8.6] /eg = g ,K_ 5lAn] 2 tamE T\ + A (12)
' LK _ 5 [Am’YVIAmH+1 '

- 88'2[8.l]OKc’3[Am]2/[AmH+J

where A = 1+Kc 3[Am]2/[AmH+]'

14

Differentiating'(lg)

aop _als.6l °g.6 ~ .28, 3lAml /lAmH ] (13)
_ oo _1+KC,3[Am]2/[AmH¥]

At equilibrium, (12) becomes (14).

= | _ 2 +N\ '
o, = _[8.6]e €8 ¢ 88.2Kc'3[Am] / [AmH '] + A (14)
: . . ' 1+KC,3[Am]2/[AmH*] o

‘Subtract1ng (12) from (1#) and comblnlng w1th (13)

d op | : 1 _ dis.e6l" 1 _
dt ODé—OD dt [8.61e—[8,6]

- By definition,

L, -dop . 1
obs = dt . ODe-OD
‘Thereforé,
K k. [Am] 2 ' k_ ’k +1amEh)
obs ‘A b Am[Am])(l+K )3 [Am]Z/[AmH D_ k_b+kAm[ aAm)
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-CHAPTER NINE

THE REACTIONS OF

2,4,6-TRINITROPHENETOLE

WITH ALIPHATIC AMINES

IN DIMETHYL SULPHOXIDE
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9.1 Introduction

-~

.« "

Important evidence for the SNAr mechanism®of aromatic -

substitution has come from studies of base catalysis of re-

79,177,178

actions with amine nucleophiles. The base catalysed

step, kBIB] in Scheme 9.1, may involve‘rate—limiting‘proton

179,180 from the zwitterionic intermediate (9.1), or

transfer

.rapid interconversion of (9.1) into its deprotonated form

followed by general acid-catalysed leaving group departure

102,103

(SB-GA mechanism). The latter mechanism is likely to

hold in dipolar aprotic solvents such as dimethyl sulphoxide

.(DMSO) - where leaving group expulsioﬁ is diffié:ult.181 Thus
X H -
X-_ INRR® k., NRR
2
+ RR°NH ———= : + HX
k : :
-1 \/
EWG i EWG kB[B] EWG
(9.1)

Scheme 9.1

in an elegant sfudy 6f'the réactions of:l—ethoky—2,4—dinitroj‘;
naphthalené with’n—butyiamine-and t-butylamine in DMSO Orvik
and Bunnett 182 wefe able to bbserve in separate steps formation
of intermediates with fhe structdre (9.1), andvtheir acid
catqlfSedvéonversion té substitution produqts; The structure
(9.2; R = C”ZCHZCHZCHB) has sincé been confirméd by flow-n.m.r.
spectroscopy.l83’l87 The adducts (9.3; R = CHéCHZCHZCH3) and
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(9.3; R = Me) have also been observed by n.m.r. as a transient

intermediate during reactions of 2,4,6-trinitroanisolce (TNA) wit

. . . . 64,184 . . y :
primary aliphatic amines. '’ When recaction involves sccond-

ary amines the anionic adducts, such as (9.4; formed from TNA
and piperidine,'may have long lifetimes and. in some cases do

th.yield the expected substitution products.l85’186

APreviously the kinetics of the reaction of 1,3,5-trinitro-
'benzeﬁe (TNB)lSl—153 and 2,4,6—£rinitrobenzyl chloride (TNBCl),
reported in‘Chapter’Six,IWith primary and secondary aliphatic
amines ‘have been exémined. -ﬁere relatively stable o—adducts.
are fofmed Ey aftack,ét ring-carbon atoms carrying hydrogen or,
in the case of TﬁBCl, CH2C1 groups and nuéleophilic substigution
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 expeéted for diffusion
controlled reaction 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 CH2C1
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group 1s at the reaction site.

Iﬁ this chapter the reactions of 2,4,6-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
iﬁ Scheme 9.2. These are the reversible formation of o-adducts
" by attack at the 3-position or l-positionland, in thé case of
»reaction 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
amine either by proton transferl82 or by base adc}'it:i,on(’d'"6]"']'8/l

but these reactions have not been studied here.

The results allow comparison of the effects of H, Cd,Cl
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 l-ethoxy-dinitronaphthalene system.



Scheme 9.2 -

#

e

NRR”

+ EtOH

10¢
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9.2 Experimental

Visible spectral measurements were made with Pye-Unicam
SP 8005, Pye-Unicam SP 8lOO,vor-Hi—Tech'SF43L stopped-£flow

spectrophotometers.

Kinetic and equilibrium measurements were made on the
lattér'two instruments a£ 25°¢ using freshiy‘prepared solutions
of ;eagents. 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 ieast two separate determinations,

measured on the Pye-Unicam SP 8100, and are precise to t5%.

lH n;m.r. measurements were made on O.1M solutions of the
substrate in [2H6] dimethyl sulphoxide (DMSO) ‘using a Varian

EM 360L instrumént.
A Kent EIL 7055 pH meter was used to check the acidity
of the ammonium salts. Solutions were adjusted so as Lo contair

less than 0.1% of free amine or acid.



TABLE 9.1

(1)

(i1)

t/s

.10

Typical results from rate measurements
TNP (1 x lO_Sg), n-butylamine (0.005M) .
o-adduct formation; slow process. Measured
at 435nm in DMSO.
TNP (1 x 107°M), n-butylamine (0.008M).
o-adduct formation; fast process. Measured
at 435nm in DMSO.
(1) (ii)
av? t/ms ave
4.2 10 | 3.2
3.4 20 2.4
2.6 30 : 1.9
2.2 40 1.5 -
1.8 50 1.1
1.5 60 0.9
1.2

12

A plot of 1nAV versus t
is linear and yields

k = 0.104 s~

obs

i

a. AV

1

vV -V

is linear and yields

B -1
Kops = 26-40 s

303

A plot of 1nav versus t



TABLE 9.2 Typical

(i) TNP (1 x

¢ —adduct

results from rate measurements

-5

10 "M), benzylamine (0.02M).

formation; slow process.

Measured

304

at 434nm in DMSO containing 0.01M benzylammonium

chloride.

(1i) TNP (9.34 x 107 °¥), benzylamine (0.0

M) .

Substitution process, measured at 380nm in DMSO

containimgo;olg beniylammonium chloride.

(i)
t/s o AV
0.0 4.5
0.1 3.8
0.2 3.1
0.3 2.6
0.4 2.2
0.5 1.8
0.6 1.5

A plot of 1lnaV versus t

is linear and yields

| _ -1
kobs = 1.83 s

a AV = V-V,
b.  AOD = OD_-OD

t

(ii)

t/s

10
15
20
25
30

40

k = 0.022 s

obs

b

AQD

" 0.

0.

1

.312
281
251
.224
203
.181
160

129.

A plot of 1lnaYV versus t

is linear and yields
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TABLE. 9.3 Typical results from rate measurements

(1) TP (2 x.10'5g), piperidine (0.0154).
q—éddﬁét férmatiéﬁ;,fést prqcesé; Measured -at
’434nm in DMSO containing 0.01M piperidinium
_ perchlorate. |
S TNP (1 x 10'5&), piperidine (0.015HM) .
é—édduct formétion;-SIow process. Measured at

434nm in. DMSO containing 0,01M piperidinium chloride.

(1 o - ) (i)
t/ms - - ‘ AVa‘ o L - t/s ~ Cavd
0 2.90 . 0.2 5.3
10 - - 2.200 0.4 4.5
20 1.0 . 0.6 . - = 3.8
30  -1.40 ' 0.8 - . 3.3
40 1.10 A 1.0 : 2.8
60 - - 0.65 ~ 1.2 2.4
| 1.6 1.8
"A’pIOt.bf 1nAV versus t S A plot of 1lnAV versus t
is linear and yields - : "is 1inearAand yields
o _ -1 ' N -1
kops = 25-33 s Kops = 9.793 s
A
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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 lO-Sg) in DMSO containing
n-butylamine (0.00l - O,lg) show maxima at 435nm (e 2.7 1 mol 1

Cm_l)'and 505nm (e i;8 X lO4 1 mol_.l cm—l);' The spectrum is

typica125_27'18$ df a'lfl o-adduct. Very similar spect;a are
obserVed for TNP in the‘pfesence of beniylamine}(xmag 435,505nm)
and piéeridine (Amax 435,495nm) . Examination by stopped-flow
spectrophotometry showed that for each amine there wére two
disfinct coldur forming feactions whose rate cbefficients were
:separated by at least an order of magnitude. This 1s intef—'
preted as fést formation of the 3—adducts.followed by conversion
to thé l-adducts, as shown in Scheme 9.2. The épectra'recorded
one:minufe after'mixing correspoﬁd to the thermodynamically |
more étable (but more slowly formed) l-adducts.  The justifiéatj
for this interpretation is:

(i). that nucleophilic atfack ét uﬁsubstitutéd ring éositior

is élmost always- faster than a£ substituted positiﬁizz’
(ii) thaf the rate parameters calculatéd fér.tho faster

152

process correlate'well with those determined for

. attack at the unsubstituted position in TNB, and
(iii) in the case of piperidine the Y n.mir. spectrum of
thefthermodynamically more stable adduct indicates
attack at the l-position. )
With n-butylamine ahd benzylamine the visible ab-

1

sorptién (Amax_435i 505nm) gradually fades and a new band is

formed_qt:ca 360nm. . This change,'whose.raté_isvgreatly enhancec

By the ddditioh of ammonium 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.

A _The'lH n.m.r. spéctrum of TNP in [2H6] DMSO shows
bands at §9.2 (ring protons){ 4.3,(q), J = 7Hz, (OCHZ) and
l,35,(t),jCH3). 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 obfained in the presence of bne equivalent of

base shows a singlet at 68.95 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 éxcess of the TNP concen-
tration which was usuélly 1 x 1of5g. 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. - Under these conditions equation 9.1 applies.152
oD _
1n 55::65 .= kobs't (equation 9.1)

>By-éssuming thaf zwitterionic forms may be treated
A :
as steady-state intermediates, so that the general rate expressiorl1~
fof'réactipn at the unsubstitutedIB-position isvgiven by equation
9.2, When k_3 >> kAm[Am] then this simpiifies to equation 9.3.
If kAm[Amj >> k_, and when no added salt, AmH', is initially

présent equafion 9.2. becomes equation 9.4.



FIGURE“911 Visible spectra of TNP (2 x 1o’5g) in DMSO containing (A) 0.0lM n-butylamine and

(B) 0.01M n?butylamine and 0.01M 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)

A

Optical
Demsity .

l | I |
400 | - 500 600

80¢

Wavelength (nm)
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_ o2 : L+ _ | _
Kops = K3kpnAml™ + k_skp o+ [AMH ] , (equation 9.2
O kgt ke, LA
.} 2AmAm] , |
kObs = K3kAm[Am] + kMH+[MH ] i _(equation 9.3
kobs = k3[Am] . o ' (equétion 9.4

The reactlons yleldlng 1- adducts were, for each
amine, con51derably slower than those giving the 3-adducts so
that the rates could be measured consequtlvely. Also the
formation of the 3-adducts may be treated aé a mobile equilib-
rium75 compared to the attack at the l-position. Equation 9.5
expfesses the rate of reaction in terms of coefficients for
- the forward and réverse reactions. Using standard methods75~
it can be sthn that the general expression for recaction at the 1-
| position is given by'equation 9.6. If the copdition-kAm[Am]>>k_
applies then equation 9.7 is obtained. It is'also-convenient
-to use equation 9.8 which applies in the absence of added amine

éalt, where kr will be negligible, and where the fractionation

~of parent and 3~adduct is expressed in terms of (OD)3, the ab-

l'_.sorption observed for the 3-adduct, and (ODm)3, the absorption

for complete conversion of parent to 3-adduct.

| k.obs = kg ¥k : ‘ - | (equation 9.5)
' Kk, (Am) 2 | k k. +(amH*]
ok bs (k %Aﬁ?)(l+K ' [Am]Z/iAmHIJ + k_l¢ﬁ H[Am] — (equation '
© -1 %am c,3 -1 "Am AT
| k) [Am] | k_ 1Kot (AmHT] ;
.kobs - 1¥K [Am]z/[AmH+] + [Am] (equat}on 9.7)
c, Kam :
, k (Am}] = o | | |
kobs - i + (OD)3 ' , (equation 9.8)

(0D _) 5~ (0D) 4
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.The rate expression appropriate to the conversion

of adducts (9.6) to products'(9.7) catalysed by substituted

1
ammonium salts has been ‘derived previousl&aand 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.

2.+
o k4Kc,l[Am] iAmH ]
obs K, l[Am]2+[AmH+]

k

- .
kops KqlAmH ]

'9.3.3 Equilibrium constants

‘Kc,3’

(equation 9.9)

(equation 9.1C

the ‘equilibrium constant for the overall con-

version of TNP into its 3-adduct (9.5), is defined by equation

9.11. Equation 9.12 relates Kc 3

‘acid dissociation constants of the zwitterion,'R'1

) 1+
tonated amine KaAmII .

formation Qf the 3—adduct are related to Kc

[9.5] [Ama"]

Ke,3 = el Aml 2
K_K 9.1
K .= _328
c,3 K AmHT
a
"R ..'='k3kAm '

to X, (=k3/k_3) and to th?
9.1

, and pro-

The rate coefficients associated with

by equation 9.13.

(equation 9.11

(equation 9.12

(equation 9.13

Expressions exactly analogous to equations 9.1l,

9.12 and 9.13 apply to K

c,l
ation of the l-adduct (9.6).

~ the equilibrium constant for form-
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9.3.4 Reaction with n-butylamine

Data for the reaction in the absence of added
n-butylammonium ions ére 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 k3 of 3200 1 m,ol—.l s—l.
The.invariance with base concentration of the calculated values

-1

of'k3 allow an estimate for the ratio_kAm/k__3 > 200 1 mol .

The data for the'slower reaction giving the l-adduct yield,
u51ng equatlon 9.8, a value for kl of 220 1 mol_‘l s—l and allow
an estlmatlon of a lower limit for the ratio k /k -1 of 1000 1

mol T,

Measuxéments Were also made, Table 9.5, in the
presence of varying concentrétions of amine and with 0.01M
‘n-butylammonium perchlorate. The reaction at the'3—position
was too rapid to allow rate measurements but optical densiﬁy
measuremenfé at thé completion of this reaction gave a value for
Kc,3‘of 15:1 1 mol T, The rate of reaction:at the 1-position
was measurable and the results show that kAm[Am]>>k_l so that
equation 9.7 applies. At amine concentrations >0.002M the
second term in equation 9.7 (the kr term) will be'negligibly
.small,'hence knowing the yalue of kc,3.a value of kl of 250 1
mol_l s_; can be calculated. ‘This is quite close to the value

obtained in the absence of salt. Calculation of values for the

first term in equation 9.7 (the kf term) is now possible for

the four lowest amlne concentratlons and hence determine values,
by dlfference, for the k. term. These give a value for the
ratio k_;k, +/k, of 0.005:0.001 s 1. Combination of-this

l AmH Am
valqe with the value of k_, gives value for K. o1 (=klkAm/k_1kNmf'

of 50,000 1 rriol—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 l-adduct

colour forming reaction.

c. =~ Calculated from equation 9.8

312

[BuNHZ]/g kfaét/s_l k?/% mol-ls_l (OD)? kslow/s_l »ki/z mol
o.ooos' 0.0017 0.10 210
0.00075 0.0040 0.14 220
0.001 0.0057  0.19 230
0.002 0.014 0.27 210
. 0.003 0.022 ~ 0.28 220
0.004 0.025 0.27 200
0.006 21.5 - 3600 0.035 |
0.008 26 3200 0.037
0.010 31 3100 0.038
1 0.015 | 48 3200 0.038
a. Calculated from equation 9.4 .
‘ b._' Optical density, 435nm, at compietion of the faste;

1

S

1



313

TABLE 9.5 Kinetic and equilibrium data for the g¢g-adduct
forming reactions of TNP with n-butylamine in
DMSO containing 0.01M n-butylammonium perchlorate

1

at 259cC

B, (OD)F K y/amolt Ky /st xS, ook /e mol”
0.0006 | 0.22  0.23 0.029 53,000
0.0008 - 0.26 0.26 0.033 47,000
0.001 A 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

0.02 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 con_version'_(ODm)3 of 0.044.

b. For attack at the l—poéition.~~
c. Calculated from equation 9.7 with kl 25021nol—ls_l,
' -1 » -1
c,3~15 % mol and k—lkAmH+/kAm 0.005 s .

d. Optical density, 435nm,_at'comple£ion of the sibwer

K

adduct-forming reaction.
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s

the equilibrium 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 k4 8.3 1 mol_l s-l, Kc 1
g ,

50,000 1 mol” L.

9.3.5 Reaction with benzylamine.

The behéviour and treatmeht 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 ki of
900:100 1 mo1 ™! 571 and k; of 100:10 1 mo1™} 571, At the

benzylamine concentrations used, the proton transfer steps are

not rate—limiting-in the formation of either 3—adduct or 1-

1

adduct, and it is estimated that ky /k_5 > 100 1 mol ~ and

: -1
kAm/k_l> 3000 1 mol ~.

Mgasurements wére also made in sblutions containing
- 0.01M beﬁzylammonium perchlorate or benzylammoniuﬁlcthridg.

It has been shown previously86’151 and in Chapter Six tha£ the
anion present may affect the values of rate and equilibrium
cohstants obtained. However, at the loQ salt concentration
_gsed here the effects are not large. The data in Tables 9.8
and 9.9 were treated independently using the approach outlined
for the nfbutylamine data. The fate déta yiéld a value for kl

: =141 4 ' . ' : - . -1
of 95+5 1 mol Sand values for the raﬁlo k_l AmH+/kAm of 0.02 s

1

in the presence of perchldrate and 0.018 s ~ with the chloride

- salt. The values of K 1 obtained from combination of these
. - !

~values, 4700 1 le_l (perchlorate) and 5300 1 mol 1 (chloride)

are'in good agreement with those determined independently from

equilibrium optical densities. . ' .
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TABLE 9.6 Rate data for formation of N-(n-butyl)picramide

from TNP and butylamine cdntaining n-butylammonium
perchlorate, 0.01M, in DMSO at 250C

[BuNH, 4 Kops /5T Yeale

0.0002  o.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 o OL083‘ | 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
a. Meaéufed qn-Pye—Unicam spéctrophotometer at 360 nm.
b. Calculated froﬁ equation 9.9 with k4 8.3 Ipmol—-l s;l,

K 50,000 2 mol~1,
c,l : .



[PhCH

a.
b.

c.

TABLE 9.7

NH,1/M

 0.0010

0.0016
0.0020
o.oQ4o~
0.0060
o;ooso
0.010"
0.020
0.040
1 0.050
0.060

0.070

 0.080

Calculated from equation 9.4.

Optical density, 434 nm, at completion of the faster colour-forming

Calculated from equation 9.8.

Kinetic data for reaction of TNP with benzylamine in DMSO at 2SOQ

giving 3—adduct and l-adduct

kfast

18
32
44
52
65

72

/s

-1

.kg/z*mol_

900
800
900
900
900

900

1

]

-1

(on)? X

0.0015
0.0023
0.0083
0.0141

0.0186.

0.0259

0.0357
0.0400
0.0419
0.0410
0.0419

0.0429

/s

slow

0.093

0.143

'0.183

0.345

0.437

0.487

-1

c -
kl/l mol

reaction.

93

93

97

108

109

110

1

S

-1

9T¢



"TABLE 9.8 Kinetic and equilibrium data for the o-adduct forming reactions of TNP with

benzylamine in DMSO containing 0.01M benzylammonium perchlorate at 250C

a

[PhCH,CH,1/M op] K, 5/t mo1™1 b /571 ° L (0p) ¢ Kc’l/z'mOl"l
0.001 0.26 0.29 0.017 5700
1 0.0015 0.023 4400
0.002 0.31 0.29 0.031 5000 - .
0:003 0.037 4400
0.004 0.42 0.43 0.040 3900
0.006 0.57 0.60  0.044 |
0.008 0.79 0.78 0.047
0.01 0.92 0.95 0.046
0.02 2.0 1.9 0.046
0.04 | 3.5 3.4 0.047
0.06 0.0088 0.75 0.046
0.08 0.0150 0.87 0.047
0.10 0.0195 0.87 0.047
0.15 0.0278 0.87 0.046
0.20 0.0334 0.97 0.047

a. Optical density, 434nm, at combletion_of the reaction forming the 3-adduct. A B
‘Hildebrand type plot gives a yalue for complete conversion, (ODw)3 of 0.042.

b. For attack at the l-position. . . ,

C. ‘Calculated from equation 9ﬂ7 with kl 95 i mol_ls_l, Kc,3 0.87 ¢ mol_l, and klkAmH

Optical density, 434 nm, at cOmpletioh of the slower colour forming reaction.

enesi-

+/k, 0.02 s,

LTE
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Kinetic and equilibrium data for the 0-adduct

forming reaction of TNP with benzylamine in DMSO

containing O0.01M benzylammonium chloride at 25

. 5 —
- [PhCHNH,1/M  (OD)3 K, 3/t mol

0.0008

0.001

0.0015

0.002

0.003

0.004

0.006

0.008

0.01

0.02

0.04. 0.0062 1.08

0.05  0.0092 1.12

0.06 0.0114 1.03

0.08 . - 0.0164 1.00

0.10 . 0.0214 1.04

1

-k

b
obs

0.28

0.94
1.80

3.50

/s

-1

c
k-_.
calC

0.42
0.60
0.78.
0.95
1.8

3.3

d

(OD)

0.012

0.018

0.026

0.033
0.038
0.042
0.046
0.047
0.647
0.046
0.047
0.047
0.046
0.046

0.047

Kc,l/z mol

5500
6300
5600°
6100
5000

5800

Optical density, 435nm, a£ completion of the reaction

"forming the 3-adduct.

1

A Benesi-Hildebrand type plot gives

a value for completé conversion, (ODm)é, of 0.042.

For attack at the l-position.

Calculated from equation 9.7 with k
/k

1

K 1.05 ¢ mol™ "', and k

c,3

-1 AmH+

Am

95 ¢ mol

0.018 s

1

1

fl

A

.Optical'density, 435nm, at completion of the slower 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.
They yield values for k, of 2.6 1 mol™* s71 in the presence

of 0.01Y perchlorate and 2.2 1 mol”t 71 with the chloride salt.

9.3.6 Reaction with;giperidine

Examination by stopped-flow spectrophotometry of
the reactions of TNP With piperidine 0.008-0.04M, without added
salts‘indigéted two processes.. The more rapid was colour
forming and resulfed in neariy complete convers;on of I'NP to
.adducﬁ at all amine concentrations used. This is taken to be
the formation of the 3-adduc£ (9.5; R'RN = CSHlON). A very
much slower féaction, representihg isomerisation to the l-adduct
(9.6; R'RN = C5H10N)’ gave inconveniently small_changes in
thical denéity. 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+]
will be negligibly small. These data, in contrast to those
observed.tb primary amines, conform to the cése‘wﬁere k_3$>khm[Ai

2 1. -1

and yield a value for K3kAm of 44000+3000 1 molf s . Our

.results éllOW a limit of kpp/%X_3 <5 to be set.

' Data obtained in the presence of 0.0lg piperidinium
salts are in Tables 9.12 and 9.13. Here two processes were
measurable giVing rise to 3-adduct and l-adduct respectively.
The rate data for the faster reaction lead to values for
" _ ST B |
Kc,3 (—K3kAm/kAmH+) of 27+5 1 mol Wlth perchlorate salt and
30+5 1 mol_l,With chlqride salt. . These values are in good'agre

ment with those obtained from equilibrium optical densities.
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TABLE 9.10 Rate data for formation of N-benzylpicramide

from TNP and benzylamine containing benzyl-
amonium salts, O0.01M, in DMSO at 25°c

[PhCH,NH, ] /1 [Ph;HzNH3+c1o4']/¥ (Pher NH, *e171 K2 /st Kb/ mol s
0.0008 ' | 0.01 0.0055 2.2
0.0009 - 0.01 0.0065 2.2
0.001 | o 0.01 0.0077 2.2
0.0015 | - 0.01 0.012 2.2

0.002 | 0.0l  0.015 2.2
'0.003 . 0.01 0.020 - 2.4
0.004 ' | 0.01 0.020 2.2
0.005 S ool 0.022 2.4
0.01 - o 0.01 0.023 2.3
0.02 0.01 0.022 2.2
0.04 0.01 .} 0.025 2.5
0.06 . - 0.01 0.022 2.2
0.08 - f 0.01 0.021 2.1
0.10 | 0.01 0.021 2.1
0.01 0.01 o Ab.ozs 2.6
0.02 0.01 |  0.026 2.6
0.04 0.0l © 0.026 2.6
0.06 0.01 : 0.026 2.6
'0.08 ’ 0.01 0.025 2.5

" 0.10 0.01 0.025 2.5

a. Measured at 380 nm using a Pye-Unicam 8100 instrument. -
b. Calculated from equations 9.9 and 9.]L)using-a value for
K_ ; of 5300 ¢ mol " (chloride salt).

14 .



TABLE 9.11
| from TNP and piperidine in DMSO at 25°C
[Piperidine] /M k /s_l k2 /[piperidine]2
= obs _ obs
‘o.dos 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
67.8 42,000

a.

This column gives.values for K3kAm/!L2 mol < s

Rate data for formation of the ‘3-adduct

5

-1

321



TABLE 9.12 Kinetic and equilibrium data for adduct formation from TNP and piperidine in
' DMSO containing O0.0lM piperidinium perchlorate at 25%% ‘ :

i a -1 b c , -1 a ,-1 e ' f ;-1
.[Plperldlnelgg kfast/s kcalc (OD)3 | KC’3/L mol kslow/s kcalc (OD)l Kc,l/l mo;
0.006 - : . 0.27  0.27 0.032  6lo
0.008 ' o - 3 0.38 - 0.38 0.037 610
+ 0.010 ' 20 - 20'.:, 0.0072 - 21 - - 0.50 0.51 0.040 - 610
0.015 25° 26 0.0141 23 | "~ 0.043 . 560
0.020 . 32 33 0.0205 24 C1.12 1.10 0.046 -
0.025 44 44 0.0259 26 | o 0.046 -
0.030 52 55 - 0.0297 27 1.43 1.43  0.047 -
10.040 ' ' 1.62 1.59 0.047 -
0.060 - o , 1.66 1.67 0.046 -
a. Represents attack at the 3-position.
Calculated from equation 9.3 with K3k 44,000 £2 mol'-?‘s—l
c. Optical density, 434 nm, at completion of rapid colour- formlng reaction. Value for
: complete conver51on (OD )3 is 0.042,
Represents attack at the i- position.
e. Calculated from equation 9.6 with Klk Am 5.6 x iO3 22 mol_zs-l, kAmH+ 9 3 mol—ls_l,
-1 -1 ' '
Kc,3 27 2 mol 7, kAm/k_l 3.2 mol |
£. Optical density, 434 nm, at completion of slower colour-fonnimg reaction. Value for (0D ), is 0.0465.

443



_ TABLE'9{13 ‘Kinetic and equlllbrlum data for adduct formation from TNP and piperidine in DMSO-

contalnlngro O1lM Q;perldlnlum chloride at 259C.

 [Piperidinel M kfast/s_—lj kf;alc 5 Kc,3/2 mol kS CJV/s'l e @7 Kk /amolt
0.00a - | - o271 720
0.006 | S B 0.25 0.25 0.035 630
0.008 S N 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 ‘o.oso -
0.025 43 42 0.030 30 1.18  .1.17 0.051 -
0.030 55 53 0.033 30 1.29 1.29 ° 0.051 -
0.040 o 0.038 32 1.36 1.40  0.050 -

" K

Représents attack at the 3-position.

Calculated from equation 9.3 with K3kAm 44,000 22 mol—zs—l, kAmH+ 1400 ¢ mol-ls_l.

Optical density, 434nm, -at ocmﬁ:letion of rapid colour-forming reaction. Value for camplete conversion

(OD is 0.0455.

00/3 '
Attack at l-position.

molizs_l, k + 7 % mol—ls—l,

2
. AmH

Calculated from*equation .6 with K}kq_ 5.6 x 107
- l :

c,3»3Q'£ mol and kAm/kl.4 2 mol . _

Optical density, 434 nm, at completion of slower colour-forming reaction. Value for

(ODw)l is 0.0505.

1 NAS
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The interpretation of the rate data for isomer-
isation to the l—adduct'requires the use of the complete rate
‘expression, equation 9.6. However at sufficiently low amine
concentrations the condition k;l>>kAm[Am] épplies so that

equation 9.14 is obtained.

kob5(1+Kc'3[Am]2/[AmH+]) = KlkAn'l[Am]2 +
kAmH+[Ame](1+Kc’3[Am]2/[AmH+]
(equation 9.14
Plot§ of the left hand side of this equation versus
[Am]2 were linear at low amine éoncentrations. ‘Fbr the data

measured with perchlorate salt, the slope gave a value for

3,2 -2 -1

K.k, of (5.6+0.2) % 10° 1° mol S and the intercept a value

1"Am
for kAmH+ of 10+x2 1 mol—1 s_l. An alternative method for
, L . S o -1
calculating kKaqyt 1s to combine the value of Kc,l’ 600 } mol ',
obtained from equilibrium densities with the value for RLkAm;
1 _-1 .

" this gives Kot 9 1 mol ~ s ©. Using the known values for

these parametérs, values of the ratio kAm/k—i were calculated

for each experimental vaiue'using equation 9.6. The value

obtained was 3t1 1 mol—l. The rate cdefficients calculated

with these.parameters agree with the experimental values over

the whole concentration range. The value for kl (=KlkAm-k_l/kAIT
is calculated to be 1800 1 mol—l s—l. Similar treatment for
‘the run containing the chloride salt yielded values for K kam '

3,2 -2 _-1 : -1
mol s T, kAmef72mol
1 _

kAm/k-l of:4.l mql‘ .

of 5.6 x 10° 1 s”1 and the ratio

It should'be noted thqt while the values obtained

for KikAm and kAmH+ have relatively low error limits, the values
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for the ratio kAm/k_l and hence also kl depend critically on
the value used for K 3 The values given above represent
, .

the 'best' values, however the data in Table 9.13 values for

; were 25 1 mo1” 1

1

: ’ -1
kK n/kK_q are calcula#ed to be 10 1 mol ;f Kc(
instead of 30 1 mol ", and O ifK_ 5 were 35 1 mol
. . . ’ .
" The visible ahd lH n.m.r. spectra indicate that
the l-adduct (9.6; R’RN = CSHlON) is stable in solution for
several hours. ‘Hence conversion to the prbduct 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 0.01M was used for the
work presented in this chapter, using either the perchlorate
of{chloride ahions. Comparisons of values obtained with
' benzYlammonium and piperidinium salts are in Table 9.14.

Thg data show that values of the equilibrium constants Kc,l and
Kc,ﬁ ére signifiéaﬁtly higher Qhen measured in the presence of
chloride ions. A similar effect has been observed in the

86,151

- previous three chapters and in 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

 .hére are smaller than those observed with the substrate 2,4,6-

X
C

- ; ‘ _ ——> + -
TNP + 2R“RNH + C1 = (TNP.NRR") + R’RNH2 + Cl

theme 9.3‘ , 'KCl_
R°RNH,....C1~

.triniﬁrobenzyi chloridéi reportéd in Chaptér'Six,’where 0.1#
‘éhioride ions were used. The value for K, - of ca lO 1 mo1™t
obtained pfevidusly (féported in Chaptéf'SiX) would with a

. chlqride COncéntratiqn of 0.01M give rise to a ld% increase in -
values- of K"l'aﬁd Kc,3' This'is in iigeiwith thé inqreasés
observed in Table 9.14. The main effect'of chloride idns on
rate coefficients is to léwer vaiues for the rate coefficients,
‘ kAmH+’ for reaction of substituted'ammonium ions with anionic
adducté. In the folloWing diséussion we shéll use values

obtained using perchlorate salts.



TABLE 9.14 Effects of chloride ions on equilibrium and rate constants

1-1

Ky 3/% o1t K, 1/% mol ™t kq/% ?“01—,'8 k—‘f‘mﬁ*/, kAm«'(s_&) K™% mol Ys™t
Benzylamwonium perchlorate 0.87"_ 4700 . .95  _ 0.020 -
Benzylammonium chloride 1.05 5300 95 0.018 ' -
Piperidine perchlorate . 27 600 - ’ - 9
Piperidine chloride | 30 650 - - | 7

Lz€
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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 (ggg)are compared with those for formation
of adducts (9.8) and (9.9) formed respectivély from 2,4,6-
trinitrobenzyl chloride (TNBC1) énd 1,3,5-trinitrobenzene (TNB).
.Since reaction océurs in each case at an qnsubstituted ring -
position “steric factors at the reéction centre shoﬁld be simila

for the three substrates. Thus values of k., measuring the

3

rate of amine attack and values of K measuring the stabilitie

c,3
of the adducts decrease in the order piperidine > n-butylamine
© > benzylamine which is that expected from the relative basic-

157,158,189 Before comparing the values

ities of the amines.
df these pérameters for the three diffefent-nitro—compounds it
must be stated that the data for TNP refers to an ionic strength
of 0.0lg While those for TNB énd_TNBCliwere heasured.with O;lg'
'éalt.b‘ Va}ﬁés of.k3‘will not be expected to vary with'ion
strengthlSl.’l’52 but the values of Kc,3, which rélate to the
infbrmatién 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

R ~ TNP
k3/2 mol “s TNBC1
’ TNB

TNP
TNBC1
TNB
k Jk, .+ ~ TNP
== A ) " TNBCl
Am TNB

_ TNP
Kpp/K_5 (2 mol ™) TNBC1
TNB

' - . TNP -
k +/% mol “s TNBC1
TNB

n-Butylamine

3200
3000
45000

15
73
1000

210
41
45

> 200
>1000
1200

>4.2 X lO4
>4 x 10
6 x 10

Benzylamine

900
1000
13000

0.87
5
105

1000
200
120

>100
>140
120

>1054
3 x 10
1.5 x 10

a. Data for TNP measured with 0.01M salt.

4

Piperidine

> 9000
>13000 5
>2 x 10
27
93
2140

">320
>140
>900

1600
280
280

b. Data for TNBCl, measured with 0.1M salt, from Chapter Six.

c.. Data for TNB, medsured with 0.1M salt, from references 151,
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activity coefficients follow Debye-Huckel theory changing the
salt concentration from 0.0l to 0.1'M will increase Kc values
by a factor of 2. Values of kAm will be increased and values

of k, .+ reduced as the ionic strength is increased.

Taking account of ionic strength effects values

of k., and Kc 3 are, for a given amine, very similar for TNP
[

3
| and TNBCI. Both éets_of vaiues are lowef.by at least an order
of magnitude than correspénding‘values for reaction with TNB.
The inducﬁive electron-withdrawal of the ethoxy group (or
CHZCi group) might be.expécted to enhance the stabilities of
‘the 3-adducts formed from INP (or TNBCl) relative to TNB.
However;'thé steric effect of the substituent is probably the
-rmajor factor. Thus the crystal structure47 of TNP shows the’
6rthq 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 amiﬁe, éf the values (or
inequaiities) df 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 occurriﬁg at an unsubstituted ring position. Nevertheleés
| + are ca twb orders of magnitﬁde smaller for

AmH
reactions involving piperidine. This is attributable152 to

the values of k

the greater steric bulk of piperidine which reduces the rate of
~proton transfer from the piperidinium ion to the anionic adduct.

Am for proton transfer from the zwitterioni

intermediate to amine will be reduced when reéction involves the

Similarly values of k

secondary amine.: This is a major factor in the lower values
of the ratio'kAm/k:3 observed forlpiperidine relative to the

primary amines, and accounts for thé obseriation 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 6f parameters for the
reacfioﬁ at the'ethoxy substituted ring-position are summarised.
For a given amine the value of the equilibf;um constant Kc,l
is considérably_higher than the value of KC'3. The ratios
Kc,l/Kc,B are 3300 for n-butylamine, 5500 for benzylamine and
22 for:piperidine. - The polaf effect of the ethoxy group at
A the,reaction centre wili be expected to increase the value of
Ki ;elative to K3 ihd‘there may also be a small increase in the
ratio,_Kag'l/KaAmH ’ Qf écidities of zwitterion and substitutéd
ammonium ion. However the major factor is likely to be the
‘reiief of steric strain present in the parent47 when the ethoxy
group is twisted fromlthe ring—plane during formation of the 1-
adducts. This will manifest itself in a large value for the
ratio Kl/K3‘ ' That the vaiﬁe of the ratio ig'very.much lpwer
for thé reaction with thé secondary amine piperidine than for
. reaction with the briméfy émines pfobably indicates that the

1oN), wheré two bulky groups are at the

C-1 position, is itself subject to steric strain. It is note-

adduct - (9.6; R’RN = CH

worthy that in the reaction of TNBCl with piperidine, reported
in Chapter Six, attack at the l-position was not observed pre-
- sumably because of steric strain.

As has beeﬁ noted in Chapter Six and in related

| 25-27,140.
systems _

rate coefficients, ki, for attack at the 1-
position'are conSiderably lower than corresponding values of k3

for attack at the unsubstituted 3—posi£ion. Since values of
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TABLE 9.16 Summary of kinetic and equilibrium‘data for amine
attack at the l-position of 2,4,6-trinitrophenetole

in DMSO at 25°c

n—Butylémine Benzylamine Piperidinea
-1-1
kl/k mol s 250 95 (1800)
K, 1/% mol™t "~ 50,000 4700 600
, ' o
o -1 b b b
k—lkAme/kAm(s ), A 0.00S‘ _ 0.020 (3)
k. +/2 mol ts™t .50 > 60 9
AmH | ' 4
Kk /12 mo17%7E 5205 x 10° >3 x 10° 5600
" Am .
kAm/k_l(l mol ), le,OOO >3000 (3)
k4/2 mol—ls—l' A 8.3 2.6 very slow reacti

a. _Valués in parentheses depend critically on value taken

for Ké 3 and should be regarded only as "best estimates”.
’ ) : .

"b. Since Vélues,of the ratio k will not vary greatl§

AmH+/kAm

with the nature of the amine (ref.152) these values give

'approximately the ratios of k__l values for the three amines
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Kl/K3.arehlargeAthis indicates that for a'given,amine values
of k_l;will'be several orders of magnitude smaller than values
of:k_j. . | |
The susceptibility to base oatalysis'of adduct
:forﬁatlon‘depends_upon~the value of thehratio kAm/k—l' If
at a given amineAconcentration-k [Am)>>k_, then base catalysis
is:not'observed~ ~ This is the 51tuatlon which applles to our
V.measurements w1th the prlmary amines n-butylamine and benzylamin
-uand may_be attributed to the low values of_k_l. Nevertheless
"with“piperidlnesouriresultS‘indicatevthat formation of the 1-
: badduot{is subjeotito‘catalysls by piperidine:and we estlmate '
that the value of k /k Afis reduced to ca 3.  The data m'.rov
3 of Table 9.16 1nd1cate that the value of k -1 for reaction with
,plperldlne w1ll be much greater than for reactlon with the prima.
amrnes; the bulky plperldlne being expelled more rapldly. Ther
" is 51s§ evidence that the proton transfer between zwitterion

7and<amine; k. is considerably reduced for the reaction with -

Am’
'ﬁ_seoondary‘amine.{' Thus it was possible to determine a value of
| 9Vlm‘o‘l,_l s_l for kAmH+' the_rate coefficient-for protonation
._$¢f‘(9 ; R’ RN =C N) by plperldlnlum ions. This very low

N .5 110!
b value,,da-ZQ-times smallervthan the corresponding value for re-

. action;at‘the unsubstituted'position (Table 9.15), results from
“the severe sterlc congestlon around the 1- p051t10n. The value.

1s lower than those for reactlon 1nvolv1ng prlmary amines. Hen<

9.1 AmH

e51nce the value of the ratlo K /k

a 1s not expected to shov

152

"771arge varlatlons with the nature of the amlne, the value_of f

9. l/K

piper1d1ne than W1th prlmary amlnes.

AmH

a ) w1ll be smaller for the reactlon w1th

”_:k ( k K,

. As has been observed 1n rclated systemslo3 1166, 182

”-Lthc valuo of k4, Lhe rate coeff1c1ent for acxd batalysed expulsu
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of ﬁhe leaving group, is very much lower for the reaction with
?iperidine than for the reaction with primary amines. The
result is that the.adduct (g;g;-R’RN = CSHlON) remains in
solution for several hours with little decompositioﬁ. The

- reason.for this increased stability is almost certainly steric.
in orig;n. The k4 step involves proton transfer to the ethoxy
" group of the anionic intermediate couplea with rotation of

.the piperidine—moiety'intb the ring plane. The rate of proton
transfer will be reduced-by steric congestion and there is

103,182

evidence for unfavourable stereoelectronic/conformational

.effecfs when-the transition state contains the pipefidine 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 i—ethoxy—

103

'2;4—dinitronaphthalene and i—methoxy-Z,6-dinitro—4-methoxy-

carbonyl—benzene.166 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 Kc 1 decreases in the
. . . 14 . .

order (9.6) > (9.10) > (9.11), largeiy reflecting the electron

MeO NRR’




TABLE 9.17 Comparison of data for attack at the l-position

of 2,4,6-trinitrophenetole,

l-ethoxy~-2,4-dinitro--

naphthalene and l-methoxy-2,6- dlnltro 4—methoxyf

carbonylbenzene

L, .=1 -1 n-Butylamine

kl/l mol s - {Plperldlne
.i Butylamine

l/2 mol {Plperldlne
k_lkAmH+/k n-Butylamine

Plperldlne
n-Butylamine

kAm/ (Q mol” {Plperldlne
" a. From references 103 and 182.

b. From reference 166.

c. ~Estimated from reference 103.

250
1800

50,000

600

0.005

>10,000

Adduct

(9,102 (9,11)°

31.8 -
240 100

540 -
-1.55 0.083

0.059 -
154 1200
>20c 0.28
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w1thdraw1ng ablllty of the ring substituents. 25-27 Values of

kl decrease in the same order and it is expected that k -1
values will increase in this order. The value of the ratio

| 9.1, AmH'
kAm/kAmH+ (=Ka . /Ka ) 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 quantity in a trinitroQ
activated compound,152 and lower values are expected in the

' formation of (9.lOf énd (9.11). These changes coupled with

the increases in the ratio k' lkAmH /k along the series (9.6},

C(9.10), (9.11).

- Values of the ratio k, /k_; 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
cﬁowded.lGGv.‘The consequence is that the formation of (9.6)

ahd‘(9.ll) is more susceptible to base than is the formation

of (9.10).

In conclusion. the results reported in this chapter
indicete that increased steric chwdihg at the feac;ion centre,
engendefed for example, by a change from primery amines £o.
piperidihe, results in (i) a reduction in the rate of proton
trensfer from zwitterionic intermediates to amine catalyst;
and (ii) slower leafing group departure. There is evideﬁcelSl
ﬁhat:the first of‘these‘fectors.may be less severe in aqueoﬁs
oY paftially aqueods media whefe proton transfer may proceed vic
interstitial water molecules. However both these factors will
increase the probability of ﬁhe pbservation of base catalysis

ARG
l’\
ons

during nucléedphilic substitution féé@g
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9.5 Derivation of the Rate Expressions

The rate expressions for the formation of the 3-adduct
and l-addubt of TNP with amines are derived in an analogous

way to those for TNBC1l shown in Cha?ter Six.

(i) The rate‘éxpression for the acid catalysed expulsion
of ethoxide from the l-adduct to give the N-substituted
picramide.

: o K
i o+
. TNP + 2Am ————f—“(9.6) + AmH .

L

(9.7) + Am + EtOH

The reaction is followed by measuring the formation of

(9.7)._ Therefore,

a[9.71 _ o 1 racut o
S5 = k,[9.6) [amHT) | (1)
[TNP]O = [TNP] + [9.6] + [9.7) . ‘ - (2)
_ [9.61(AamH'] . -
Kot - TTNP] [Am] 2 - (2)

Substituting for [TNP] in (2)by using (3).

[TNP]_ = [9.6] (1 + [amH'] + 19.7] (4)
‘ | Kc,l[Am];

Re-arranging, ' 9.
' : Ky p[Am]
‘Substituting (5) into (1) .
are.71 . . K,K_ - (Am)2(AmH'] |
S8 = e, - (9.71) fafen” . (6)
R ' ‘ K [Am] ¢+ [AmHT]
‘ _ c,1l o
a[9.7]

. At equilibrium, at = 0
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. ‘ 2.+
"0 = (ITNR]_ - [9.71 ) Xa¥c,q[Am] " [AmH ] . (7)
' © € K_  [Am]Z+[AmHT] -

Subtracting (7) from (6)

| 12 +
kK,K . [Am]“[AmH"] (19.7] ~19.7])

alfg.7] _ 4°c,1 (8)
at K. l[Am]?+[AmH¢’] =

~Relating [9.7] to OD
-_(9.7)'is the only absorbing species at the Wavelength used
to follow the reaction.  Hence,

eg 719.71 ; (9)

oD =
At equilibrium,

0Dy = rgg 41971, . c - (19)

Subtracting (9) from (;gf

oD -0D =
iyl

eg 5 (19.7] ~19.7]) ' (11)

Differentiating (9),

dt 9.7 dt ’ ' —

Substituting (12) into ( 1‘1_)( g

d op . 1 _ dl9.71 - 1 (13)
dt OD_-0D at [9.71 _-09.7T =

" The definition of k is
‘ ' obs ) .
: ~d oD . 1 - o . iay.
Kobs = “at - : oD _-0D ‘lﬁ)

" Hence combining (8), (13) and (14)

KK L (am] ? (Ami*]

4 c,
obs 'K, [Am]Z+[AmHTT"

c,l
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CHAPTER TEN

MISCELLANEOUS RESULTS
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10.1 Introduction

This chapter is a collection of miscellaneous results,
often ihcompleté; which could not be reported in the previous
chapters. These results will be given ﬁnder the following
headings:

(a) The reéction of 2,4,6—triﬁitrobenzyl chloride with
sodium hydroxide in water and in 30:70 (v/v) DMSO-water;

{b) Preiiminary 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—trinitrobenzene With thioglycollic acid in water.
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10.2 Expefimental

Visible spectral measurements were made using a Pye-
UnicamASP 8005, SP 8100 or Hi-Tech SF-3L stopped-flow ;pectro—
Phétometer. All rate measurements were ﬁade using the latter
‘ instfument at 25?C_with the concentration 6f'nucleophiles
alwéys in largé excess over the substrate concentration so
that first-order kinetics were observed. The rate coefficients
'aré the mean of.at 1ea$t five seéarate determinations and are
'précise'to'iS%. Examples of rate measurémenté are given 1in
Table 10.1. | |

A Kent pH EIL 7Q55 pH meter and a combination electrode

were used for pH measurements.

iH n.m.r. measurements were made using a Varian EM 360L

instrument using tetramethylsilane as an internal reference.
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TABLE 10.1 Typical results from rate measurements

(1) TNBCLl (1 x 10°°M), sodium hydroxide (0.04M).

First process. - Measured at 455nm in water.

(ii) TNB (1 x lO-Sg), thioglycollic acid (0.006M).
Measurable process; " Measured at 500nm in water
containing 0.026M sodium hydroxide and 0.0274M

sodium chloride.a

(i) | - (i)
t/s CoavP o t/ms AvP
0.0 - 4.70 T o | 5.1
0.5 3.60 | 10 3.2
1.0 - 2.80 20 2.4
1.5 2.20 30 | 1.9
2.0 .1.60 | 40 - 1.5
2.5 1.20 .50 1.2
3.0 - 0.85 60 0.9
A plot of'inAV versus t | A plot of 1naAv versus.ﬁ
is linear and yields . = is linear and yields
o -1 | IR |
kobsA—'o°55 s | ‘ _ kobs = 24.0 s .

a. Tonic strength I = 0.3

Y

b AV =V, =V
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10.3 The Reaction of 2,4,6-Trinitrobenzyl Chloride with
-~ Sodium Hydroxide in Water and in 30:70 (v/v) DMSO-water

10.3.1 Introduction

~ As stated previoﬁsly, 2,27,4,4”7,6,6 -hexanitro-
stilbene (HNS) can be prepared by the reaction of 2,4,6-
trinitrobibenzyl chloride (INBCL) with base.2’}2  The re-
action mechanism postulated2 for this prepération requires
the formétion of the conjugate base (10.1) by removal of a
side chain-éroton (see Chapter One). As the side chain proton

could be removed by hydroxide ions, present in the reaction

mixture} it is of interest to study the interactions of TNBCl
with hydroxide ions. In this section the initial reversible
' reactions of TNBCl with sodium hydroxide in water, and in

30:70 (v/v) DMSO-water are reported.

10.3.2 Reactions with hydroxide ions in water

Figure lb;l shows the visible spectra of TNBC1
‘(2 X lOng) in aqueous‘sodiﬁm hydroxide measured with a con-
,Véntibnél Spéctropﬁotometer. - In the more dilute solutions
fNaQH]<O.1¥ the spectrum is similar to those of 1:1 c-adducts
| | 25-27,82 _ -

formed fromjtrinitro—activated substrates showing a

maximum at 445 nm with shoulder at 500 nm. In more concen-
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Figure 10.1

Visible spectra of-TNBCl, recorded one minute after
mixing, in water containing the following concentrations of
- sodium hydroxide, A, 0.0lM; B, 0.05¥; C, O. 1M D, O0.5M

03k

L00 R 500 B 600

. | ‘
| 500 4 600
Wavelength (nm)
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tratéd solutionsra single broad maximum at‘490vnm'is observed
A indicéting some further mode of reaction." By use of stop?ed-
flow spéctrophotometry the initial spectrum of a solution
containing 0.1M base was measured within five seconds of
mixing. It showed two absorption maxima at 4554nm and 500 nm
and was similar to that of Ehe‘time—stable species observed 1in

"more dilute solutions.

, Twé bfocésses were observed using thevstépped—
flow spectfophotdmetér. | Oniy-the fast process was measured
and the ratevénd equilibrium data are given in Table 10.2.
As the hydroxide céncehtration was in large excess over TNBC1
‘ concenfratibn the reaction was first order. The data are
‘interpreted using Scheme 10.1. .Evidencé that the l-hydroxy-
| adduct isv:formcizd‘ ra_lther_ than the 3—hyc.1ro-xy—adduCt will be

given later. The data fits equation 10.1, dérived using

2
_ - ke
+ OH  —— eSS
k
' r
. (10.2) - o ' (10.3)
Kobs = kfIOH 1+ ky | A (equation 1O.
standard methods,. ~ and gives a value for ke of 11:0.1 2 mol ~s

- A Jives
and k. of 0.1+0.02 s L Combining these valuesjfan equilibrium

constant K(=kf/kr)’0ffllo % mol—l, which is in good agreement
with that bbtained from the optical densities.

H n.m.r. measurements in deuterium oxide would

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~°M) with

sodium hydroxide in water® at 25°C

[NaOH] /M kobs/s_l op%(445 nm) - K%/ ¢ mo1”?
0.01 0.21. 0.016 | 110
0.02 - 0.33 '~ 0.022 120
0.04 ' A'o.55 0.024 . 90
0.06  0.74 0.027 110
0.08 4 1.05 0.028 117
0.10° 1.17 0.028 -

a. The éolvent contains 1% by volume of DMSO.

b. I =0.l4 with sodium chloride.
é. A Benesi—Hildebrand plot76 gives a value of 0.031 for

ccmplete conversion to adduct.

d. Caiculated using K = OD(445)/[0.031-0D(445) ] [NaOH] .

structures (10.3) and (10.4),but due to the low solubility of -
TNBC1 in water this technique cannot be used. However, com-
,parison'of'tﬁe rate and equiliﬁrium data with thosé.for feaction
of 1,3,5—£rinitfobenzene (TNB) '8 strongly sudgests that thesc
méésurements relate to the formation of the l-hydroxy adduct

(10.2). The argument is as follows. It is known that the
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thermodynamic stabilities of adducts formed by attack of
methoxide,82 ethoxide,82 sulphite162 or»amineb(reported in

' Chépter Six) nucleophiles at the 3-position of TNBC1 are

loWer than thuse of the corresponding adducts formed. from

TNB. This is probably due to the steric bulk of the CHZCl
substituent which forces the ortho nitro-grpups from the ring
plane, thus reduciug their electron withdrawél ability. How- |
”ever:the value of llO!Lmol_l observed for hYdroxide attaék on
TNBC1 is_much higher than the value of 3.7 9,4mol—l:fo'r the re-
action of hydroxide with TNB to give (10.5).- The Value is
however cumpatable with the formation of (10.3) since attack

at the l-position will result in rotation of the CHZCi sub-
stituenf from‘the ring plane with a consequent reduction in
ste;icvinteraction. Since‘nucleophilic attack at unsubstiﬁuted
ring'positiuns is generally a fastef.proceusl4p than attack a£
substituted'positions the failure to observe (10.4) can be

attributed to the relatively low thermodynamic stability ex-

pected for this adduct in water.

The kinetic preferencé for attack at unsubstituted
<positions( and higher thérmodynamic stability for the adducts
~formed by attack at the substiﬁuted positiun} is confirmed by
qomparing‘the data for feaction,of TNBC1l and TNB with hydroxiae
‘and methoxide ions given in Table 10.3.. The ratipshof equili-
brium constants for the twu substrates ‘are 30 and 18 for the

reaction with hydroxide and methoxide ions respectively.

Measurements for compoundsHO’190 related to TNBCl

with'hydroxidg ions have shown that ionisation of added hydroxyl

groups can occur to give a di-anionic species. When this type



TABLE 10.3 Comparlson of rate and qu;llbrlum data for reactions of TNB and TNBCl

with hydroxide ions in water and methoxide 1ons in methanol

k¢ 37.5
k. 9.8
X 3.7

Reference 78

11
0.1

110

This chapter

7300

330

20

78

82

8bhe
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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

140,190 a

-would be expected to be established very rapidly, S

it would involve proton transfer between two oxygen atoms.

It has been found that in O.1M base the spectrum recorded by
stopéed4flow épectrophotometry is different from that obtained
at equilibrium. This is not in accord with rapid deprotonation.

Therefore the spectral chénge observed in solutions where

140,191 to formation of

[NaOH] 20.1M is reasonably attributed
'é di-adduct by'hydroxide attack at the>1— and 3-positions and/
or the 3- aﬁd 5- positions.

, No evidence for the production of the conjugate
bgse of TNBC1 (;9;;) is provided by these results. (10.1)
is obsefved in methanbi82 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 (10.1l)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 - O.1M) in 30:70 (v/v) DMSO-water were recorded
on évconvéntional spectrophotometer; At sodium hydroxide con- |
céntrationé £0.2M a speétrum typical of a o—adduct was observeczi?—29
- When [NaOH] = O.dOlg maxima were ébserved at 440 and 512 nm
which with increaSing [NaOH] = 0.02M they were observed at 448

and 490 nm (shoulder). As [NaOH] was further incréased the

spectrum started to resemble those of 1:2 c-adducts. Thus at
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[NaOH] = 0.1M a single broad maxima was observed at 490 nm.
The interpretation of these spectra is that applied tolthe
spectré of the same reaction ih water. That is formation of
the 1:1 adduct (10.3) followed by formation of the 1:2 adduct,
probably (lg;ﬁ). Once again the distinctive visible spectrum
of the conjugate base of TNBCl (10.1) was hbﬁ observed.

lH n.m.r. measurements in 70:30 (v/v) [2H6] DMSO—DZO

were'attempted to try to discover the structure of the adducts
'forméd. On addition of sodium deuterioxide the bands at 69.08
(rihg.protoﬁé) and §5.00 (CH2 protons) due to TNBCl92 dis-
appearedvand were not replaced. As the spectrum was recorded
oﬁe minute after mixing it is 5e1ieved that the o-adduct formed
-is very unstable even in 70:30 DMSO-water solution. A further

difficulty encountered during the lH n.m.r. measurements was

"a.solid precipitating from the solution. This may he [INS.

Using stopped-flow spectrophotometry two well

- separated colour forming processes are observed and bdth were
méasurable. The rate and equilibrium data are in Table 10.4.
Both proéesses produce reasonably lineér plots for kobs~versus.
[NaQH]. Therefore the data will be interpreted using Scheme

10.2 The rate expressions derived from Scheme 10.2 are

Scheme 10.2
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TABLE 10.4 Kinetic and equilibrium data for the o-adduct
formation reactions of TNBCl (1 x 107°M) with

sodium hydroxide in 30:70 (v/v) DMSO-water at 25°%

mao®/M ko /st K (cale) oD, (490mm) 107k /st 10° K
 o.01 0.60 0.70  0.020
'o.bz - 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 = leg using.sbdium chloride.
b. Calculated using k, 0.70 ¢ mo1™t s71 ang eduation 10.2.

c. Calculated using k2 0.57 & mol_l s_l, k_2 0.035 s_l

and equation 10.2.

equations 10.2 and 10.3.

k = klv[OH—] + k

(equation 10.

fast -1
KoKy i o
kstow = TEK TORT * K-z (eguation 10.

A plot Of.kfaét vefsus [OH-] is- linear with a zZero
‘or ngar zero ihtercept and gives a value for kl of 70 g mol—ls_l.
The optical deﬁsity values show that complete conversion for Ehe:
_1£lradduct is attained at lower sodium hydroxide concentratiqns
in 30:70 DMSO—WaEer than in water. An appfdximate value of ca.
500 3 r.nol"l for the equiliBrium constant Kl éan be Caléulated‘
25-29

from the optical densities. It is known 1:1 c-adducts are

more stable in aprotic solvents or media containing an aprotic

solVént, due to the ability of aprotic solvents to solvate the



352

large pdlarisable 1:1 o-adduct and desolvate the small nucleo-
phile.

As K, is large (estimated as ca 500 %2 mol™ ! from
equilibrium optical densities) it can be assumed that
_Kl[OH_]>>l and therefore equation 10.3 is modified to give

equation 10.4. Thus a plot of k versus [OH ] is linear.

A value for k_,0f 0.57 2 mol™! s7! calculated from the slope

i

slow

9 (equation- 10

kslow ' k2[OH ] + k
and a value J"Eor'k__2 of 0.035 s_.l from the intercept. However,
these rate coefficients are likely to be subject to large

errors ‘due to them being based on limited data. A value for

K, (=k,/k_,) of 16 is calculated.

Another poséibility for the second process is
‘shown'by Scheme 10.3 below. This is hydroxide attack on the
CH2C1Agroup-resultiﬁg in nucleophilic displacement reaction
to  form 2,4,6-trinitrobenzyl alcohol (TNBOH).

O N I~ _.fo
K 2 2
_— 1
[ M.
+ OH _g————
|
|
k, NO,
- (10.2) ‘ (10.3)
CH,, OH B
0,N NO,,
+ Cl
NO,
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The rate exp:ession is given by equation 10.5(a). Again if

1
to equation 10.53(b).

K, v 500 2 mol—l then Kl[OH_]>>l and equation]b.se)rsreduced'

o k2[OH—] : .
X,
—3 A‘___ . . . 1
kObs Kl (quatlon 10."
Equation 10.5(b) showsthat k_, _ is a constant when Kl[OH_]>>l.

The,limitéd kinetic data does not allow the formation of TNBOH
.to be discounted but it appears unlikely. Howevér, TNBOH will
not bé strongly coloured and as the visible spectra show a -
strongiy coloured species is formed then the formation of

TNBOH as. a major reaction can be eliminated.

10.4 Preliminary.Studies of the Interactions between 2,4,6-
trinitrobenzyl chloride and hydroxide ions in mixed solven!

10.4.1 Introduction

_ The Shipp—Kapian2 reaction, Z.e. the,convefsion
of 2,4, 6—trinitrotoluene (TNT) té HNS using alkaline hypo-
chlorlte, uses a 2:1:2 (v/v/v) tetrahydrofuran (THF)—methanol—
(MeOH) —~water. { AVTAfjsolvent. It is well known that the first

steprof the reaction converts TNT to TNBCl but the 1ntermed1ate
via which TNECL

is’ converted to HNS, and ‘hence the reaction mechanlsm, is
unknown. "(A.-fuller description of the Shipp-Kaplan reaction

‘is given in Chapter One).

Previous kinetic studiess’sz’83’92’94’ll7'118’;42

(which includes'the data in Chapter Six) of the reactions of
TNT and TNBCl have beén made with a variety of bases in differ-

ent solvent syStems, but kinetic studies‘of the Shipp-Kaplan
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.reaction itself in the solvent system 2:1:2 THF-MeOH-water
ﬁaQe been made. This section is a record of the preliminary
visible specfra of the interaction of TNBCl with base in 2:1:2
THF—MeOH—water,4which afe a necessary precﬁrsor for kinetic
studiés; These spectra{ére incomplete and the information
gained from tﬁem_unsafisfactory; It should be stressed that

| the interpretations of the reactions are generally subjectivel

as conclusive evidence can rarely be obtained from visible

25-29
spectra.
In the sélvent 2:1:2 THF-MeOH-water the methoxide
ions are in equilibrium as shown by Scheme 10.4. The equili-

“brium constant K/ is defined by equation 10.6. The value

, K/
MeOH + OH ;::2%:: MeO  + H,0

Scheme 10.4

134

- for K~

ha The equilibrium concen-

of 4.5, at 250C, is known.

C XH O[MeO_] '
: Kﬂa = 2 ' ' , (equation 10.6
[OHT] :

XMeOH

where XH o = the mole fraction of water, -
27 '

and XMeOH

the mole fraction of methanol.

_trations of methoxide ions and hydroxide ions can be changed

by the addifioh of sodium hydroxide ions. Equations 10.7,
lO;é and 10.9 allows the calculation of the‘equiiibrium concen-
tfations éf the‘methoxide ions [‘Meo_]e and.hydroxide ions [OH#L
f;om thg Qriginal concenﬁration of hydroxide ions [OH—]o adde@.
When the COncentfatioﬁs used to measure the visible spectra

afe reported they will be given in terms of added sodium



355

- . -V\.- - = . - ‘ . \ 3 ’
[OH 19 + ‘[JeO,]e (oH ]o | . (equation 10.
~ XHZO[MeO ]e
[OH ] = : > (equation 10.:
° *umeon “ha ~
- - X4, 0 '
[OH ]b = [MeO ]e 1+ 2 (equation 10.¢
| ~ Xmeon ha

-hydroxide with the methoxide concentrations at equilibrium giver

in brackets immediately aftérwards,

In previous chapters very dilute substrate con-
Acentratiohs were used. Here higher concentrations, 0.001-0.01}
were used. 'This required the use of a variable pathlength

(usually ca O.4mm) microcell.

10.4.2 Results and discussion

lUsing a -10mm pathlengfh cells visible spectra of
solutions with TNBCL (2 x 107°M) and 0.,001-0.01M NaOH
(5.5 x 10°% - 5.5 x 10734 methoxide ions) in 33/67 (v/v) MeOH-
water were récorded, Initial spectra after abéut one minute
show th'makimavat 438nm and 510nm. At added sodium hydroxide
concentrations <0.008M the lbwér wavelengthﬁmaximum decays
rapidly and the higher wavelength méximum decays slowly. At
addgd sodiuﬁ hydroxide cohcentraﬁions of 0.01M the decay of
the initiél_spectrum coincidés'with the growth of a maxiﬁum of
ca 478 hm. The initial spectrum would suggest_o—adduqt.form+~

25-29

ation of 1l:1 stoichiometry while the single maximum at an

added sodium hydfoxide concentration of 0.1M would suggest a-

2529 - ppere are two nucleophile:

o~adduct of 1:2 stoichiometry.
present; MeO and OH . The 1:1 o-adduct of TNBCl and methoxid

iong in methanolsz has maxima at 430 and 510nm while in the
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previbus séction itvhas been reported that thé spectrum of
the l:i o-adduct formed by TNBC1l and hydroxide ions in water
'give maxima at 445 nm and SQO nm. In their own solvents the
1-methoxy-adduct is ninety-five times more stable than the 1-
hydroxy-adduct and kl»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 l-methoxy-adduct of TNBCL.

o Visible spectra of!0.00lg TNBC1l in 50:50 (v/v)
MeCH—water 5 xulO_Sg - 0.1M added sodium hydroxide (3.6 X lO—5 -
7.17 x lO—BQ methoxide ions) have been recofded‘using a cell

_Witﬁ a péthlength of S5mm. At added hydroxidé ion conéentration

24 X 1o4g (2.87 x. 10-4§~methoxide ions) show double maxima,

typical of o-adduct formation,2> 27

at 430 and 510 nm. These

- maxima décay very slowly. At added hydroxide concentration of.
4 x 1o'3g (2.87 x 10—3g methoxide ions) a maximum started to
shoW’after_about an Hour at 472 nm, which continued to growivery
slowly. .The initiai.species is preéumably that assumed to be
formed in 33:67 MeOH—water, the l-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

| 0.0001M TNBCl with O0.00OlM NaOH. The séecies that produces this
épectrum slowly.decays; With O0.1M NaOH the species formed has
maxima at about 430nm and 500nm, which is very stable. After
eighteen hours a newAspecies with a single maximum at 478nm

is observed.' |

The hext Set of visible spectra to be fecorded were

for 2:1:2 THF-MeOH-water solutions containing 2 x lO-Sg TNBC1

and 0.001-0.01M added hydroxide ions (4.41 x 10°% - 5.59 x 10 M

teoane ' .
Y "
s ¢ NI TR

methoxide ions). Initial spectriii measured two 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
0.01M (5.59 x 10—3¥ methoxide concentration) these maxima have
s ' 4 1 -1

extinction coefficients of 2.25 x 10 £ mol ~ cm * and

.1{6 X lO4 L mol‘_l qm’ Arespectively. 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 specieé is intgr-
'preted as o-adduct formation by methoxide attack at the 1-
pbsition.  In methanol this'produces maxima at 430nm and
510nm. The.purble speciés is interpreted as formatioh of the
conjugate base of TNBCl which in methanol pféduces spectra at

92

650, 500 and 370 nm. THF is an aprotic solvent and should

therefore increase the stability of the c-adduct in a THF-MeOH-
water solvent compared to a MeOH-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 expectedzs__z9 to change the wavelengtl

of absorption maxima the differences of the absorption maxima
of the red species in MeOH-water compared to THF-MeOH-water is

not surprising.  When 0.001lM TNBCl reacts with 0.0li4 NaOH

3

(5.59,x_10f M methoxide ions) in 2:1:2 THF-MeOH-water the

spectrum indicates that the same species are formed .but the

maxima are more intense.

The Shipp—Kaplan reaction2 produéés_the best yields

of HNS if a pH of ca 10.2 is maintained. The buffer used to

maintain alpH of 10.2 was a sodium bicarbonate buffer.124

However after the visible spectra to be reported below were
%y TNBC1 with 10”2

meésured,,a pH study of the reaction of 10
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FIGURE 10.2 Visible spectrum of 2 x 10 °M TNBCl and added 0.006M NaOH (3.35 x 10 °M MeO )
in 2:1:2 THF-MeOH-water; A, 2 minutes; B, 32 minutes after mixing T
0'3 -T '
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Density
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added NabH (5.59 x 10_3g methoxide) in 2:1:2 THF-MeOH-watér, .
initially bufferéd at a pH of 10.18, showed that the pH of
the soLﬁtién aeéreased slowly to 9.05 after two hours before.
sfarfing to-incréaée. - For some reason the biéarbonate/

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 (ODméx 0.460). The absorption slowly

max
faded with the maxima moving slightly to 428 and 502nm. A
‘O.4mm pathleﬁgth céll was used. After. ten minutes solid pre-
qipitated from soluﬁion,.and is likely to be HNS as this is

very insolubie in'2:l:2 THF-MeOH-water. Solid precipitated
from a similar reaction system was filtered and dried. After |
‘dissolving in [2H6]*DMSO its lH n.m.r. spectrum was feCorded.
Bands at 69.10(s) and 7.13(s) were observed which can be assigne
to the ring prbtons and olefinic protonslof»HNS respectively;
Thig shows the solid precipitated is HNS.

5

The reactions of 2 x lOf_M TNBC1 in solutions bf

2:1:2 TH#—MeOH-watér with an initial pH of '10.2, 10.68 and

: 11,2 were Stuéied. The spedtra all showed that th;ee species
4Were fofmed over eighteen hours after mixiﬁg. The first spécie
was red and gave ﬁaxima at 432-434 and 505~515nm. These maxima
decayed to give-a'purplish species with maxima at'37Q, 436,.560
and 600-650nm. Finélly aftef about eighteen houfs a visible
‘ épectrum of a second red speciés shows absorption maxima at

465 and 525nm (§hou1der);4 'Fiéure 10.3 shows an example of
these spectra. - Aé the-pH was increased the convefsion ﬁovthe

o-adduct was -increased and in each case solid was observed. to

precipitaté from the solution after about one and a half hours.



FIGURE 10.3 Visible spectra of 2 x 10 °

pH of 10.2; A, 2 minutes, B, 31 minutes, C, 19 hours after mixing
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These:spectra can be interpréted as formagion of the l-methoxy-
adduct of.TNBCl followed by its éonversion to the conjugate base
of TNBCL. The cénjugate base of TNBC1l then 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 10'5g HNS in 2:1:2 THF

MeOH-water containing O0.1M added sodium hydroxide (5.59 x lo_zg

methoxide). Two maxima at -430nm and 480nm(shoulder) are record

. (10.8)

two minutes after mixing which after fifty-five minutes was

é single»maximum-at_480nm. ~This is probably'ﬁhe formation of
the ifmethoxy-aAduct followedlby the formation of (10.9) by
‘methéxide attack ét'the olefinié bond. Allowing for the
différence in solveﬁt-these species are found for the reaction
ibétween HNS and methoxide ions in methanol (reported‘in Chaptér»
Five). The reactions of HNS and hydrbxide ions, hydroxide ion
béing the other nuéleophile.present in- the sélvent, have not

been studied.



362

10.5 PteliminarjﬁStudies of the Interactions of 2,27,4,47,6,6%-
Hexanitrobibenzyl with Sulphite Ions

10.5.1 Introduction

éulphite ions can form o-adducts with trinitro-
aromatic cOmpounds but because they are "soft" 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
o-adducts by addition.at the‘unsubstituted positions of tri-
nitroaromatic substrates containing a bulky substitnent at the
l-position.zs_29 For example it has been shown that sulphite

ions react with TNBCl162 to form the adducts (10.10) and (10.11)

NO

(¥o0.10) . : (10.11)

| Throughout this thesis it has been shown that’
2,2),4,4’,6,6’—hexanitrobibenzyl (HNBB) reacts with.nucleo-
vphiles in en analogOus-way to TNBCl. Therefore the v-adducts
(10.12)and (10.13) would'oe expected to be formed by nucleophili
attack of sulphite‘ions on HNBB. Once again because there are
two pioryl rings-per molecule of HNBB there is also the possib—

, ility of the o—adducts (10.14), (10.15) and (10.16) being formed

Isomerlsm may ex1st for some of the adducts shown.

It is known that 1:1 o-adducts like (10.10) are
- more stable in aprotlc solvents than protic solvents whlle 1:2

o-adducts llke (10.11) are more stable in protlc solvents than
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4in aprotid solﬁents;ZS It would therefore be of interest to .
discover .if (;Q;lé) 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 1l:1 oc-adduct, as both picryl
.rings are well separated, and therefore better solvateéd in

bMSO than (19412)- The.opposite case would be expected in

- water, a protic solvent.

-10.5.2 Visible Spectra

Visible spectra of HNBB (4 x lO_Sg).and‘Sulphite
ions (0.001 - 0.1M) in water containing 1% DMSO were attempted,
‘but due to>thé insolubility of'HNBB no useful results were
obtained. At sulphite concentrations> 0.1M a red species was
~ observed énd the spectra suggested l;l and 1:2 g-adducts were

responsible for the colour.

Visible spectra of HNBB (2 x 10”5g) and .sulphite
ions (0.001 - O0.1M) 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'strubtﬁres of the 1:1 and 1:2 g-adducts might be deter-

mined by using lH 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 Inﬁroduction

The reactions of-1,3,5-trinitrobenzene (I'NB) with

‘éulphite,63’194—196 thiolate197 and thiophenoxidelss’lg? ions

in water have previously been studied.- It is found sulphur
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Y9,

(10.13)
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nucleophiles are more reactive than oxygen nucleophiles,27

an unexpected fact on the basis of their pKa values.

In this section the interaétioné of TNB with
thioélycollic écid will be reporﬁed, although the study is
incomplete and fhe results poor. This reaction is of intereét
because in>wéter thioglycollic acid exists mainly as the di-
anion, —SCHZCOO—, which is capable of reacting as a sulphur or
oxygen’nucleophilel The pKa value for Scheme 10.5 as defined

124

by equation 10.10 is reported as 10.6+0.08.

.HSCH2COO ——————f SCHZCOO + H

Scheme 10.5

["scH,CO0™] [H']
. = [HSCH2COO‘] A (equation lO.lF

.10,6.2 Results and discussion

visible spectra of TNB (4 x 10 °M) with thio-
glycoliic acid (0.001 - 0.1M) in water wére recorded on a con-
'ventional épéctrophotometer. At thioglycollic acid concen-
trations s0.0Q4¥ spectra typi.calzs—29 of 1:1 adducts were ob-

served with maxima at 464_and 540-570 nm (shoulder). . At thio—
25—29Of

glycollic acid concentrafioné 20.4M spectra typical
1:2'6-adducts were observed with a maximum ca 490nm. At the
intermediate thioglycollic acid concentrations, betweeh the
stated 1imi£s} spectra wefé obtéined.that indicated that 1:1

aﬁa 1:2 Q—adducts weréApresent.' These épectra were vefy éimilar
to those obtained for_l:l aﬁd 1:2 o-adducts formed between TNQ

63,195

and sulphite ions. This indicates that thioglycollic
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acid is behaving as a sulphur nucleophile forming a sulphur
bonded o-adduct. If it were forming an oxygen bonded o-adduct
the spectra would show maxima at shorter wavelengths, at caqa,

410nm and 500nm. 2>

No lH n.m.r. spectra of the adducts formed by
the reaction of TNB and fSCHZCOO— have been recorded. However,
the structufes of the o-adducts formed by the reaction of TNB

3 and TNB with thiophenoxide ions,197 are

,withlsulphite ionsl.9
known. By analogy the 1:1 and 1:2 o-adducts formed between
TNB and —SCHéCOOf can be predicted to have the structures

(10.17) and (10.18).

H scnzéoo' H SCH,C00"
0N s > NO, O,N 7 NOZ—
-
| SCH, 00"
’-|N02, NO,
(10.17) (10.18)

By the addition of sodium hydroxide in excéss of
thioglycol}ic acid conceqtration the thioglycollic acid will
 be presenﬁ.véry largely in the form of the dianion, -SCHZCOO—.
Visible spectra of TNB (4 x lO—SM) and thioglycollic acid
(O;OOlg) with [NaCH] in excess of [tﬁioglycbllic acid], in
Water,'were‘recordea. These spectra indicate that provided
[NaOH] was 20.608@, in exess of thiOglycollic acid concentration

then there is maximum conversion to the 1:1 o-adduct for that

[alalk vt i~ AR I B K] XTI

Lo ar s, s o Hlgss g
,paftiétlar tﬁlbglycolllc acid concetitration. Because 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 o-adduct between TNB and hydroxide ions {10.3) must be

considered. The equilibrium constant for formation of (10.3),

- . 78 N
KTNB/OH” has previously been measured as 3.8. Using

equation 10.11 it can be shown that the concentration of (10.3)

[10.3]

KTNB/QHf = TTNB] [OR-T | (equation 10.1.

present in solutions containing 0.01 or 0.02Y excess sodium-

hydroxide will be small.

Stopped-flow spectrophotometry sﬁowed fhat the
reaction of.TNB and thioglycoilic acid produced whét appeared
to bé two colour forming species. Observation of the reaction
at a wavelength of 490nh showed that a rapid colour forming
process, completed almost insﬁantaneously the reactants were
mixed, was followed by a measurable colour forming érocess.
At a wavelengfh of,550nm4the saméAreaction gave a rapid colour
ifbrming'process followed by a rapid colour fading process. Thesc

observations are in accord with the visible spectral evidence.

The reaction between TNB.and thiogiycolliC‘acid in
Water wéslmeasured.under three differen£ exéerimental conaitions
on théﬂéfopped—flow spectrophotometer. Kinetic and eqdilibrium
data measured with ionic strength, I = O.ig and 0.01M [NaOH]
>4in exesss of thioglycollic acid concentration are given in
Tabie 10.5; with I'=.O.l¥ and 0.02M [NaOH] in ‘excess of thio-
glycoliic acid‘éohcentrétion aré given in'Table 10.6; and with
i = 0.3 and O.QZ@ [NaOll] in excéss of thioglycollic acid coni
.centratioﬁ aré 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

- of TNB (2 x lO—Sg) thioglycollic acid in water?

containing 0.01 excess sodium hydroxide at 25°C

['gjgaxflﬂg"lﬁks/s
0.001 6.9:0.2
0.002 8.0
0.004 11.5
0.006 15.7

. 0.008 18.9
0.01 22.5
0.02 29.1
0.04 33.5

I =

Measured at completion of the first process;

-1

cn?(sammn

0.0063
0.0123
0.0214
0.0278
0.0334
0.0372
0.0477

0.0487

Ki/lnol-
104
113
118
119
‘125
126
125

68

0.1M made up using sodium chloride.

1

OﬁgﬁmOmm

0.0129
0.0250
0.0391
0.0458

0.0496

0.0525

0.0545

0.0555

A Benesi-

Hildebrand plot yields an optical density for complete

conversion to adduct of 0.0561.

Calculated using K, = ODl(SOO)/[O.OSGI-ODl(500)][_SCH2COO—]

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 lO-Sg) with thioglycollic acid in water®

containing 0.02H excess sodium hydroxide at 25°C

Cscm,c00 1Mk, /s opb(soom)  KS/amol | o) (500mm)
0.001 - 7.4%0.3 10.0063 104 0.0137
0.002 7.8 0.0123 113 0.0264

1 0.004 11.2 3 0.0205 111 0.0400
0.006 15.9  ° 0.0278 119 '0.0458
0.008 26.5_ ~ 0.0362 148  0.0496

| 0.010 25.3 0.0391 . 141 - 0.0526
10.020 35.9  0.0467 117 0.0535
0.040 . 36.8 0.0487 68 0.0516

a. I = 0.1M made up with sodium chloride.

b. ,Measured-at_the completion of the first ?rocess.

- A Benesi-Hildebrand plot yields an optical density

for compléte convefsion to the adduct of’0.0667. 
c. Calculated using OD; (500)/[0.0667-0D, (500)] [ SCH,COO0" ]

d. ‘Measured at completion of the second process.
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TABLE-lO.7 1Kinetic and equilibrium data for the reaction of

TNB (2 x lO-SM) with thioglycollic acid in water®
containing 0.02M excess sodium hydroxide at 25°C

[’Scﬁzcoo']/g S ool(soonm)b | Ki/l o1t 0D, (500rm)
0.00r - 7.6%0.3 0.0070 44 0.0237
$0.002 . 10.1 0.0150 49 '0.0419
0.004 17.3 - 0.0306 56 0.0615 -
0.006 24.9 0.0372 48 0.0645 -
0.008 30.6. 0.0438 45 0.0655
0.01 - 33.3 0.0516 45 0.0716
;a. I = OF3 made up with sodium chloride.

. b. Measured at the completion of the first process.
'A-Benesi—Hildebrand plot yieldé an optical density

value for complete cbnversion to the-adduct of 0.1667.
c. . Calculated using K; = OD1(500L4O.1667—OD1(500)][_SCHZCOO_]

d. Measured at completion of the second process.
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acid was pfésént as the'—SCHZCOO- ion. Data in Table 10.6
are a repetitiqn of data in Table 10.5 but with the excess
[NaOH] doubled. This does appear to change the rate coeffic-
ients for the measured prbceSS, especially at high thioglycollic
acid concéntrationé, suggesting that not all the thioglycollic
acid is convefted into _SCHZCOO— ion when 0.1iM excess sodium
hydroxide is present.

The déta Qas'firsﬁAinterpreted using Scheme 10.6.

From this scheme the general rate expression, given in equation

10.12, can be derived.

O,N NO

2 2
+ 2 SCH
|
NO,
(10.2)
o _ K Kk
Scheme 10.6. -2 2
I SCH,CO0 ™
0,8 s NO,
H -
| SCH,,CO0
NO,
, ) (10.18)
K= kK IS1m - . .
obs 14K, [S] v - A (equation 10.1
where [S] = [ SCH,C00 ].. This notation will be

used throughout this chapter.
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Although too fast for rate measureﬁents the first
prdcesses equilibrium constant Kl can be calculated from the
bptical density measurements. It is found for the data in
Tables 10.5 and 10.6 that Ky has a value of 120+20 1t mol_l.
USihg this value in-equationilo.lZ a plot of k_, . versus
Kl[S]/(lFKl[S]).is not linear as would be predicted, (see
| Figures 10;4.and 10.5). ks tends towards a maximum. This
AQbservaﬁion suggests that the [_SCHZCOOf] is not as expected;

poésibly -SCHZCOO_ deéays in water.

In water the thioglycollic acid dianion produces
an absorption maximum_at 233nm. The decay of this maximum
was measured every thirty minutes for five hours. It was
found.the maximum deqays‘31owly and linearly with time. After

thirty minutes the [ SCH,CO0 | had fallen by ca 1%.

‘ Table 10.7 consists of data using freshly prepared
solutions of —SCHZCOC— for each [fSCHZCOO—], and by completing
_ra?e and equilibrium'meaéurements within thirty minutes.of
preparation.of each.[_SCH2COO_] the [—SCHZCOO—] should be
~reasonably accurate. From the optical densities a value for
1Kl-of:48t8 ¢ mol™! is calculated. Once again a plot of k_,
versus Kl[S]Z/(l+Kl[S]) is curved with kobs tending toyards a
maximum. |

A,SCheme 10.6 does not appeér to interpret the data
‘very successfully. There are two othér sdheﬁes that can Se
regarded ‘as sensible-poSsible'explanations for thé data.
Scheme 10.7 shoWs the fofmation of the bicyclic complex (10.19).
- In order for this scheme to.comply with the processes observed '

by étopped—flow spectrophotometry it is necessary to assume that
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.- . K
(10.2) . + TSCH,C00” ~——==  (10.17)
| ) } X,
(10.17) + - SCH,CO0 — (10.18)
H SCH,CO0 H 5 — cH,
0,N 3 I _NO,-
3 < ’ c=0
_gre———————
/
ko3 o
|
NO,, NO,,

(10.17) (10.19)

Scheme 10.7

‘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
k. K. [S]
_ 371 + k_ . ,
kobs = 1+Kl[S](lfK2[S]) 3 o ‘ {(equation 10.1

cdrrectjit wili require further study tb provide the evidence.
Lh h.m.r._spectroscopy would be able to determine whether (10.19)
- is foémed} The Qisible spectra tend to suggest a 1:2 o-adduct
" is being formed faﬁher than a bicyclic complex.

Scheme 16.8 shows the possibility that éfter the
fofmatipn of thefl:l adduct there is formation of the cis (10.18«

and -trans (10.18t) 1:2 adducts.
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(10.18t) ’ (10.18¢c)

(10.2) +  SCH.COO~

2 (10.17)

Scheme 10.8 . : , k2 - ’
T | | 2 aouasy

(10.17) -+ TscH,co0” T K2
-~ k -
2 3 .
;\§§§5 (10.18c)
-3 ’

The formation of cis and trans adducts of TNB has only pre-

'Qiousiy been observed for its reaction with sulphite ions.lgs'
In thiS‘stﬁdy three relaxation times were bbserved corres-
ponding to the.formation of the 1:1 o—aaduct, the cis 1:2

. 6—-adduct andAthe tfans 1:2. o-adduct were possible. The visible

spectra of the cis and trans 1:2 o-adducts were, when measured

'using a stopped-flow spectrophotometer, found to be slightly

different.'®®  The maximum for the cis l:2_adduct (10.18c)

vwés at 490nm and for the trans 1:2 addﬁct (lO.lSt) was at SOOhm.

Previously 63’194,éonvéntional spectrophotoﬁetric measurements
4ﬁéd‘just repbrtéd onevequilibrium for a 1:2 adduct aﬁd this has
Abéén explained195”as a summed spectra of the cis and trans 1:2
adduét. Therefore the observation of a singie 1:2 adduct by .
conventidnal speétrophotometry for TNB and ;SCHQCOO_ may be

.

misleadifig.  Studies by 1y n.m.r. 8pecktroscepy have not prdvided
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any evidencé,fbr the formatién of cis and trans 1:2 adducts for
.the‘reactions between the activated aromatic molecules and
nucleophiles,63. 'However this may be due to fhe isomers having
Very similar spectral properties that the experimental tech-
niques are not éensitive enough to distinguiéh between the iso-
mers, or that one isomer is much more stable ﬁhan ﬁhe other.194
The rate expression derivea from Scheme 10.8 is given by
equation 10.14. | |
i k3Kl[S]2 ' 4 k.3 : ( .
obs = TK, [S1 (17K, [61) - - (equation 10.1

Once agaiﬁ it is necessary to aSsume the first two
4 grocesses are rapid and the third process is the only‘oné
measufable by stopped-flow spectrophotometry. The rate co-
éfficient,‘k3,_is assumed to be that for ermaﬁion of the cis
1;2_addﬁ¢t followiné Bernasconi's iﬁterpretation tha£ the cis
 1:2 adduct is the finalvérocess.in-£he reaction between TNB and
sulphite ionsf194> HoweVef there is the péssibility that the
#hird process reported here may be thé formation of the trans
i:2_adduct. o |

| 194

It was shown’ for the reaction of TNB with sulphite
ions that a plot of kobs Versus [S], where [Sj = SO32—} is
sigmoid in shape. If k_ versus- [S], where [S] = ~SCH,COO ,

. is plotted for the data in Tables 10.5 and 10.6,.then a sigmoid
'vplbt is obtained. Where the plot is linear the conditions
K, 8] >>1 and kz[S]<§l could apply producing equation 10.15.

:USiﬁg équation 10.15 values for k3‘and k_j can be estimated

kobs"= k3[S] + k_4 (equation 10.1

from the slope and'intercept respectively. - For the data in

Table 10.5 a value for ky of 18104200 & mol ' s ' and for k_,
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of 4.4+£0.4 s™! are calculated. This gives a value for K,

_(=k3/k_3) of 410 mol—l. Data in Table 10.6 give values of

2160:200 & mol™t 71, k_3 3t0.5 s7! ana Ky 720 ¢ mol L.

kq

The differences in the rate coefficients and the equilibrium
constants derived from them is perhaps an indication that not
all the thioglycollic acid concentration was present as

<_SCH2COO_ ions when 0.1M excess.sddium hydroxide was present.

It has already been mentioned that kobs tends
>towards a maximum value. 1f Kl[S]>>l and KZ[S]>>1 then
‘equation 10.14 becomes equation 10.16. This new rate ex-

»preésion predicts a rate maximum equivalent to k_3 + kj/KZ'

(eqdation 10.1¢

obs = = -3

To estimate a value for K2 it'is assumed that the data in

Table 10.5 tend to a maximum rate of 36 s_l. " Then using the

3,and k_3 a value for K, of 57 & mol—l is
~obtained. For the data in Table 10.6 the maximum value of

1 1

known values of k

kK ops 1s 38 s leading to a value'for.K2 of 62 g 1 mol

Data in Table 10.7, when I = 0.3M, gives a linear

"plot whiCh'can be interpreted using equation 10.15. Values -

“for k., of 3450 & m‘ol-l s-lﬂand for k_3,of 3.5 s”1 are calcul-

3
ated yielding a value for K3 of 986Lmol7 At the concentrations

studied it is difficult to determine a maximum kobs value but

it is estimated as ca 38 s—l, giving a value for K, of 100 ¢

-1 -1

mol = s *, using equation 10.16,

CompariSon'of the data for the reactions at.

I =0.34 of TNB and -SCH COO in water with TNB and sulphite

2

ions in water is given in Table 10.8.. Here it is scen that

for the reaction between TNB and suiphite ions the



379

raﬁio k2/k3 is ¢a 163 and the ratio k_é/k_3~is ca 161. If

~ these fatioé were applied to the reactions of TNB with

_SCHZCOO— then theihalf life for the secona process, formation
of the cis'1:2vadduét, at thé concentrations studied would be.ca.
O.lms. = This Qould ﬁean.the reaction would be too fast for

méasurément by stopped-flow spéctrophotometry.' If this explan-

.ation of the data. is correct, i.e. using Séheme 10.8, then one

~L;:2.aaduct, (nominally called the trans adduct, formed befween

TNB and —SCH2COO— iopé is ten times more stable than the other.

194

This is not found for the 1:2 adducts formed between TNB.

and sulphi#e ions whére they are of almost equal stability.

It must Se stressed that there is nb definite evid;
ence for the.formation'of cis/trans isomers of'1:2 stoichié—
metry frqm TNB and -SCHZCOO_ ions. The kinetic analysis given
-is highly specﬁlative. Tﬁis section has shown that there is
‘need for‘furthef study of thé inferactibns between TNB and

fSCHZCOOf ioﬁs tb’identify the species involved.



TABLE 10.8 Comparlson of data for tne cis and trans 1:2 o-adducts formed

between TNB and sulphur nucleophlles in water at I = 0.3M

1 -1 =1 1 -1 -1 -1

'kz/g,mo; s k_2/s KZ/R mol k3/2 mol ~s k_3/s 3/SLmol
SO3 195 - 21 9.3 - 1.2 - 0.13 ' 9.2
—SCH2COO_ , ‘ 100 3450 3.5 986
a. Data from referenee 194.

08¢



10.7 Derivation of the Rate Expressions

(i) 0-édduct formation.

_ i K,
(10.2) -+ OH _ (10.3)
kr
alio.3l _ ‘ - '
__EE_f = kf[lO.2][OH | - k. [10.3]
'[10.2]0 = [10.2] + [10.3]
[10.2] = [(10.2]_ - [10.3]

Substituting (2) into (1).

dal10.31 _ - _ _ 1A
S5 = kglon 1([10.2] _~110.3]) - k_[10.3]
Af equilibrium, glé%LE] = 0

Q = kglon J([10.2]1 ) - [10.3])) - k_[(10.3]

Subtracting (4) from (3).

dt

Relating OD to [10.3]

(10.3) is the only absorbing species.
oD = 51043[10.3]
At equilibrium,

oD =

e €0.3110:31

Subtracting (6) from (l);

oD, fuon = 3([10.3]e - [;0.3])

10.
Differentiating~(§)

d.:0p = T
ootk o= S dlio.3]
e 10-3 g

al10.3] _ A‘ : - :
—gF — =  (kfFoH ] + k) ((10.3]1, -(10.3])

381

(1)

(3)
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substituting (2) into (8).

d 0D . 1 - al10.3) . 1 (10)
dt ODe-OD dt ([lO.3]e-[lO.3]) —_=
As kobé is defined _
_ 40 . 1
Kobs = dt OD_-0D (11)

Combining (11), (10) and (5) gives

kObs = kf[OH ] + gr.
I I
(10.2) + 20H _——== (10.3) + OH _—== (10.6)
Ak_l k_o
allo.el _ - _ : :
—5t—— = k,l10.31[0H ] k_,[10.6] | (12)
‘[10.2] =" [10.2] + [10.31 + [10.6] 4 (13)
S [10.3] ‘
Ky =  Tio.21Tow-T ' (14)

Substituting (14) into (13) and re-arranging.

[10.3) = [10.2] * [10.5] | (15)
1+K, [OH"]

Substituting (15) into (12).

dal10.6] _ x_[on"1 [10.21O - [10.6] | - x_, [10.6] o (16)
»dt' , 2 l+KllOH'T
At equilibrium,-glé%LQ] = .0
_ S (10.2] - [10.6] : : '
_ - o e | - k_,[10.6] (17)
0 = k,lon ]. T+ R, Ton 7 } | 2 e ‘
Subtracting (17) from (16)

_ + k_
at ~ (1+x,Tor™] 2]_
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‘Relating OD to t1056]
At the wavelength at which the reaction was studied, (10.3)

and (10.6) are the species that absorb.

0.5110.3] + e [10.6] (19)

-0D - = El

Substituting (15) into (19).

(10.2] - (10.6]

0D = %003 T+K, [OH"] * %0, [10-6]
Re~arranging,
Ob = [lO.G] €10.6 21'0.3 + A (20)
: 1+K, [OH™]
]_ A
. £ {10.2]1 .
_ 10.3 e
where A. = "I+, [OF ]
At equilibrium,
. ’ € - €
_ A 10.6 10.3
Differentiating (20)
- 1¢10.6 - f10.3 (22)
d ob _ dllo.6] oo > = ==
ac T T at 1+K, TOH"]
- Subtracting (20). from (21) and oombining with (22)
'd 0D . - 1 _ dlio.el . 1 | (23)
. dt . 0D -OD at . . (110.6] -110.6J) ==
kbbs is defined thus,
- aopn. . 1 | -
kobs = &t oD _-0D (23)

Combining‘(l§),(g§) and (24) gives

k2[OH—]
Kops = T+R ToRT . * kK o
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(10.2) + OH =z (10.3)

(10.7)
di0-71 = k,[10.2][0H] ~ (25)
[10.2], = [10.2] + [10.3]1 + [10.7] o (26)

Substituting (14) into (26) and re-arranging

,[lo'2£ -[10.7] ' - (27)
1+Kl[OH‘]

- [10.2) =

Substituting (27) into (25)

1 + Kl[OH']
At-equilibrium,'glégézl = 0
. 1 + K[OH™ ]

Subtracting (29) from (28)

ar10.71 _  XploH ([10.7] - [10.7])
at T - TR ToE T |

[10.7] is'related to OD in an analogous way as above.

Therefore,
k.. [OH™]
ok = 2
obs - l+Kl|OH']

k ' k

) . 1 ' 2
(10.2) + -.28 — (lo.l.7)~ .+ S = (10.18)

ker - ko
d[10.18] _ ) '
—gt - = k2[lQ.l7][S] k_z[lO.lB] (30)

[10.2], = [10.2] + [10.17] + [10.18] « (3D
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. noa7m . S |
K1 = T10.2118] ‘ | EOE N & V3

<_Substitutihg (32) into- (31) and re¥arranging,

[10.17] = ((10.2]_ - (10.18]) FafS1 (33
' .0 1+K, (8] -
Substituting k}}) into (gg)
ar10.181 _ %%l (110.21 -r10.281) - k_j[10.181  (34)
~dt _ 1+KliS] o T ' ‘ :
At equilibrium, Qllgélﬁl = 0
kK[S]2 o . : -
oKy (110.21, - [10.18] ) - k_, [10.18]_  (35)
THK, 8] € o e

Subtracting (35) from (34)

o ,
ar10.181 _[%2XI81 4w

dt |1+, [8s]

2| .([10.18]e-[;o.}ap (36) -

Using a method analogous to that described earlier  [10.18) can -

. be related to OD.  Therefore it can be shown

R _f2K1[SJ2 ¥k,
 obs ;l+K1[S] .

(10.2) + § | »w—El—> (10.17)

(10.17) + s' i (10.18)

T Ky .
L (10.17) asm—— (10_.19) _
- ik B |
4ld0-19] - k,110.17) - k_,[10.19] (37)

LoTat

“[10.2]; = [10.2] -+ [10.17] '+ [10.18] + [10.19]  (38)
Substituting (32) into. (38)

o.21, = 291714 10.17] 4 [10.18) + [10.19]  (39)

Kpfsh -
o . 10181
K5 * {15 17178 -



386

Substituting (40) into (39)

(10.21 = r[10.171 (%1081 + 1} | % [s1(10.17] + [10.19]
(e} - —KITgT—_—— 2

Re-arranging

[10.17] = ((10.2] - (10.19]) [%o'S] | (41)
- - ° 1+K [5] (14K, [S]) .

Substituting (41) into (37)

ar10.19] _ X3K; (8] (120.2] ~[10.19])-k_,[10.19] (4
dt 1+K, [8] (14K, [S]) : '
"At equilibrium, gllgélgl = 0
K.K, [S] | } -
3¥1 ©(110.2] -[10.191 ) = k_3010.191, (43

0O =
. 1+K, [S] (14K, [S])
 Subtracting (43) from (42).

k4K, L8] : + k

d10.19] _. 4] ((10.19] - (10.19))
T at. T+, (5] (1+K, [8]) : |

By analégous methods to those shown previously [(10.19] can be

related to OD in the following way,

‘d oD . 1 _d[10.19] . 1

dt 'one—on - dt ([10.197 -[10.19])
- As kobs is deflned'ﬁhus,'
K _dop .1
obs . dt ODefOD
Therefore} ' : ,
obs l+Ki[S](l+K2[S])'A
K

(10.2) + S — (10.17)
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1?55555 (10.18t)
(10.17) '+
€§§§§§§5 (10.18c)
d[10.18¢c] " ; — |
ali02el - k,110.17118) - k_j(10.18c] (44)
[10.2]_ = [10.2] + [10.17] + [10.18c] + [10.18t] (45)
< [10.17] (46)

1 ~ T10.27(s]

. [10.18t] -
2 = T10.17118] (47)

Substituting (46) and (47) into‘(gé) and re-arranging,

(110.2] - [10.18¢]) K, [S]

(10171 =~ 3% TST(I¥K, (817 . - (48)

Substltutlng (48) into (44)

.§[10.18c] _ Kl[S] , ([10.210-{10.l8c])-k_3[10.180]
dt 1+K [S](1+K2[S]) v : C (49
At equilibrium,_gligé%ggl = o
| K [é]2 | ' »
o = 1 " ([10.2]0-[10.18c]e)—t_3[10.l8c]e (50)

'1+Kl[S](l+K2[S])
Subtracting‘(§g) from (49),

k3Kl[S] k

4+ k_3] ((10.18c] -(10.18])

g[lo.lsc] _ 3
) dt l+Kl[S](l+K2[S])

By analogous methods to those shown previously [10.18c]

can be related to OD in the following way,

dop . __ 1 ° _  d[lo.18c] 1
gt . Ob-0D -~ . at (110.18c1-[10.18¢c1)




As k
O.

k B

Therefore,

kobs

obs:

s is defined thus,

aop . 1

Tat ToD,=0D)
k3K, [8] + k_g

T+K, 5T (1#K, [81)

388



389

APPENDIX

a.. Research Colloguia 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 Cambrldge) ”Magnetoohemistry

‘is about Chemlstry“,

* . .
19 November 1980
Dr. T. Gilchrist (University of Liverpool), "Nitroso

olefins .as Synthetic Intermediates".

* o .
- 3 December 1980

Dr. J.A. Connor (University of Manchester), "Thermochemistry
'of Transition Metal Compounds".

18 December 1980

Dr. R.F. Evans, "Some‘Reoent Communications to the Editor

of the Australian Journal of Failed Chemistry".

*
18 February l981»

Professor S F. A Kettle: (Unlver51ty of East Anglia),

"Varlatlons in the’ Molecular Dance at the Crystal Ball".

*
25 February 1981

Dr. K. Bowden (University of Essex), "The Transmission

of Polar Effects of Substituents".
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x f
4 March 1981
Dr. S. Craddock (University of Edinburgh), "Pseudo-linear

péeudohalides".

11 March 1981

Dr. J.F. Stoddart (I.C.I. Ltd./University of Sheffield),
“StereoChemiéal Principles in the Design and Function of

Synthetic Molecular Receptors".

. * ,
17 March 1981

Professor W. Jencks (Brandeis University, Massachusetts),

"When is an intermediate not an intermediate?'.

18 March 1981
Dr. P.J. Smith (International Tin Research Institute),
‘”Organotin Compounds - A Versatile Class of Crganometallic

Derivatives".

9 April 1981
Dr. W.H. Meyer (RCA Zurich),

ﬂProperties of Aligand Polyacetylene".

* ‘ '
6 May 1981

Professor M. Szware, F.R.S.

"Ions and Ion pairs".

10 June 1981
Dr. J. Rose (I.C.I. Plastics Division),

"New Engineerihg Plastics".

17 June 1981
"~ Dr. P. Moreau (University of Montpellier),

" "Recent Results in Perfluoroorganometallic Chemistry!. ,

26 _June 1981
Professor A.P{ Schaép (U.S. Office of Naval Rescarch, Londc

"Mechanisiis of Chemiluminescence and Phetvexygenation”.
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14 October 1981
Professor E. Kluk (University of Katowice, Poland),

"Some Aspects of the Study of Molecular Dynamics in Simple

Moleculat: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 KMonsanto Research Laboratories, St. Louis,

Missouri), "High Energy Materials". .

* ’ .
‘18 November 1981

Professor M.J. Perkins (Chelsea College),

"Spin Trapping and Nitroxide Rédicals“.

'25 November 1981
Dr. M. Baird (UniQersity of Newcastle),

"Intrémoiecular Reactions ofACarbenes and Carbenoids".

2_December 1981
~Dr. G. Beamson (University of Durhamx;

"Photoelectron Spectroscopy in a Strong Magnetic Field".

20 January 1982

Dr. M.R. Bryce (University of Durham), "Organic Metals".

. ,
27 January-l982

- Dr. D.L.H. Williams (University of Durham),
"Nitrosation of Nitrosamines".

* _
3 February 1982

Dr. D.. Parker (University of Durham), "Modern Methods

for .the Determination of Enantiometric Purity".
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10 February 1982
Dr. D Pethrlck (University of Strathclyde)

"Fonformatlonal Dynamlcs of Sma..l and Large Molecules".

l7 February 1982

Professor D.T. Clark (University of Durham) "Structure,

Bonding, React1V1ty and Synthe51s of Surfaces as revealed by E.S.C

24 February 1982

Dr. L. Field (Univereity of Oxford), "The Application ofA

N.M.R. Methods to the Study of Penicillin Biosynthesis".

3 March 1982
Dr. P. Bamfield (I.C.I. Organics Division),

"Computer Aided Synthesis Design: A View from Industry".

-17 March 1982

Professor R.J. Haines. (University of Canbr1dge/Un1vers1ty of Nata

ﬁCluster1ng»around Ruthenium, Iron and Rhodium".

"7 April 1982

Dr. D.A. Pensak (E.I. Dupont de Nemours and Company,

.Delaware, U.S.A.),A"Computer Aided Synthesis".

23 Aprll 1982

Mr. R.S. Cresp1 (Patents Controller, British Technology Grou

‘"Pateﬁts~1n_Chemlstry and Related Disciplines".

5 May 1982

- G. Tennant (Unlver51ty of Edlnburgh "Exploitation of
the Aromatlc N1tro—group in the Design of New Heterocyclisation
Reactions".
12.Maz'l982,

Dr. C.D. Garnerf(University of Manchester), "The Structure

and Function Qf-Melybden'Centres in Enzymes".
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* . .
19 May 1982

_ProfeSsor‘R.D. Chambers (University of Durham),

"Fluorocarbanions - Some Alice in the Looking Glass Chemistry".

26 May ‘1982

Dr. A. Welch (University of Edinburgh), "Conformation

Patterns and Distortions in Carbometalleboranes".

o A ,
14 June 1982
Professor C.J.M. Stirling (University College of Walés, Bang«

"How much doeé 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 F. Koch (Ithaca College, U S.A. ) "Proton
Transfer to .and Elimination Reactions from Localised and

‘Delocalised Carbanions".

-37'Segtember 1982

'Dr;iw.K. Ford (Xerox Research Centre, Webster, New York),
- "The Dependenoe of Eleotronic Structure of Poiymers on their
Molecﬁlar'ArcHitectﬁre". |

13 October 1982.

Dr. W ,J. Feast (Unlver31ty of Durham),

- "Approaches to the Synthesis of Conjugated Polymers".

- 14 October 1982
Professor H Suhr (Unlver31ty of Tublngen),

”Preparatlve Chemlstry in Non-Equilibrium Plasmas".
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* o
27 October 1982

Dr. C.E. Housecroft (0Oxford High School and Notre Dame
University), "Bonding Capabilities of Butterfly-shaped Fe4 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 Catalysis using Electron-

rich Olefins and Some of their Metal Complexes".

15 November 1982
Dr. G.. Betrand (Universite Paul Sabatier, Toulouse),
“Curtius Rearrangement in Organometallié Series: A Route for

. New Hybridised Species".

.
24 November 1982

. Prbfessor.F.R. Hartley (R.M.C.S., Shfivenham),
"Suppofted'Metal Complex Hydroformylation Catalysts: A Novel

Approach using y-radiation".

* :
24 November 1982
Professor_G.G.'Roberts'(Department of_Appliéd Physics,

~University'of'Durham), ”Langmuir - Blodgett Films".

* - .
2 December 1982

Dr. G.M. Brooke'(UniVefsity*of Durham) , "The Fate of the
*Ortho—fldorine in 3,3-sigmatropic Reactions involving Polyfluoro-

arYl and - heteroaryl-systems".

ko '
8 December 1982 }
Dr. G. Woolley (Trent Polytechnic),

"BQndévin Transition‘Metal Cluster Compounds".

12 January 1983

Dr. D.C. Sherington (University of Strathclyde),

"Polymer-supported Phase Transfer .Catalysts".



395

S February 1983 .

Dr. P. Moore (University of Warwick),. "Mechanistic Studies
'in'Soiution bf Stopped—Flbva.T. N.M.R. and High Pressure N.M.R.
Line Broadeﬁing”. |

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, University of London),

ﬁThe Solid-State Chémistry of Diacetylene Monomers and Polymers"”.

8 March 1983
Professor D.C. Bradley, F.R.S. (Queen Mary College,
| vUniversity'of-London), "Recent Developments in Organo-Imido-

'Transition Metal Chemistry".

. * . . . .
.9 March 1983
.D:. D.M.J. Lilley (University of.Dundee),"

"DNA, Sequence, Symmetry, Structure and Supercooling".

11 March 1983
“Professor H;G..Viehé (University of Louvain),

"Oxidation of Sulphur".

16 March 1983

Dr. I.-Gosney (University of Edinburgh),

"New Extrusions Reéctions: Organic Synthesis in_a Hot Tube".

‘25 March 1983.
Professor F.G. Baglin (University of Nevada), "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
Proféssor P.H. Plésch (Univefsity of_keele), "Binary

Ionisation Equilibria between Two Ions and Two Molecules.

What Ostwald never thought of".

*

10 May 1983
Professor K. Berger (Uhiversitonf Munich) , "New Reaction
vPathways from-Trifluoromethylfsubstituted Keterodienes to

Partially Fluorinated Heterocyclic Compounds".

. .
- 11 May 1983

~Dr. N. Isaacs (University of Reading), "The Apphcation of

High Pressures to the Theory and Practice of Organic Chemistry".

13 May 1983 |

br. R. dé Kock (Calvin College, Grénd Rapids, Michigan/
The Ffee.UniVersity, Amsterdam), "Electronic Structural Calcul-
ations on Qfganémetallic Cobalt Cluster Moieéules; fmplications

'for Metal Surfaces“.

13 May 1983

‘Dr. T.B, Marder (U.C.L;A./University of Bristol), "The

Chemistry of Metal-Carbon and Metal-Metal Multiple Bonds".

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), "The Chemistry

of Polylithium Organic Compounds: - An Unusual Class of Matter".
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. * " . !
25 May 1983

Proféssor 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 Edinburgh) ,

"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 1980-1983

)

- (11)

(iii)

(iv)

(V)

The Royal Society'of Chemistry Fast Reactions .in

Solutions Group, University of Cardiff, 9-11 September 19!

~Graduate Symposium, University of Durham, 21 April 1982.

The Royal Society of Chemistry Third International

- Conference on the Mechanisms of Reactions in Solution, -

University of Kent, 5-9 July 1982.

.Graduate Symposium, University of Durham, 15 April 1983.

The,Royal,Society.df Chemistry Tenth Anniversary Meeting
of the Reaction Mechanisms Group on the Selectivity, Re-
activity and Structure in Organic Reactions, St. Patrick's

College, Maynooth, Ireland, 12-15 July 1983.
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C. First yvear induction course (6 October - 7 November 1980)
A series of one hour presentations on the services

available in the Department of Chemistry.

(i) Departmeﬁtal Orgénisation.
(ii) Safety Matters.
(iii) Electrical Appliances and Infrared Spectroscopy.
(iv5 " Chromatography and Microanalysis.
(v) Library Facilities.
(vi) Atomic AbSOrptiometry and Inorganic Aﬁalysis{
(vii) Mass Spectrometry. | -
) Wiii) ‘Safety Lecture.
(ix) N.M.R. Spectroscopy.

{x) ,GlassbloWing Technique.
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