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Some Kinetic, Equilibrium and Structural Studies of

the Reactions of Aromatic Nitro-Compounds with Nucleophiles

by Brenda Gibson.

The addition of aqueous sodium hydroxide to 1-X-2,4,6-
trinitrobenzenes produces an adduct at C-3, which ionises by
loss of the hydroxyl proton. Base addition at C-1, leading
to nucleophilic substitution of X, is an order of magnitude
slower than that at C-3. Nucleophilic substitution of X occurs

in boeth the substrate and the C-3% adduct.

Stopped-flow and temperature- jump meaéurements of the
reactions of picramide (2,4,6-trinitroaniline) and N-substituted
picramides indicate that they undergo both very rapid amino-
proton removal and base addition at C-3. The proportion under-
going each reaction varies with the N-substituent.

1H n.m.r. measurements of N-substituted picramides with

methoxide ion in methanol-DMSO show that the two major 1:1
interactions are amino-proton abstraction and base addition
at C-3. The proportion of substrate reacting in each way

depends upon the solvent composition.

The reaction of N-substituted picramides with amide ions
(from piperidine and benzylamine) produces o¢-adducts at C-3.
There is spin;coupling between the amino-proton of benzylamine

and the adjacent ring and methylene protons.

Kinetic studies have been made of the reactions of 1,3,5-
trinitrobenzene with primary and secondary aliphatic amines,
which form g-adducts via zwitterionic intermediates. The
observation of base catalysis in some of these reactions
indicates that proton transfer from the zwitterionic inter-

mediate may be rate limiting.
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CHAPTER ONE

MEISENHEIMER COMPLEXES IN NUCLEOPHILIC

AROMATIC SUBSTITUTION
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A SURVEY OF THE REACTIONS OF AROMATIC

NITRO-COMPOUNDS WITH BASES

The usual mode of aromatic substitution involves
attack by an electrophile, causing displacement of a ring
proton. In most of these reactions, a o-complex is formed
by covalent addition of the electrophile at the position of
substitution,l Substitution can also be effected by free
radical attack: this, too, is beliéved to involve formation

of a o-adduct.’

When nucleophilic attack occurs, the leaving group is
generally one which can take with it the bonding electron
pair, and have a reasonable degree of stability as either
an anion or a molecule carrying a lone pair of electrons.2
For this reason, hydrogen is very rarely displaced in

nucleophilic aromatic substitution.

Various mechanisms are possible for nucleophilie
substitution in aromatic compounds; the route taken depends

upon the conditions. The S,,1 mechanism, common in aliphatic

N
compounds, is rare in aromatic compounds, for various
structural and electronic reasons.3 The benzyne (elimin-
ation-addition) mechanism is found forlunactivated aryl
halidesl, and requires the use of a strong base, e.g. amide
ion in liquid ammonia. The substitution occurs in both

the position occupied by the displaced group and that of

the adjacent proton. Nucleophilic attack by a free radical,
the SRNl mechanisma, competes with the benzyne mechanism in
some reactions, but gilves rise to non—rearranged products,

i.e. the nucleophile replaces only the leaving group, and

not the adjacent group.



The aromatic rings in compounds which contain electron-
withdrawing substituents are electron-deficient and are
therefore more open to nucleophilic attack. The nitro-
group is one of the strongest electron-withdrawing groups

5,6

known, and is the one most widely used in studies of
nucleophilic aromatic substitution. Several types of
interaction are possible for the electron-deficient aromatic

7

species.

Partial electron transfer from a nucleophile to the
electron-deficient ring forms a w-complex, 1.1, while total
fLransfer produces a radical anion, 1.2. Proton abstraction

from either the ring 1.3 or a side-chain 1.4 are also possible.

Covalent bond formation between the lone pair of the
base and the aromatic ring produces a o-complex, 1.5,
analogous to those found in electrophilic and free radical

reactions (above). Tf the substrate contains a good leaving



group, formation of the o-complex
substitution. In the absence of
the reaction stops with formation
known as a Meisenheimer complex.

are widely used as models for the
philic aromatic substitution, and

particularly stable examples of a

can lead to nucleophilic
a suitable leaving group,
of the adduct, generally

Meisenheimer complexes
intermediate in nucleo-
can be considered as

general type of adduct.



ACTIVATED NUCLEOPHILIC AROMATIC SUBSTITUTION

The S,.2 reaction of aliphatic compounds is a synchronous

N

process involving a 5-coordinate transition state, while SEAr
reactions involve a tetrahedral (4-coordinate) intermediate.l
Experimental results suggest that activated SNAr reactions

"’

also follow a two-stage mechanism,’' with the formation of

a discrete intermediate.

The condition59 for activated S, Ar are the presence in

N
the substrate of electron-withdrawing groups (usually two or
three nitro-groups ortho and/or para to the leaving group)
and a leaving group which is able to remove the bonding
electrons, and to have some measure of stability either as
an anion, or as a molecule carrying a lone pair of electrons.

A wide variety of nucleophiles and solvents have been used

in these reactions.

Brightly coloured solutions are obtained on adding
base to the activated substrate. These colours fade as
the reaction proceeds, showing that they are not due to the
product of substitution. Previously, structural identifi-
cation of the coloured intermediates could only be tentative,
made on the basis of comparisons with isolable compleXes.
However, recent n.m.r. work in flowing systemslo has deter-
mined the structures of some intermediates, confirming their
identity as g-complexes. For example, in the reaction
~between 2,4,6-trinitroanisole and n-butylamine in 50% DMSO-
methanol,ll the substitution product is preceded by the C-1
adduct, l;é, with the C-3 adduct, 1.7, being formed in a

rapid side-equilibr’ium.l2



MeO NHBu

A considerable body of evidence for the two-stage
nature of activated SNAr has been obtained from studies of
base catalysis in reactions where the nucleophile is a

primary or secondary amine13 (see Chapter Seven).

It should be noted that the observation of a transient
species during the course of a substitution reaction does
not necessarily imply its direct involvement in that‘reaction.
For example,14 addition of methoxide ion to trinitrobenzene
produces an adduct at C-H, but the main substitution product

is formed by replacement of a nitro-group by methoxide ion.



KINETIC, EQUILIBRIUM, AND STRUCTURAL STUDIES

OF MEISENHEIMER COMPLEXES

The bright colours produced on the addition of a base
fto solutions of trinitro-aromatic compounds have been known

15

for almost a century. The reactions are reversible, the
addition of acid allowing quantitative recovery of the sub-
strate. They are sometimes followed by slow nucleophilic
substitution, often of one or more of the nitro-groups.
However, in some cases, highly coloured solids can be i1so-
lated, and some structural determinations have been carried
out. Before crystallographic and spectroscopic techniques
were available, several possible structures were proposed

for the complexes. Support for the quinold structure, l;§l6,
was obtained by Meisenheimerl7, who showed that the same

complex is produced from 2,4,6-trinitrophenetole and methoxide

ion as from 2,4,6-trinitroanisole and ethoxide ion.

More recent spectroscopic and crystallographic work has
confirmed this structure for the stable adducts formed from
picryl ethers and alkoxides. The structure is generally
shown as 1.9, with the negative charge delocalised around
fhe ring and the electron-withdrawing substituents, although

some M.O. calculationsl8 indicate that the para nitro-group



carries more of the negative charge than do either of the
ortho substituents. In the case of the diethoxy complex,l9
the C-1 atom is Sp5 hybridised (tetrahedral), the two alkoxy
groups lie above and below the plane of the ring, and the

three nitro-groups are virtually coplanar with the ring.

The most widely-used technique for studying o-complexes
is uv/visible spectroscopy. Because‘of its sensitivity, and
the high intensity of visible absorption of these complexes,
it can be used for kinetic and equilibrium work in dilute
solutions. Kinetic measurements can be made either by con-
ventional spectrophotometry, for fairly slow reactions, or
by stopped-flow and/or temperature-jump spectrophotometry
for faster processes (vide infpa). Equilibrium constants
are obtained from measurements of the variation with base
concentration of the optical density at a particular wave-

20

length, generally using the Benesi-Hildebrand method ", or

a modification of it.

Although it is very sensitive, uV/visibie spectroscopy
is not structurally diagnostic; complexes containing different
groups dan have very similar visible spectragl. However,
some distinctions can be made on the basis of visible spectra:
1:1 adducts of 1,3,5-trinitrobenzene generally show two
absorption maxima in the visible region, while 1:2 adducts

8

have only one.

Several methods are available for determining the
structure of g-complexes. When the complex is isolable as
a solid, X-ray crystallography can be used (see above).
Infra-red spectroscopy is also useful in such cases.22 These

techniques have been used to confirm the structure of adducts

from picryl ethers and alkoxides.



1H n.m.r. spectroscopy, first applied to the study of

423’24, has proved very useful in the

o-complexes in 196
elucidation of the structures of g-complexes in solution.
While the conventional technique is limited to complexes

of moderate stability (with half-lives of the order of
minutes), the development of flow and stopped-flow n.m.r. 0
has allowed the detection and characterisation of transient
intermediates with half-lives down to circa 50 ms. le
n.m.r. has been used, together with M.0. calculations, to
determine the charge distribution pattern in Melsenheimer

25

complexes. These studies have confirmed the strong

electron-withdrawing effect of the nitro-group.

In unsymmetrical substrates, there is more than one
position at which a 1l:1 adduct may be formed. For example,
in the reaction between 2,4,6-trinitroanisole and methoxide
10n8720, addition at C-3 (C-H) is very much faster than
addition at C-1 (C-OMe), but the C-1 adduct has the greater
fhermodynamic stability. Various explanations have been
offered for this. The difference in rates of attack at
substituted and unsubstituted positions i1s probably best
attributed to steric effects, which are expected to be neglig-
ible in attack at C—H8, and to repulsion between the electron
clouds of the entering and leaving group§27, A further
factor contributing to the faster attack at C-3 could be
ground-state resonance stabilisation of ArOR, which is lost
on the formation of the C-1 adduct, but conserved when

13

addition occurs at C-3.

The greater stability of the C-1 adduct may partly be

due to release of steric strain between the C-1 substituent

and the ortho nitro-group528: addition at C-1 changes the
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>3

hybridisation to sp”, and rotates the substituents out of

the plane of the ringlg’gg.

The electron-withdrawing effect
of the methoxyl group at C-1 should favour nucleophilic
attack at that position28. The stabilisation of Spj
hybridised carbon by multiple alkoxy substitutionEO will

also contribute to the stability of the C-1 adduct.

There is evidence31 to suggest that aliphatic amines
behave in a similar way, forming first a C-H adduct of
relatively 1ow'stabiliﬁy, and then isomerising to form a

more stable adduct at a substituted ring position.

Picramide and its N-substituted derivatives undergo

proton abstraction as well as base addition32’35°

Multiple base interactions are also known, forming,

for example, 1:2 adducts.
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EXAMPLES OF o-COMPLEXES FROM SUBSTITUTED

1,3,5-TRINITROBENZENES

1. Complexes from Oxygen Bases

The addition of hydroxide ion to substituted trinitro-
benzenes results in the formation of o-adducts at C-3, l.lO34
(see Chapter Four). The 1:1 adduct with trinitrobenzene is

35

isolable There is also evidence54’36’37 for the ionis-

ation of added hydroxyl groups in the C-3 adducts of some

1-X-2,4,6-trinitrobenzenes, 1l.11 (see Chapter Four). 1:2
38

adducts, 1l.12, are known to be formed from trinitrobenzene”,
picrate ionjg, and N,N-dimethylpicramideuo’41; in all of
these, both additions occur at unsubstituted ring positions.
With picramide, both amino-proton abstraction, 1.13, and

addition at C-3%, 1.14, occur as 1l:1 interactions, while

N-methylpicramide undergoes amino-proton loss followed by
40,41

base addition at C-3, to form l.15.
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The addition of methoxide ion to 1-X-3,5-dinitro-
benzenes can produce adducts at C-2, 1.16, or at C-4, 1.17.

42,43

Previous results were interpreted 1in terms of rapid
formation of 1.17, followed by slower isomerisation to 1.16.
However, flow n.m.r. studies44 have shown that both l;lé and
1.17 are present in both the kinetically- and thermodynamically-

controlled mixtures.

Methoxide ion addition to trinitroanisole produces

first the C-3 adduct, 1.18 and then the thermodynamically

more stable C-1 adduct, 1.19°°. A 1:2 adduct, 1.20, is

formed by methoxide addition at both C-1 and C-3.8

MeO OMe

hr

Addition of ethoxide45, n-propoxide46, or iso-propoxide
to the appropriate 1-alkoxy-2,4-dinitro-6-X-benzenes in the
corresponding alcohol solution shows that, in each case,
addition at C-1 is slower than that at C-3, but forms the

more stable adduct.
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The reaction of methoxide ion with N-substituted

23,32,33,48,49

picramides causes both amino-proton loss and

base addition at C-3% (see Chapter Five).

Only C-3% adducts are obtained on the addition of
50 51

methoxide or ethoxide ion to picryl chloride. The C-1
adduct is presumably unstable with respect to loss of
chloride ion, as the only subsequent observable process

forms the picryl ether.

2. Complexes from Nitrogen Bases

The addition of aliphatic amines to activated aromatic
compounds in a variety of solvents gives rise to the intense
colours characteristic of o-adducts. Reactions of sub-
stituted polyhitrobenzenes with primary and secondary ali-
phatic amines have been of considerable interest in studies

13,52

of the mechanism of SNAr reactions. The reaction is
believed to occur in two stages; first, formation of the
zwitterion, 1.21 (which is probably stabilised by intra-

molecular hydrogen-bonding8),and then removal of the amino-

proton and the leaving group, X(see Chapter Seven).

Low-temperature n.m.r. studies in flowing systems31 have
provided evidence of C-3 adducts, 1.22, from n-butylamine with

N-n-butylpicramide and with trinitroanisole in 50% DMSO-

53

methanol. Conventional n.m.r. studies in liquid ammonia
suggest that amide ion attacks preferentially at an unsub-
stituted position, 1.23, while the structure of the 1:2 adduct
depends upon the substrate. When X, in 1-X-2,4,6-trinitro-
benzene, is H, Me,or Et, the 1:2 adduct has structure 1.24,

while the 1:2 adduct with X = NH2, NMeg, NEtE, OMe, or SEt,

has structure 1.25.
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3. Complexes from Other Bases

Thiocalkoxides react in a similar way to their oxygen
analogues, but the formation and decomposition of the adducts

54

are very much faster Trinitrobenzene and thioethoxide
form both the 1:1 (1.26, X = H) and 1:2 (1.27, X = H) adducts.
Evidence has also been found55 for the 1:% adduct, 1.28, in

mixed solvents of high water content.

H SEt
02N NO2
H H
Et SEt
NO2
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54

With picramide” , virtually all of the 1:1 interaction
with thioethoxide is addition at C-3 (1.26, X = NH2), compared
with the considerable degree of amino-proton abstraction found
with oxygen bases. N-methylpicramide forms both the 1:1
(L.26, X = NHMe) and the 1:2 (1.27, X = NHMe) adducts by
addition at C-H, again with very little amino-proton abs-
traction. Thus, the ratio of carbon- to proton-basicity is
greater for sulphur bases than for oxygen bases.

Thioethoxide ion reacts with picryl ethyl thioether to
form both the C-3 (1L.26, X = SEt) and C-1 (1.29) adducts56.

In contrast to the analogous oxygen complexes, the C-3 adduct

is reported57 to be more stable than the C-1 adduct.

Sulphite ions readily form adducts with 1-X-2,4,6-
56,39,58.

ftrinitrobenzenes in aqueous solution Apart from

the adducts of frinitrobenzaldehyde, 1.3%0 and 1.3159, both

the 1:1 and 1:2 complexes are formed by addition at C-H (1.22,

l.}i). The adducts from pilcramide and N-methylpicramide are
6

stabilised by intramolecular hydrogen-bonding 0 between the

amino-proton(s) and the ortho nitro-group(s). Ly n.m.r.6l’62

63

and kinetic evidence has been obtained for cis-trans iso-

merism in the 1:2 adduct of trinitrobenzene (1.33, X = H).
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Adducts with cyanide ion have been obtained from
64,65,66

several substrates in a variety of solvents

The Janovsky reaction, between a di- or trinitroaromatic
compound and the acetonate ion, has been shown by n.m,r.67
fto produce a g-adduct. Similar reactions with ketones
containing a second potentially nucleophilie site have led
to the study of 'meta-bridging' reactions68, in which the

second attack occurs at a position meta to the first, i.e.

at C-3. These reactions can be used in the preparation of

69

substituted polycyclic aromatic and heteroaromatic compounds -,

Spiro-complexes are formed when a substituent carries a
nucleophilic group capable of atfacking the aromatic ring at
the point of substitution, i.e. at C-1, 1.24. Spiro complexes

have been uUsed as models in mechanistic studies of S _Ar re-

N
action552 They also occur as intermediates in the Smiles

rearrangement7o’71.

72 73

The use of tetra-alkyl borate and borohydride salts

with trinitrobenzene produces 1.35 (R = H, alkyl).
74

Gem-difluoro adducts, 1.36, have also been obtained.



4, Complexes from Heterocaromatic and Non-benzenoid

Aromatic Substrates

Substituted heteroaromatic compounds form g-complexes
analogous to those from activated aromatic substrates. The
ring aza-group has a similar electron-withdrawing effect to
that of the nitro-group, while its steric effect i1s comparable
with that of a ring C-H75° o -Complexes have been obtalned
from a wide variety of N-, 0-, S-, and Se-heterocycles, with

76

a range of nucleophiles, e.g. hydroxide ion =, methoxide
1on 77578 79

, and amines ~.

g~Complexes have also been obtained from non-benzenoid

homoaromatic substrates, e.g. the methoxide ion adducts of

80

l-nitro-azulene and 2—methoxy-5-—nitrotropone81



18

FACTORS AFFECTING MEISENHEIMER COMPLEX STABILITY

Because of the bright colours produced by o-complexes
in solution, the most widely-used method for determining
equllibrium constants is visible spectroscopy. Measurement
of the variation with base concentration of the absorption at
a particular wavelength allows direct calculation of the
equilibrium constant when the extinction coefficient of the
coloured species is known. When it is not, a Benesi-Hildebrand
plotgo, or a variant of it, must be used. When a reasonable
degree of conversion to the complex is achieved in fairly
dilute solution, the equilibrium constant can be expressed in
terms of concentrations. However, if the substrate is not
very reactive, or if the formation of higher (1:2, etc.)
adducts is being considered, higher base concentrations are
needed, and the basicity of the solution is no longer adequately
described in terms of molar concentration. In such cases;
the appropriate acidity function82 must be introduced, the
function used being dependent upon the nature of the inter-

83,84

action under consideration

Although the factors governing complex stability are
closely interrelated, they can be divided approximately into

substrate, nucleophile and medium effects.

1. Substrate Effects

The most important condition for the formation of
Meisenheimer complexes is the presence in the substrate of
electron-withdrawing substituents, such as nitro-groups (or
ring hetero-atoms), in positions ortho and/or para to the
site of attackg. These groups withdraw electron density

from the ring, rendering certain positions open to nucleophilic

attackz. The more electron-withdrawing groups fthere are in
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a substrate, the faster 1s o-complex formation and nucleo-

philic substitution85, However, the effects are not additive:
subsequent substituents do not exert as great an effect as

the first-.

A para nitro-group is believed86’87 fto be more strongly
activating than an ortho nitro-group. The para substituent
exerts only an electronic effect, while an ortho substituent
can also have a steric effectB° However, since nucleophiles
attack perpendicular to the ring, steric hindrance should only
be important if the substituent and/or the nucleophile is

unusually large2°

Since most of the important activating substituents, e.g.
the nitro-group, only exert their maximum electron-withdrawing
effect when they are coplanar with the aromatic ring, steric
interference may reduce the degree of activation by causing
the activating group to rotate out of the plane of the ring.
For example, the ortho nitro-groups of 2,4,6-trinitrophenetole
are rotated out of the plane of the ring88, while they are
coplanar with the ring in the 1,1 diethoxy complexlg, and so

help to stabilise the complex.’

Whether the reaction stops at the o-adduct or proceeds
to substitution depends upon how well the negative charge is
delocalised over the aromatic ring, and upon whether or not

85

there is a good leaving group present -.

2. Nucleophile and Leaving Group Effects

In reversible processes, the nucleophile and leaving
group are interchangeable; in all cases, they are closely
related. There is no unique scale of relative reactivity27:

the reactivity of the nucleophile depends upon the leaving

group, and viee versa. The pattern of variation of reactivity
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depends upon the substrate. While there is a relationship
between leaving zgroup ability and the pKa of the group52,
nucleophilic activity cannot be related to‘the Bronstead
basicity of the nucleophile. This is because there is no
direct link between the carbon basicity (affinity for carbon)

89

and proton (Branstead) basicity of a nucleophile

Measurement of the equilibrium constants of formation
of complexes for a series of nucleophiles with a given sub-
strate in a particular solvent gives a scale of carbon
basicities of the nucleophiles8 in that solvent. Differ-
ences in relative carbon and proton basicities can be seen
in the reaction of oxygen and sulphur bases with N-substituted
picramides8: oxygen bases give both amino-proton abstraction

and base addition, while sulphur bases give only base addition.

When there is more than one ring position available for
attack, the preferred site depends upon the nucleophile.
For example8, the thermodynamically stable adduct of tri-
nitroanisole is that at C-1 when the nucleophile is methoxide
or azide ion or diethylamine, but that at C-3 with sulphite

or acetonate ion.

3. Medium Effects

The solvent can play a major role in stabilising a
g-complex. Changing from a protic solvent, such as water,
to a dipolar aprotic solvent, such as DMS0O, tends to increase
the degree of formation of a 1:1 adduct, without changing the
mode of interactionS. This is useful in n.m.r. studies, when
the use of DMSO increases the extent of conversion to complex.

A few solvents, however, produce anions which interact

directly with the substrate, e.g. acetonate ion from acetone.
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When competing modes of interaction exist, e.g. when
there are two possible sites of attack, a change of solvent

13

can alter the balance between the two reactions .

Higher adducts tend to be favoured in protic solvents,
e.g. water. It has been suggested8 that this is due to their
increasing resemblance to inorganic salts, which increases
Lhe degree of solvation by water. As well as changing the
extent of solvation of a complex, a change of solvent can
also alter the reactivity of the nucleophilej, by altering
the extent of sclvation. The solvation of a species by a
particular solvent depends upon its charge-type, size and
polarisabilityj. Thus, the solvent effects on ac-complex
and on the transition state leading to it (i.e, on the thermo-

dynamic stability and rate of formation of a complex) are

determined by the reactants used.

The ionic strength of the solution can affect rates and
complex stabilities, depending upon the charge type of the
2,13

reaction Ion aggregation can affect both the re-

activity of the nucleophile3 and the stability of the
47,90,91,92

complex

Intramolecular hydrogen-bonding stabilises some ¢-
complexesgj, the nitro-group belng an efficient hydrogen-bond
acceptor. When the solvent is also a hydrogen-bond acceptor,
this may compete with intramolecular hydrogen-bonding, so that
a change of solvent may cause a change in the rate of formation

or in the stability of the complex9°
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MATERIALS
1. Solvents

(a) Water: distilled water was boiled for circa 15

minutes to expel dissolved CO and stored under a soda-

2’
lime guard tube.

(b) Methanol: AnalaR grade, used without further

treatment.

(c) 1Isopropanol: AnalaR grade, used without further

treatment.

(d) Dimethyl sulphoxide: G.P.R. grade, dried over

calcium hydride, fractionally distilled under reduced

pressure, and stored in a desiccator.

(e) Dimethyl sulphoxide-dg: commercial sample, used

as supplied.

(f) 1,4-Dioxan: spectroscopic grade, used in making

up stock solutions of substrates. Reaction solutions

generally contained less than 1% dioxan, a negligible amount.

2. Substrates

(a) 1-Chloro-2,4-dinitrobenzene: commercial sample,

recrystallised from ethanol. Pale yellow crystals, m.p.

51-3°%¢ (1it.9" 51°C).

(b) 1,3%,5-Trinitrobenzene: dried reagent grade. Pale

brown plates, m.p. 123°¢ (1it.2" 122.5%).

(¢) Pieryl chloride: recrystallised commercial sample.

Small, yellow plates, m.p. 82-3°C (111:.9)‘L 83°¢).

(d) Picric acid: recrystallised commercial sample.

Light lemon-yellow plates, m.p. 122°C (1it.94 122.5°%).
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(e) 2,4,6-Trinitroanisole: recrystallised commercial

sample. Yellow-brown plates, m.p. 67°C (lit.gu 68°¢c).

(f) 1-Tsopropoxy-2,4,6-trinitrobenzene: prepared47

from picryl chloride and sodium isopropoxide. Fine, pale

brown crystals, m.p. 94-5°¢ (lit.22 95°¢C).

(g) 1,2,4,6-Tetranitrobenzene: prepared from picra-

95,96

mide and recrystallised from chloroform. I'ine, lemon-

95

yellow powder, m.p. 124°% (1it.”” 126°¢).

(h) Picramide: prepared by the addition of aqueous
ammonia to a solution of picryl chloride in methanol. Dark-

yellow crystalline powder, m.p. 195°C (lit,94 192-500).

(i) N-Methylpicramide: prepared from picryl chloride

and methylamine. Yellow powder, m.p. 116°C (lit,94 115°¢).

(j) N-Isopropylpicramide: prepared from picryl chloride

and isopropylamine. Bright vyellow powder, m.p. 108°¢
(1it.2% 107%).

(k) N-n-Butylpicramide: prepared by the addition of

excess n-butYlamine to a solution of pieryl chloride in

methanol, under reflux, and recrystallised from methanol.
Deep yellow, fine,needle-shaped crystals, m.p. 82°C (lit.94
8lOC). The n.m.r. spectrum was as expected, and showed no

evidence of impurities.

(1) N-tert-Butylpicramide: prepared from picryl chloride

and tert-butylamine. Orange, needle-shaped crystals, m.p.

95% (1it.27 95°).

(m) N-Phenylpicramide: prepared from picryl chloride

and aniline. Bright orange, small, needle-shaped crystals,
m.p. 18%°¢C (lit.94 18§OC). The n.m.r. spectrum was as ex-

pected, and showed no evidence of Impurities.
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(n) N,N-Dimethylpicramide: prepared by the addition of

excess aqueous dimethylamine to a solution of'picryl chloride
in methanol, and recrystallised from glacial acetic acid.

Deep yellow, needle-shaped crystals, m.p. 13%9°C (lit.94 138°C).
The n.m.r. spectrum was as expected, and ShoWed no evidence

of impurities.

5. Nucleophiles

(a) Sodium hydroxide: prepared by washing AnalaR sodium

hydroxide pellets, and dissolving the residual solid in boiled-

out, distilled water. Stock solutions were titrated with
standard acid. In a few cases, AVS standard solutions were
used.

(b) Sodium methoxide: prepared by dissolving clean

sodium metal in AnalaR methanol under nitrogen, and titrated
with standard acid. Solutions of sodium methoxide in

methanol-d were prepared in the same way.

(¢) Tetramethylammonium isopropoxide: prepared by

dilution of 25% aqueous tetramethylammonium hydroxide with
isopropanol, and titrated with standard acid. Reaction

solutions contained less than 1% water, a negligible quantity.

(d) n-Butylamine: G.P.R. grade, fractionated at atmos-

pheric pressure; b.p. 77.5°C (lit.94 78°¢). Some preliminary

work used unpurified amine.

(e) Isopropylamine: reagent grade, fractionated at

atmoSpheric pressure using a Fischer-Spaltrohr column;

b.p. 32.5-33°%C (1it.2% 33-49¢).

(f) Benzylamine: commercial samples were used without

further treatment (AnalaR grade for kinetic measurements).
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(g) N-Deuterated benzylamine (PhCH.ND,): prepared by

2

the reaction of benzylamine with deuterium oxide. After
two exchange experiments, n.m.r. spectra indicated > 959

conversion to the deuterated product.

(h) Piperidine: commercial samples were used without

further treatment (AnalaR grade for kinetic measurements).

(i) Diethylamine: AnalaR grade, fractionated at

atmospheric pressure using a Fischer-Spaltrohr column; b.p.
55.5-5600"(111:.94 55.5°¢). Some preliminary measurements

were made using the commercial sample as supplied.

(j) Di-isopropylamine: AnalaR grade, used as supplied.

4, Salts, Catalysts, Buffers

(a) Sodium chloride: AnalaR grade, oven-dried.

(b) Sodium perchlorate: Analar grade monohydrate,

dried by warming ;4 vgcuo.

(¢) Tetraethylammonium chloride: commercial sample,

dried by heating ¢n vgecuos recrystallised98 twice from 1l:1
(v/v) toluene-acetonitrile, and dried by heating in vacuo-

White, crystalline powder.

(d) Tetraethylammonium perchlorate: commercial sample,

recrystallised99 twice from toluene and dried by heating

in vacuo- White, erystalline powder.

(e) n-Butylammonium chloride: prepared by bubbling

hydrogen chloride gas through a solution of n-butylamine in
diethyl ether, on an ice-bath. Colourless, plate-like

crystals were filtered off and recrystallised from acetonitrile.

(f) Isopropylammonium perchlorate: a stock solution was

prepared by mixing the appropriate weights of isopropylamine and

60% aqueous perchloric acid in a known volume of DMSO.
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(g) Bengylammonium perchlorate: prepared by the addition

of excess aqueous perchloric acid to a solution of benzylamine
in absoclute ethanol, on an ice-bath. On transfer to a dry-
ice/acetone bath, near colourless crystals appeared, which were

recrystallised twice from absolute ethanol, and dried by

warming z» vgecuo.

(h) Piperidine hydrochloride: a commercial "pure"

grade, used as supplied.

100

(1) Diethylammonium perchlorate: prepared by the

addition of excess aqueous perchloric acid to a solution of
diethylamine in absolute ethanol, on an ice-bath. On transfer
to a dry-ice/acetone bath, colourless crystals appeared, which

were recrystallised twice from absolute ethanol and dried by

warming iy vgeuo.

(j) Di-isopropylammonium perchlorate: prepared by the

addition of excess aqueous perchloric acid to a solution of
di-isopropylamine in absolute ethanocl, on an ice-bath. On
transfer to a dry-ice/acetone bath, colourless crystals appeared
which were recrystallised twice from absolute ethanol and dried

by warming <n vacuo.

(k) Pyridine hydrochloride: prepared in s<ty from

AnalaR pyridine and AnalaR (concentrated) hydrochloric acid.

(1) 1,4-Diazabicyclo-[2,2,2]octane (Dabco): reagent

grade commercial sample, used as supplied.

(m) Borax buffers: preparedlol from AnalaR borax

(disodium tetraborate) with appropriate quantities of sodium

hydroxide or hydrochloric acid.

(n) Carbonate buffers: prepared from solid sodium car-

bonate (decahydrate) and sodium hydrogen carbonate (anhydrous),

giving a carbonate:bicarbonate ratio of 10:1.
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MEASUREMENT TECHNIQUES

1. Rates

(a) Stopped-flow spectrophotometer: a 'Canterbury'

SF-3A instrument, with 2 mm optical path length, was used,
thermostatted at 2500. First-order conditions were generally
maintained, usually by keeping the nucleophile concentration

in excess, or by buffering the base concentration. Reactions
were monitored by following the change with time of the absorb-
ance at a chosen wavelength. For small changes in absorbance,
the measured difference in voltage can be assumed to be directly
proportional to the change in optical density (and hence in
concentration). Thus, for rate measurements, a plot of 1naAvV

vs t gives a straight line of slope k., where AV = |Vgo —Vt|.
In the few cases in which a reliable 'infinity' reading could
not be obtained, Guggenheimlo2 plots were used. Where more
than one process occurred, either interference by the second
reaction was avoided by choosing a suitable anelength, or the
processes were separated by visual extrapolation, The rate

constants quoted are the mean of 4-6 individual runs, and are

generally accurate to ca. 5%.

(b) Temperature-jump spectrophotometer: ¢the instrument,

supplied by Hartley Measurements, produced temperature jumps
of ca. 7 deg.C by discharging a 0.05 uF capacitor through a
heated volume of 0.5 cmj. Tests with alkaline glycine con-
taining phenolphthalein indicated a heating time of approxim-

ately 2 us.

(¢) Recording spectrophotometer: reactions which were

too slow for the stopped-flow were followed using a Beckman

S-25 instrument, thermostatted at 250C.
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2. Equilibria

Equilibrium optical density measurements were made at
250C using either a Unicam SP500 instrument, with a path
length of 1 cm, or the stopped-flow. In the latter case,

the optical density is given by equation (2.1):
v

_ ]
ODS = 10%@ | (2.1)

where VO = background voltage (generally 5V),

AV = Vc - VS,
VC = voltage in the absence of the absorbing species,
V_ = voltage in the presence of the absorbing species.

S

3. Visible Spectra

These were either recorded on a Unicam SP8000 instrument
at ambient temperature,vor measured point-by-point on the

stopped-flow spectrophotometer.

L, Proton Magnetic Resonance Spectra

These were measured at 60 MHz on a Varian A56/60
instrument, or at 90 MHz on a Brucker HX90E instrument,
modified for FT operation and using a deuterium lock. All

shift measurements are relative to internal tetramethylsilane.

5. pH
The pHs of buffer solutions were measured using EIL 23A

and EIL 2070 instruments, calibrated at pH 4 and pH 9.27.

6. Conductance Measurements

These were carried out using a Pye 11700 instrument

with a Mullard conductivity cell.
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INTRODUCTION

b7

Crampton and Gilmore investigated some reactions
of aromatic nitro-compounds with sodium isopronoxide, in
which ion-association is important. In some complementary
experiments, the results of which are reported here, sodium
isopropoxide was replaced by tetramethylammonium isopropoxide.
In dilute solution, this base is expected to be largely dis-
sociated, so that the reaction involves "free" isopropoxide
ion,

In a study of the reactions of 1,3,5-trinitrobenzene in
a variety of alkoxide/alcohol systems, Gan and Nor'r'islo3
found no evidence for ion-pairing in the range 0 {iPrO']s
7 X 1072 mol 1=l. However, the associatidn constant for

104 4

sodium isopropoxide in isopropanol is known to be 1.9 x 10

1 mol-l. Crampton47 has shown that the rate of addition

of sodium isopropoxide to trinitrobenzene is considerably
reduced by added sodium perchlorate (which increases the
amount of Na+?iPrO- ion pair present) and increased by added
18-crown-6-polyether, an efficient complexing agent for sodium
ions. This indicates that ion-paired isopropoxide is less

reactive towards trinitrobenzene than is the free ion.

90,91,92

1,1-Dialkoxy complexes are known to associate

strongly with cations such as Na+, K+, Ba2+, Ca2+; the cation

91

is believed to be held by a 'cage' of electronegative atoms,
5.1, reminiscent of the way in which the oxygen atoms of crown

ethers surround the central metal ion.

Crampton's results47 for the addition of isopropoxide
ion to l-isopropoxy-2,4-dinitro-6-X-benzenes provide more

evidence for ion-association between dialkoxy complexes and
i

sodium ions. When X = CO;J

Pr, the complex is better stabilised
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by ion-pairing than is isopropoxide ion, while the order is
reversed for X = Cl or H. The rates of the forward and
reverse processes are also increased by ion-association in
fLhese cases. However, complexes formed by the addition of
isopropoxide ion at an unsubstituted ring position show little
tendency to form ion-pairs with sodium.

In common with other alkoxide additionsS’lOB, addition

of isopropoxide ion to an unsubstituted ring position is
faster than that at a substituted position (i.e. C-OiPr),
but the latter produces the more stable adduct. This 1is
partly due to ion-association, which favours the 1,l-adduct,
but the major factors are believed to be the stabilising

30

influence of multiple alkoxy substitution

of steric strain at the l—position106, as in the case of

and/or release

other alkoxides.
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EXPERIMENTAL

The addiﬁion of tetramethylammonium isopropoxide to
trinitrobenzene and l-isopropoxy-2,4,6-trinitrobenzene in
isopropanol was studied by stopped-flow spectrophotometry.
Reactions were carried out at 250C, under first-order con-
ditions, with the base 1n at least 10-fold excess over the

substrate.

Optical density measurements for the trinitrobenzene

reaction were made at BIOC, using the SP8000 spectrophotometer.
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RESULTS AND DISCUSSION

1. 1,3,5-Trinitrobenzene

Conversion to complex 3.2 (Amax 425 nm, e= 2.6 x lO4 1

mol™ % cm-l; 500 nm, 1.8 x 104) is virtually complete at very
low base concentrations, 1 X 10_4-M isopropoxide causing >90%
conversion. The reaction was followed by monitofing the
increase in absorption at 500 nm, using the stopped-flow
spectrophotometer. Measured rate constants are given in
Table 3.1, and are related to the forward and reverse rate

coefficients, ky and k_y, by equation (3.1), as is expected

for the reaction shown in Scheme 3.1.

Scheme 3.1
NO2 021\L
1 - kl
+ “Pro _—N
EE-1

k,[s1ltpro7] - k_, [3.2]

[s]; = [s] + [3.2]
ke, (Pero”1(s]; -[3.2]) - k_,[3.2] (1)

At equilibrium,

a[3.2) :
—— = kg [pro71([8]; -[3.2] ) - k [3.2] =0 (i1)

Subtracting (ii) from (i),

[3.2] .
f_a_}tf'g__ = kl[lpro—]([M]e -[3.2]) + k_l([Lg]e - [3.2])
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TABLE 3.1

Rate constants for 1l:1 complex formation from
1,3%,5-trinitrobenzene and isopropoxide ion in

isopropanol at 2500.

10* Fpro] koo
u st
1.04 7.7
2.08 49,0
3.11 79.8
4,15 101

Measured on the stopped-flow spectrophotometer

~at 500 nm.
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Kopg = oo 1 af3.2]
52l - 1327 —F—
k oo = kg [Pro™] + kg (3.1)
kK, = [3.2] K
R B (3.2)

Plotting kobs vs[lPrO-] produces a stralight line of
slope k1 = 2.5 X 105 1 mol-l s_l, passing through the origin:
i.e. k_l is too small to be measured, because of the high value

of K, (equation 3.2).

The bulky tetramethylammonium ion is not expected to
associate to any significant extent with isopropoxide ion.
In accordance with this, the results obtained here are in
close agreement with those obtained47 using sodium isopro-
poxide and crown ether. Thus, these results refer to the
addition of free isopropoxide ions, which are more reactive

ftowards trinitrobenzene than are sodium isopropoxide ion pairs.

.Measurements of the optical density at the two maxima
(not shown) made using the SP8000, indicate an equilibrium
constant fér complex formation,l(l > DX 105 1 mol_l, Because
of the high degree of conversion, and the»vefy low base concen-

ftrations used, this figure can only be treated as an estimate.

2. 1-Isopropoxy-2,4,6-trinitrobenzene

Two time-dependent processes are observable47; fast
formation of the C-3 adduct, 3.3, and slower ionisation to
the C-1 adduct, 3.4. The fast process was followed at 480nm,
using the stopped-flow. The results, shown in Table 3.2,

are in agreement with Scheme 3.2 and equations (3.3) and (3.4),

1 -1

and give a value of k, = 7.6 x 10° 1 mo1l™t s71, k_3 is too

5

small to be determined.
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Rate constants for complex formation from

l-isopropoxy-2,4,6-trinitrobenzene and

isopropoxide ion in i1sopropanol at 2500.

10" Fpro7]

1=

.86

O 0 &= =

.66
16.0

20.0

5.46

12.7

16.0

0.0244
0.0243

0.0240

0.0242

4,72

4.15

Measured on the stopped-flow spectrophotometer at 480 nm.

Measured on the stopped-flow spectrophotometer at 480 nm,

after completion of the fast process.

9.67 x 10~

M substrate.

Corresponds to

Measured on the Beckman S$-25 spectrophotometer at 480 nm.

Rate constants were calculated using the Guggenheim

method.

102
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Kooy = kB[iPrO_] + K 5 (3.3)
- [3.3] K :
E [STTTPrG] = k‘% .
For Kslow:
[s]; = [s] + [3.3] + [3.4]
[s] =1[s), - [3.3] - [2.4]
- [s]; - x5 [sfpro7] - [3.4]
[s1(1 + ky[tpro7]) = (8], -[2.4]
([s]; - [3.4])
sd - [ero7]
(1 + K3 PrOo |)
L4 .
e [ I e
=k, ["Pro 1([5]i -[3.4]) ) K_-[é;i]

(1 + K_["Pro~])
5
At equilibrium,

al3.4] ‘= kl[iPrO_]([S]i -[_3_;3]e )
dt (1 + KE[iPrO-])
Subtracting (ii) from (i),

al3.4]  wx [Ppro"1([3.4]_ -[3.4])
Ty KB[iPrO_]) ey (28], -(2:4D)

k = 1 al3.4]
°obs  TEE_ -ZAT T at
_ kl[iPrO_]
vk (3.5)

u_+.KBFpro‘]>

- k_y[z.4] =0 (i1)

As in the case of trinitrobenzene, free isopropoxide ion

is more reactive towards addition at C-H than is the sodium
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isopropoxide ion pair, which gives a valueI"L7 of k3 = 2.4 x lO3

1 mo1™t 7L,

The optical density measurements (Table 3.2) indicate

complete conversion to the C-3 adduct by circa 2 X lO-AVMbase,
1

leading to an estimated value of K, 31 x 10° 1 mol”

>
The C-1 complex is expected to have high stability, and
hence a small value of k—l° This, together with the large

value of K,, reduces equation (3.5) to equation (3.6), leading

50 1 mo1™ % 57t

33
to an éstimated value of kl >
k

k = 1
slow ) K—==3=— (306)

3. Comparison of Results

The results for the two substrates are summarised in

Table 3.3.

The rate of isopropoxide ion attack at C-H is lower
in isopropoxytrinitrobenzene than in trinitrobenzene. The
inductive electron-withdrawing effect of the isopropoxy group
is expecpgd to favour nucleophilic attack at C-3. However,
the group is very bulky, and so probably causes the ortho
nitro-groups to twist out of the plane of the ring (as the

88,107 to do). This reduces their

ethoxy group is known
ability to delocalise the negative charge in the o-adduct, and

hence decreases the rate of adduct formation.



TABLE 3.5

b1

Rate and equilibrium constants for the addition

of free isopropoxide ion to trinitrobenzene and

l-isopropoxytrinitrobenzene in isopropanol at 2500.

TNB
0?1 mol ™ ts™1) 2.5 x 10°
R, (1 mol™ 1) %%.0 x 10°
klb (1 mol™* s_l) -

Attack at C-H

Attack at C-0~Pr.

1pro-TNB

7.6 x lO3
>1.0 X 105

> 50
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INTRODUCTTION

The reaction of aqueous sodium hydroxide with
1-X-2,4,6-trinitrobenzenes may result in nucleophilic

substitution of X by hydroxide ion if X is labile. The

reaction probably focllows the addition-elimination mechanismz’lj,
involving a species of type 4.1. If, however, X is a poor
389393 1083 1093110.

leaving group, stable o-adducts can be formed
the structure of a l:1 o-adduct could, in principle, be either

4,1 or 4.2.

Structure 4.1 was pr'oposedlll for the transient
coloured species observed in the alkaline hydrolyses of
pieryl chloride and 2,%4,6-trinitroanisole. However, this

would require loss of hydroxide ion from 4.1 to be consider-
105,112

11%

ably faster than loss of chloride or methoxide ion

which is contrary to known leaving group tendencies

1 50,96,114

H n.m.r. measurements support the view that the

transient coloured species are the C-3% adducts, 4.2.

This chapter reports on the reactions of a series of

1-X-2,4,6-trinitrobenzenes (X = 0, OMe, Cl, NO,, NMe,) with

2’ 2)
aqueous sodium hydroxide. The results allow a comparison

to be made between the rates of attack at C-1 and at C-3.

Eventually, the substances used undergo nucleophilic


http://ma.de

Ly

substitution of X by hydroxide ion to form pilcric acid
(present in aqueous solution as the picrate ion). This
substitution could occcur by attack on the substrate alone,
but the results of this work suggest that substitution also

occurs in the C-3 adduct.

Evidence has been obtained for the ionisation of added

36,76

hydroxyl groups in reacftions occurring in water and in

31

DMSO-water mixtures ', Further evidence for this phenomenon

is presented here.

The results in this chapter have been obtained using
sodium hydroxide concentrations up to 1M where activity
coefficients are expected to deviate markedly from unity.
One method for circumventing this problem would be to relate
the basicity of the solution to the appropfiate acidity
function, in this case J_82. An altefnative, and that
employed here, is to maintain the solutions at constant
ionic strength, in this case using sodium chloride as the

compensating electrolyte.

There is evidencell5’ll6

to suggest that the presence

of sodium chloride in aqueous solution slightly reduces the
rates of formation and decomposition of o-complexes. Work
on l-chloro-2,4-dinitrobenzene is included in this chapter,

to determine the extent of the salt effect, if any, on complex

formation in the other systems studied.
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EXPERIMENTAL

The reaction rates were measured by following the
change in absorbance with time at a suitable wavelength,
generally using the stopped-flow spectrophotometer. Slow
reactions were followed in the same way, but using the Beckman
S-25 and Unicam SP500 instruments. Spectra were measured
on the SPB000 spectrophotometer, or determined point-by-point

on the stopped~«flow.

All rate measurements were carried out with the base
concentration in large excess over the substrate concentration,
or with the base buffered, so good first-order plots were
obtained. Some typical results are shown in Table 4.1, the
rate constants calculated from the integrated form of the

117

first-order rate expression

Mixing sodium hydroxide solutions above 1M with water
in the stopped-flow was found to produce turbidity, which
caused irregular traces on the slower timescales. This
problem was overcome by mixing solutions of similar ionic

strength.
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TABLE 4.1

Typicél results from kinetic measurements.

(1) 1o"ﬁﬂ picryl chloride, 0.02M sodium hydroxide, u = 2.0M
(with sodium chloride as compensating electrolyte),
measured at 480 nm.

(ii) 1o'ﬁﬂ tetranitrobenzene, 0.005M sodium hydroxide,

measured at 500 nm.

(1) (11)

t i INas 1° v A KP

s st s™1
0.01 5.9 3.6 - - - -
0.02 5.5 3.2 11.8 6.0 4.2 -
0.04 4.9 2.6 10.8 4.9 3.1 15.2
0.06 4,3 2.0 11.8 L, 2.3 15.1
0.08 3.9 1.6 11.6 3.5 1.7 15.1
0.10 3.6 1.3 11.3 3.1 1.3 14.7
0.12 3.3 1.0 11.6 2.7 0.9 15.4
0.14 3.1 0.8 11.6 2.5 0.7 14.9
0.16 2.9 0.6 11.9 2.3 0.5 15.2
0.18 2.8 0.5 11.6 2.2 0.4 14.7
0,20 2.7 0.4 11.6 2.1 0.3 14.7

o 2.3 0 - 1.8 0 -
mean IITE 1;?6
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RESULTS AND DISCUSSION

1. 1-Chloro-2,4-dinitrobenzene

This substrate was used as a 'model' system to deter-
mine the magnitude of the effect of changing the nature of
the electrolyte from mainly sodium chloride (at low sodium
hydroxide concentrations) to mainly sodium hydroxide, i.e.
to ascertain to what extent, if any, sodium chloride exerts

a specific salt effect.

f As the substrate is not highly activated, a coloured
|

intermediate is not observed, and attack at C-1 is rate-

determining:
SCHEME 4.1
_NO, y
+ HO —=2 + Cl
S P

ale] -
gt = KplslHoT]

_ 1 g[p]
Kos = T8T ~at

= kg[HO—] (4.1)

The product, 2,4-dinitrophenol, was identified by its

spectrum (Amax 360 nm).

The reaction was followed by monitoring the increase in
absorption at 360 nm, using the SP500. The results, shown

in Table 4.2, indicate a small differential salt effect at
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TABLE 4.2
Rate constants for the reaction between
l-chloro-2,4-dinitrobenzene and sodium
hydroxide in water at 25°C, = 2.0M(NaCl)
[NaOH ] 107k 104k1a
M . 1 mol ts?

0.05 0.568 1.14

0.10 1.17 1.17

0.30 3.57 1.19

0.60 8.1k 1.36

0.99 15. 4 1.56

%

1 = TNa0H]
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base concentrations above circa 0.5M. This Jjustifies
fthe assumption, for fairly dilute base solutions, that
constant values of k, and k3 (

aromatic carbon) can be obtained when the NaOH : NaCl

for nucleophilic attack at

ratio is changing.

2. Picric Acid

118

Because of its high dissociation constant s picric
acid exists in aqueous solution as the picrate ion. 7Thus,
these results apply to attack by hydroxide ion on an already
negatively charged species, making ionic strength effects
more important than in the case of electrically neutral

substrates.

In concentrated base solution, picrate ion is known39
to form a stable diadduct at C-3 and C-5. Stopped~flow
spectrophotometry shows two separate processes. The faster
process, associated‘with formation of the 1:1 adduct, 542,
was measured at 500 nm using the stopped-flow spectrophoto-
meter. The results, shown in Table 4.3, are in accord with

Scheme 4.2.
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TABLE 4.3

Rate and equilibrium constants for the reaction of
picrate ion with sodium hydroxide in water at 250C,

uw=2.0M (NaC1l).

[HO™] K, kfa(calc) oDP KCC ch(calc)
M &L g™t 1 mol™t 1 mo1?t
0.05 19.2 19.2 0.0035 0.01l4 0.0135
0.10 17.6 18.5 0.0070 0.014 0.014
0.20 17.9 17.3 0.0145 0.0145  0.015
0.40 15.0 15.3% 0.03> 0.0165 0.017
0.60 13.6 13.7 0.060 0.020 0.019
0.80 12.0 12.4 0.080 0.020 0.021
1.00 11.6 11.4 0.137 0.027 0.023
a. Calculated from equation (4.2), using k5 = 0.26
1 mo1 s k5 = 20 s"; K = 0.8 1 mo17t.
b. For 5 x 10-4M substrate in a 1 cm cells measured on

completion of the fast process and corrected for
absorption by unreacted substrate.

c. Calculated from equation (4.3), assuming

e(4.3) =1 x lO4 1 mol ! em™t.

d. Calculated from equation (4.4), using K, = 0.013% 1

)
mol‘l; - 0.8 1 mo1t,
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It

als] _ i, [s]0m0™] -k_5[.5]

= kf‘ast[s]

al 4.3] . al4.4]

d[s]
at at at

+

=0

dsl al4.3] (1 + x[Ho™] ) _

3t at 0

Kppay[8] = kg[Sl [HOTT - k_5[4.3]

‘. Frast —dt -3 _
- k_j
Keast = K3 [HOT) + (v —%fmo Ty (4.2)
[ lex ] )
e - BIOOT ~ 70500V [0 (4.2)
K, =K, (1 + x[H0™1) (4.4)

The decrease in the observed rate constant with in-
creasing base concentration can be explained in terms of

ionisation of the added hydroxyl group.

The slower process observable by stopped-flow has a
very small amplitude at the base concentrations used. In
IM base solution, the process causes an increase in absorption
at 390 nm and a decrease at 480 nm, with a measured rate
constant of 0.15 s—l. This process is probably the formation
of the 1:2 adduct, which is known39 to have an absorption

maximum at 390 nm.

3. 2,4,6-Trinitroanisole

Use of the stopped-flow spectrophotometer shows two
processes, fast formation of the coloured adduct, and a
slower decomposition to picrate ion (identified by its spectrum).
The visible spectrum of the coloured species changes as the |

base concentration is increased, the maximum shifting to
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longer wavelength (Figure 4.1). No new relaxation process
is observable to correspond to this change, which is there-
fore attributed to ionisation of the hydroxyl adduct,

4.5 —> 4.6 (Scheme 4.3).

The rate data for the fast process (Table 4.4) provide
further evidence of the ionisation of the added hydroxyl

group.

There is a discrepancy between the value of K, obtained

5

from kinetic measurements (1.4 1 mol'l) and that from optical
density measurements (1.2 1 mol_l). This probably results
from the assumption that the extinction coefficients of 4.5
and 4.6 are identical. If they are not, then the (unknown)
variation in the proportion of each species present in the
gsolutions used will cause differences in the calculated

value of K,.

5
Picrate ion could be formed either by nucleophilic

attack on the substrate only, or by attack on the 3-hydroxy
adduct (in either the ionised or unionised form). If picrate
ion were formed only by nucleophilic attack on the substrate
(equation 4.5), then the rate of the slow process would de-
crease with ihcreasing base concentration, as the amount of
substrate present was reduced by conversion to the 3-hydroxy

complex, 4.5, and dianion, 4.6:

K
s +HS —2~ ns5 K4 up

A) \
L

P

ale] . afs] , albs)  als.e]
dt at dt at
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FIGURE 4.1

Spectra of the 1:1 adduct formed from 2,4,6-trinitro-
anisole and sodium hydroxide in water at 2500, w= 2.0 M
(NaCl). Spectra are for 1 cm cells, and are corrected for

absorption by unreacted substrate.
A.  Spectrum of 107° M trinitroanisole.

B. 4 x 10-5 M trinitroanisole, 0.1 M sodium hydroxide.

Spectrum attributed to the 1:1 adduct, 4.5.

C. 10_5 M trinitroanisole, 0.96 M sodium hydroxide.

Spectrum attributed to the ionised 1:1 adduct, 4.6.



55

FIGURE 4.1
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SCHEME 4.3




57

TABLE 4.4

Rate and equilibrium constants for the fast reaction
of 2,4,6-trinitroanisole with sodium hydroxide in water at

25°C, u= 2.0M (NaCl).

[HO™] kfa kfb(calc) oD ° ch Kce(calc)
M st st 1 mol™t 1 mol”t
0.01 8.1 8.0 0.0015 1.25 1.3
0.02 7.9 7.7 0.0031 1.3 1.35
0.05 6.7 7.0 0.0075 1.%5 1.55
0.10 6.4 6.4 0.0175 l.7 1.9
0.20 6.8 6.2 0.038 2.5 2.6
0.40 7.0 7.2 0.079 4.8 4.1
0.50 7.2 8.1 0.090 6.0 4.8
0.60 9.5 9.0 - - =
0.70 9.9 10.0 0.093 5.0 6.0
0.80 11.4 11.0 - - -

a. Measured at wavelengths chosen to avoid interference

by the slow process.

1 -1,

b. Calculated from equation (4.2), using k, = 12 1 mol "s

3
k_5 = 8.3 5%, K=61 mol™t.

b4

c. Corresponds to OD after the completion of the fast colour-

forming process. Measured by stopped-flow spectro-
photometry at 480 nm. Values quoted are for 1 X lO_SM
substrate in a 1 cm cell.

d. Calculated from equation (4.3), assuming e(4.5) = 1.13% x

lO4 1 mol ™+ cm—l.

e. Calculated from equation (4.4), using K3 =1.21 mol_lg
K=61mol t.



[s] Qiﬁé] . dls 1 d[4-5]
© K5lE07] -+ Tatt T O KGIEOTT Tat
(6] = kluslino™] .-, 98] oy glaus]
dat
alpl oy [s)(mo"]
_ K [4.5]
- %,
ey [4.5] 1 .d[ﬂﬁ]+ d[izi]+K[Ho-] alu sl
k5o i K,[HO™] at at ==
K [4.5] (1 + K[HO™ )+ 1 N
§[4.5J+d_5 % ol ﬁ -0
-1 gl4.5
Ksiow = [E.5] dt
IT{{A_kslowil+K[Ho']+K3_Eﬁl_o__jr}=o
>
Ks1ow (KB[HO ]+ KK [H0™ ] + 1) = kA[HO_]
Ksiow = kA[HO : (4.

(1 + Kj[Ho‘] + KKB[HO—]?)
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=0

5)

However, if picrate ion is also formed by attack on

4.5 ana

as well as on the substrate, equation (4.

4.6,

results:

a[p]

Il

k, [][HO™] + ky(#.51[HO™] + Kk, [4.6][HO™]

+ Ky KBK[S] [Ho']3

2
k, [s][HO™] + kBKj[S][HO-]

[4.5] a[s]
[s] = TGIHO" ] e - KBU}IO_J d[_g_t.:j_]
[4.6] = x[4.5][HO7]." al%.6] — x[10"] ala.5]

6)
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alp]  als]  ali.s]l  4lu.6]

it T Tat T Tat = - °
a[P] 1 als.5] al4.5] _, qlr.5]
dt " KG[H0"] at— tar K0Tl e -

alp] . dMLi]{l4-KDm_]+ 1 }::o
at at - R;;TRF?T .

S5+ = k,[s]H07] + kBK3[s][Ho']2 + k KBK[S][HO']3

C

kp [4.5]
£3
[g;g]ggg + kg[HO™ ] + Kk K [HO_]E}

+ ky [HO7I[4.5] + kCK[Ho‘f [4.5]

il

8 kp[HO™] + kCK[HO-JQ{ [4.5] + QE%%QA— { 1+k[HO™]+ 1 §=o

“ K,[HO

. 1 alu.s]
low
° [4.5] at

Kp

2
) - - - 1 B
?g +RB[HO ]+kCK[HO ] ]- kslow{1+5[Ho ]+ ?5T35=T} =0

kleW(Kj{HO—]+KK5[HO_]2+1)=kA[HO-]+kBK3[HO_]2

_ D
. +;CKK3[HO ]
i (kA[HO—]+kBK5[HO—] + kCKKj[Ho'] ) (4.6)
(1+K3[Ho‘]+ KKj[Ho"]E)

kslow

The observed rate coefficients are better correlated by
equation (4.6) than by equation (4.5), as is shown in Table 4.5.
This indicates that nucleophilic substitution of methoxide by
hydroxide can occur in the 3-hydroxy adduct (in both forms) as

well as in the substrate.

Alternatively, the experimental dd%ta could be fitted

by allowing the value of kA to increase with increasing base

22

concentration, i.e. by considering a differential salt effect.
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TABLE 4.5

Rate constants for the slow reaction of 2,4,6-
trinitroanisole with sodium hydroxide in water at 2500,

uw= 2.0 M(NaCl).

(HO™] ksa ksb(calc) kso(calc)
M st st st

0.02 0.026 0.027 0.027
0.05 0.064 0.064 0.066
0.10 0.131 0.115 0.125
0.20 0.202 0.175 0.205
0.40 0.26 0.19 0.27

0.50 0.30 0.19 0.30

0.60 0.31 0.17 0.29
0.70 0.31 0.16 0.30

0.80 0.29 0.15 0.30

1.00 0.30 0.13 0.31

a. Measured at wavelengths chosen to obtain the maximum

change in OD.

b. Calculated from equation (4.5), using ky = 1.4 1 mol—l
s—l; K3 = 1.4 1 mol-l; K =6 1 mol T,

c. Calculated from equation (4.6), using k, = 1.4 1
mo1~ 1 s—l; ky = 0.8 1 mol™* s_l; kg = 0.11 mol™t s—l;
K, = 1.4 1 mol™%; K = 6 1 mo1™ .

5
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However, the rate constant for nucleophilic attack on
l-chloro-2,4-dinitrobenzene (above) shows a much smaller
variation with base concentration than that which would be
needed here (1.14 - 1.56, compared with 1.4 - 3.3 over the
same range of base concentration). Thus, the data suggest
that nucleophilic substitution occurs within the 3-hydroxy

adduct.

4, Picryl Chloride

Two processes are observed by stopped-flow spectrophoto-
metry: fast colour formation, and a slower fading reaction
which produces picrate ion (identified by its spectrum).

The intermediate species has Xmax C2- 450 nm.

The rate coefficients for complex formation (Table 4.6)
pass through a pronounced minimum as the base concentration
increases. This 1s evidence for ionisation of the added

hydroxyl group.

The value of K5 obtained kinetically 1s different from
that obtained from OD measurements. KC was calculated assum-
ing that the complex has the same extinction coefficient in
both its ionised-and unionised forms. As this is unlikely
to be the case, and as the proportions of the two forms will
vary in the different solutions, the value of K3 obtained in
this way is likely to be incorrect.

The rate coefficients for the formation of picrate ion
(Table 4.7) are better correlated by equation (4.6) than by

equation (4.5). This is evidence for the occurrence of

nucleophilic attack in the 3-hydroxy adduct.
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TABLE 4.6

Rate and equilibrium constants for the fast reaction

of picryl chloride with sodium hydroxide in water at 2500,

w= 2.0 M(NaCl).

[H0™] ke, k."(cale)  op® k¢ K ®(calc)
M st s™1 1 mo1™t 1 mo17?
0.01 12.4 12.3 0.0012 0.78 0.70
0.02 11.8 11.1 0.0023 0.76  0.78
0.05 8.9 8.6 0.0071 0.96 1.05
0.10 7.0 6.8 0.0195 1.45 1.5
0.20 5.7 5.9 0.0485 2.7 2.4
0.40 6.2 6.8 0.0975 4.3 4.2
0.60 7.8 8.6 0.126 7.2 6.0
0.80 10.5 10.7 0.132 7.2 7.8
1.00 14.0 13.0 0.141 - -

Measured at wavelengths chosen to give a maximum OD

change with minimum interference by the slow process.

Calculated from equation (4.2), using k, = 12 1 mol-ls—l;

5
-1 1

14 s 7; K =151 mol —.

k_3 =
Corresponds to the 0D after the completion of the fast
colour-forming process. Measured by stopped-flow
spectrophotometry at 440 nm. The values quoted are

for 1 x lO_BM substrate in a 1 cm cell, and are corrected
for absorption by unreacted substrate.

Calculated from equation (4.3), assuming e(complex) =
1.55 x lO4 1 mo1~t emL.

Calculated from equation (4.4), using Kj = 0.6 1 mol-l;

K=15 1 mol T,
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TABLE 4.7
Rate constants for the slow reaction of pieryl chloride

with sodium hydroxide in water at 25°C, , = 2.0 M(NaCl).

[10~] 10%_° 102ksb(ca1c) lO2kSC(calc)
M S—l b-l M-l
0.02 1.01 0.79 0.79
0.05 1.76 1.85 1.88
0.10 5.27 5.5 3.4
0.20 5.0 4.8 5.4
0.40 6.8 4.8 6.3
0.60 6.0 4.0 6.4
0.80 6.0 3.5 6.4
1.00 6.9 2.7 6.4
a. Measured at wavelengths chosen to give the best 0D
change.
b. Calculated from equation (4.5), using k, = 0.4 1 mol_l
571, Ky = 0.85 1 mol™; Kk = 15 1 mol™t.
C. Calculated from equation (4.6), using kA = 0.4 1 mol-l
st kg = 0.21mo1 "t s_l; ko = 0.03 1 mol~1 s—l;

K, = 0.85 1 mol_l; K = 15 1 mol~

1
% .
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5. 1,2,4,6-Tetranitrobenzene

Use of the stopped-flow spectrophotometer shows two
processes: fast formation of a coloured species, previously
identified96 by n.m.r. as the 3-hydroxy adduct, and a slower
fading process, forming the picrate ion.

Published spectra96

show that the spectrum of the com-
plex changes with increasing base concentration. As no

trace of a second rate process associated with colour-

1:2 adduct, and is evidence for ionisation of the 3%-hydroxy
group in the 1:1 adduct. In agreement with this, 0D measure-~
ments (Table 4.8) can be closely reproduced by assuming
ionisation, and estimating values of ¢ for the ionised and
unionised forms. Further support is obtained from the rate

coefficients for the fast process (Table 4.8), which can be

reproduced using equation (4.2).

The presence of four nitro-groups on the ring causes
extensive conversion to complex in very dilute base solution.
Because of this, some rate measurements (Table 4.8) were made
using borax buffers. The rate measurements in Table 4.9 show
that there is some catalysis by borax buffers, but little, if

any, by carbonate buffers.

The rate coefficients for the formation of picrate ion
(Table 4.10) are again better correlated by assuming that
nucleophilic substitution occurs in the 3-hydroxy adduct,

as well as in the substrate.

6. N,N-Dimethylpicramide

110 for the formation of a 1:2 adduct

There is evidence
from dimethylpicramide and hydroxide ion. With aqueous

sodium sulphite58, both the 1:1 and 1:2 adducts were formed,
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TABLE 4.8

Rate and equilibrium constants for the fast reaction

of 1,2,4,6-tetranitrobenzene with hydroxide ion in water at 250C.

[HO—]a oDP oD% (calc) kfd kfe(calc)
M st st
étOxlO_6 - - 0.21 0.21
5.0xlo‘6 - - 0.21 0.21
1.3x107° - - 0.24 0.24
5.0%x107° - - 0.3 0.3
1.1x107" - - 0.54 0.52
0.001 0.51 0.52 2.6 2.9
0.005 0.58 0.58 15.0 14.5
0.01 0.62 0.61 30.2 29.0
0.02 0.63 0.66 57.3 58.0
0.04 0.72 0.72 - -

0.07 0.77 0.77 - -
0.10 0.81 0.80 - -
0.20 0.84 0.84 - -
0.40 0.85 0.87 - -
0.70 0.89 0.88 - -
a. 0.0lBM borax buffers were used for base concentrations

below 10'%ﬂ: [HO_] was calculated from the measured pH,
assuming an activity coefficient of 0.8. Base concen-
trations above 10™°M used NaOH, with ,=1.0 M (NaCl).

b. Measured using the SP500 spectrophotometer at 450 nm,
for 4 x lo_ﬁﬂ substrate, after completion of the fast
colour-forming reaction.

c. Calculated assuming K = 24 1 mol_l; e (complex) = 1.7%8

X lO4 1 mol"l cm-l; e (ionised complex) = 2.25 x iLOLL 1

mol'l cm'l.
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TABLE 4.8 (contd.)

Measured at 500 nm, using the stopped-flow spectro-

photometer.
Calculated from equation (4.2), using k3 = 2.9 x lO3 1
mol” T s_l; k , = 0.2 s-l; K = 24 1 mol 7,

-2
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TABLE 4.9

Buffer catalysis in the fast reaction of 1,2,4,6-

tetranitrobenzene and hydroxide ion in water at 250C.

(a)

(b)

Borax buffers

[burrer ] [HO-]a kfb kfc(calc)
M M ! &1
0.0125 4.6x107° 0.40 0.33%
0.05 5.8x107° 0.52 0.37
0,10 7.3x107° 0.71 0.41
0.0125 4.4x10‘6 0.21 0.21
0.05 2.4x107° 0.31 0.21
Carbonate buffers
[buffer] [Ho']a kfb kfc(calc)
M M <1 <1
0.011 4. 4x10” 1.37 1.48
0.022 5.Oxlo_4 1.64 1.65
0.039 6.3x10"" 1.90 2.03
0.055 6.5x10'4 2.09 2.03
0.077 7.0x10'4 2.37 2.2%
0.110 7.9xlo‘4 2.74 2.49

Calculated from the measured pH, assuming an activity

coefficient of 0.8.

Measured at 500 nm, using the stopped-flow spectro-

photometer.

Calculated from equation (4.2), using k, = 2.9 X 10°

>
1 mo1 Y 57t kL =0.2 sk = 241 mo1”?

-5



68

TABLE 4.10

Rate constants for the slow reaction of 1,2,4,6-
tetranitrobenzene with sodium hydroxide in water at 2500,

p=1.0M (NaCl).

[HO™] 103ksa 103ksb(calc) 1o3ksc(ca1c)
M st st 571
0.001 8.8 8.8 9.0
0.005 10.1 8.5 9.4
0.01 9.7 7.7 9.4
0.02 9.0 6.4 9.4
0.04 9.2 4.8 9.5
0.07 10.8 3.5 9.9
0.10 14.0 2.8 11.0
0.20 14,4 1.6 13.5
0.40 20.3 0.9 19.4
0.70 27.4 0.5 29.2

a. Measured at 450 nm, using the SP500 spectrophotometer. -

b. Calculated from equation (4.5), using ky = 140 1 mol—l
s7hik =28 1 mo17d; Ky = 1.45 x 10* 1 mo1t.
c. Calculated from equation (4.6), using k, = 140 1 mol™t
s ky = 0.2 1 mol ™t s7h; k= 0.03 1 mo1™h 57
1

K =241 mol ~; K, = 1.45 x 1o4 1 mol'l,

3
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but the 1:2 species was found to be exceptionally stable.
This may explain the previousllo failure to observe the 1:1

hydroxide adduct.

Two processes are observable by stopped-flow spectro-
photometry. The faster one causes an increase in absorption
at 480 nm, attributed to the formation of the 1l:1 adduct.

The slower, attributed to formation of the 1l:2 adduct, causes

fading at 480 nm, and produces an absorption maximum at 410 nm.

Observed rate constants for the fast process (Taﬂie 4.11)
are fitted by equation (4.7), suggesting that K, for ionis-

ation of the added hydroxyl group, is relatively small.

kpage = ¥z [HOT] + k5 (4.7)

The value of Kj, calculated by an iterative Benesi-

20

Hildebrand treatment of measured 0D values (Table 4.11)

(23 1 mol_l) is in good agreement with that obtained from

the rate data (19 1 mol—l).

Scheme 4.l shows the complete reaction pattern. If K,
for ionisation of the added hydroxyl group, is small (above),
then a simplified scheme can be used to describe the slow

process:

K
S + 2 HOO —2> 4.7 + HO™
=

sl

[s].

1

[s] +[a.7] + [4.8]

[4.7]
&5 THO"]

+ [4.7] + [4.8]

K. (HO ]

= [4.,7]{1 + 1 i + [4.8]
>
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+ 2 HO™
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KB[HO-][S]i =[4.7] (14K,[HOT]) + Kj[HO_][ﬂ;Q]

Kj[HOj(&ﬂj_- [4.8])

[a.7] - (1+K3[HO_])
a(4.8] _
—g— = 4glh7llroT) -k o [4.8]

2
ks K[Ho™] ([s] ) - [4.8])_ c_o[4.8] (1)
(1+K3[Ho'])

At equilibrium,

al1.8) g fuo7] (sl - (8] (8] -0 (11)

dt (1+K3[HO-])

Subtracting (ii) from (i),

2
als.8] ) kSKj[HO_] ([s.8]  -[4.8]) + k_g ([4.8] -[4.8])

dt (1+x,[H0™])

N _ 1 a [4.8]

slow = ([A.8], -[A-8]) —gg—

2
) kBKijO ] . (4.8)
(14K [HO™]) -5

Rate constants for the slow process (Table 4.11) are
fitted well by equation (4.8) for base concentrations below
ca. 0.15 M. Above this, the calculated value is very much
higher than the observed value. Similarly, calculated
values of k5 (Table 4.11) show a real decrease at higher base
concentrations. Comparison with the other systems studied
here suggests that, as the base concentration is raised, the
3~hydroxy adduct is increasingly ionised, so that the ké term
(Scheme 4.4) comes into play. Because this applies to hydroxide

attack on a doubly-negatively charged species, 4.9, it is

expected to be smaller than k5, for attack on the singly-
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TABLE 4.11

Rate constants for the reaction of N,N-dimethyl-
picramide with sodium hydroxide in water at 2500,

b= 1.0M(NaCl).

[#0~] op® kfb k. (calc) 102ksd 102kse(auc)k5f(ca1c
M st st st st st
0.004 - - - 0.134 0.13 0.97
0.005 0.040 0.199 0.208 - - -
0.006 - - - 0.161 0.17 0.89
0.008 - - - 0.239 0.22 1.22
0.01 0.059 0.233 0.226 0.350 0.29 1.44
0.02 0.084 0.263 0.262 1.02 0.73 1.56
0.03 0.097 0.295 0.298 - - -
0.04 0.113 0.3%18 0.334 2.59 = 2.02 1.36
0.05 0.131 0.334 0.370 3.70 2. 77 1.41
0.06 0.122 0.378 0.406 3.71 3.58 1.08
0.07 0.144 0.401 0.442 5.10 4,42 1.20
0.08 0.150 0.478 0.478 4,66 5.28 0.91
0.09 0.154 O.474 0.514 - - -
0.10 - 0.600 0.550 6.7 .07 1.09
0.15 - - - 11.4 11.7 0.99
0.20 0.185 0.845 0.910 14.0 16.5 0.86
0.30 - - - 17.3 26.3 0.66
0.50 - - - 24,4 46,1 0.53
a. Measured at 480 nm, using the stopped-flow spectrophoto-
meter, after completion of the fast process. Values

quoted are for 3 x 1072

M substrate in a 1 cm cell.
b. Measured by stopped-flow spectrophotometry at wavelengths
chosen for maximum OD change with minimum interference

from the second process.
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TABLE 4.11 (contd.)

Calculated from equation (4.7), using k3 = 3.6 1
mol™1 s_l; k_3 = 0.19 s L.

Measured using the stopped-flow and Beckman S-25
spectrophotometers at 480 nm.

Calculated from equation (4.8), using kg = L0 1 mol~
s7h5 k_g = 0.001 57 Ky = 21 1 mol”.

Calculated from measured ks values, using equation (

1

4.8).
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negatively charged species, 4.7.

T Comparison of Results

Rate and equilibrium constants are collected in

Table 4.12.

It has already been shown that hydroxy.adducts of
36

2,4,6-trinitrobenzene-sulphonate ion”" and 4,6-dinitrobenzo-
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furan in aqueous solution undergo ionisation of the added
hydroxyl group, whilera similar ionisation of the hydroxy
adduct of N,N-dipropyl-2,6-dinitro-4-(trifluoromethyl)aniline
in water-DMSC has recently been reported37. The work des-

cribed here provides more examples of this interaction.

The value of K for a given substrate is expected to
increase with increasing ionic strength of the medium, as
the reaction is between two negatively charged species. The
variation in K with the l-substituent is not very great:
this is not surprising, since there is no direct pathway for
delocalisation of the resulting negative charge. The smallest
value of K is for the picrate ion, the hydroxy adduct of

which alreadv carries two negative charges.

Nitrite, chloride and methoxide ions are better leaving
groups than is hydroxide ion, so nucleéphilic attack by
hydroxide ion at C-1 is the rate-determining step in the
substitution reaction. Thus, the values of kA (shown in
Table 4.12) are thosé for hydroxide ion attack at C-1 in the
substrate. These are all considerably smaller than the
values for attack at C-3, which formsthe adducts. There are
several factors involved in determining which position is

favoured for nucleophilic attack. The inductive effect of

electronegative X-substituents should favour attack at C-1.
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TABLE 4.12

Rate and equilibrium constants for the reaction of

1-X-2,4,6~-trinitrobenzenes with sodium hydroxide in water

at 25°¢.

X OH OMe  Cl WO, NMe,,
b (M) 2.0 2.0 2.0 1.0 1.0
ks (1 mol 11y 0.26 12 12 2.9x10° 3.6
k_y (s70) 20 8.3 14 0.2 0.19
Ky (1 mol™1) 0.013 1.3 0.7 1.45x10" 21

K (1 mol™ ) 0.8 6 15 24 -
kg (1 mol L1y - - - - 1.0
k_o (s™1) - - - . 0.001
k, (1 mol™ts™h - 1.4 0.4 140 -
kg (1 mo1™ts™h) - 0.8 0.2 0.2 -

k. (1 mol ts™1) . 0.1 0.0 0.03 -
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However, the stabilising resonance interaction between X
and the ring is lost when addition occurs at C-1, but re-
tained when addition occurs at C—}BO. There may also be
an unfavourable repulsion between the entering and leaving

27

groups when attack occurs at C-1"".

The rate data provide evidence for nuéleophilic dis-
placement of X by hydroxide ion in the 3-hydroxy adduct (in
both the ionised and unionised forms) as well as in the sub-

strate. The intermediates will be of structures 4.12 - 4,14,

There is no evidence for a build-up in concentration of
any of these species, which are expected to be unstable with
respect to loss of X ion, decaying rapidly to picrate ion

(from 4.12) or the appropriate adduct (from 4.13 and 4.1%4).

1:2 adducts are known to be formed by both trinitro-
38 29

benzene and picrate ion at high base concentrations. In

the case of N,N-dimethylpicramide, the 1:2 complex is consider-

ably more stable than the 1:1 (K5 «10° 1 mol_l, ef. K3 =211
mol_l)° However, no evidence was found for 1:2 adducts with
X = NO2, Cl, OMe. In these substrates, nucleophilic attack

at C-1, which leads to substitution, competes successfully

with that at C-5, which forms the 1:2 adduct.



CHAPTER FIVE

THE INTERACTION OF N-SUBSTITUTED-2,4,6-
TRINITROANILINES WITH METHOXIDE ION

IN METHANOL

7
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INTRODUCTION

The possibilities for 1l:1 interaction of N-substituted-
2,4,6-trinitroanilines (picramides) with base are loss of an

amino-proton and o-complex formation.

The position of base attack has been the subject of
controversy, some authors favouring the formation of a "true"
Meisenheimer complex by addition at C-1, and others supporting
addition at the less sterically hindered C-3 position. . Most

recent work seems to favour the latter position.

48

A uv/visible spectroscopic study of the reacﬁions of
picramide and N,N-dimethylpicramide with methoxide ion showed
that the former undergoes only a l:1 interaction, which could
be either amino-proton loss (5.1, R=H) or base addition (5.2,
R=R‘=H), while the latter undergoes both 1:1 and 1:2 inter-
actions. The 1:1 product was held to be the C-3% adduct,

5.2 (R=R"=Me).

lH n.m.r. study

23

A in methanol-DMSO confirmed the
structures of the 1l:1 and 1:2 adducts of dimethylpicramide
as being 5.2 and 5.3 (RzR'=Me) respectively, and showed that,
for picramide, base addition at C-3 outweighs amino-proton :

abstraction. Other n.m.r. work in methanol-DMSO52 has shown

that the ratio of base addition at C-3 to amino-proton loss
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in N-methylpicramide depends upon the solvent composition,

an increase in the proportion of DMSO favouring amino-proton
abstraction. The same authorjg’33 showed that N-phenyl-
picramide undergoes only proton abstraction up to high base
concentrations, when base addition to the anion occurs,
forming 5.4 (R=Ph). N-methylpicramide also forms 5.4 (R=Me)

at higher base concentrationsjB.

However, some results have been taken as evidence for
addition at C-1, e.g. in N-methylpicramide119 (5.5, R=H,
R/:Me). 2,4,6-Trinitroaniline-N-methylpropionamide is knogg’lgo
to form the C-1 adduct with methoxide ion: this complex is

stabilised by intramolecular hydrogen-bonding between the amide

N-H and an ortho nitro-group (5.6).
Me O

RR N OMe

Transient intermediates formed by addition at C-1 have
been observedzl’121 in reactions of picryl ethers with ali-
phatic amines. In the case of trinitroanisole and n-butyl-

51

amine”™, the C-3% adduct is formed faster than the C-1 complex,

which is the true intermediate in the substitution reaction.
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EXPERIMENTAL

The work described here concerns the 1:1 interactions
of a group of N-substituted picramides with sodium methoxide
in methanol. The results distinguish between amino-proton
loss and base addition at C-3, in accordance with Scheme 5.1.
This gives rise to equation (5.1) for the observed rate con-

stant, obtained as follows:

LK AN
5.1 Z¥Z——= S+ MO —= 5.2
fast k_5 -
_ [5.1]
K = TsTMeo]

[s]; = [s]+ [5.1] + [5.2]
= [s] + k[s][mMeo™] + [5.2]
= [s](1 + k[Me0™]) + [5.2]

(s -[5.2])

[s] = (1+x[mMe0™])
dCE-E*'—E-] - k5[8][Me0] - k_5[5.2]
_ ky[MeoTT (8] - [5.2]) - x_,l5.2] (1)

(1+K[Me0™] )
At equilibrium,

als.2] _ k;[Me0™] ( [s]; - [5.2]) - k_5l5.2], = 0 (ii)
dt (1+ K[Me0™])

Subtracting (ii) from (i):

als.2] _ kj[MeO_]([_E_.g}e ~[s5.2]) + k_5([5.2]  -[5.2])
at

(1+K[Me0™])

Kops = 1 af5.2]

([5.2], - [5.2]) dt

oleo] s
(14 [MeO~ ])




SCHEME 5.1

81
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Rate measurements were made by following changes in the
absorbance at a sultable wavelength, using the stopped-flow
spectrophotometer. In all cases, first-order conditions were
maintained, with the base concentration in large excess over
the substrate. The very fast processes were observed using
the Hartley T-jump apparatus, which has a heating time of
circa 2 us (see Chapter Two). For these tests, solutions
were made up to y = 0.2Mwith sodium perchlorate. T-jumps

of circa 7 deg.C were carried out.

Rate constants were calculated from equation (5.1), or
from the 'inversion plot' of equation (5.2). When K [Me0™] <<1,
then (5.1) simplifies to (5.3)

1 1 K

= r——m————c 4 —
TK_5) T iy [Me0] <

.2
(kobs (5 )

Kops = K [MeO™] + k_5 (5.3)

Values of Kwere calculated directly using equation (5.4),
from stopped-flow measurements of the OD after the completion
of the very rapid process. Equilibrium OD measurements at
the end of the 1l:1 interaction were made by either stopped-
flow or conventional spectrophotometry, and used to calculate
Kp the overall equilibrium constant (5.5), from equation (5.6).

[PicNR™] 0D

K= [PicNHR][Me0-] = T0OD_-0D,) [Me0 ] | (5.4)

where ODi OD after completion of the initial, fast colour-

fforming reaction,

il

oD OD after completion of the 1l:1 interactions.

e
il

T Ko+ X, (5.5)
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11 1 1 1
TOD-0D_) ~ Te,-e) Ky [SIMe0] © Ter-el) (5] (5.6)

T

where ODO 0D in the absence of base,

€, = extinction coefficient of the mixture of

1:1 complexes,

€y = extinction coefficient of the substrate,

[ SM]

stoichiometric concentration of the substrate.

Spectral shapes were determined using the SP8000 and

Beckman S-~-25 spectrophotometers.
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RESULTS AND DISCUSSION

1. Picramide

Previous lH n.m.r. measurementsz’33 in methanol-DMSO
indicate the formation of both 5.1 (R=H) and 5.2 (R=R’=H).
Increasing the concentration of sodium methoxide in methanol
in the range 0-1M is found to cause an increase in visible
absorption with Amax 400 nm. The spectral shape is inde-
pendent of the base concentration in this range (see Figure
5.1). Above 2.CM base, further spectral changes occur (see
Figure 5.2); a broad band attributed to 1:2 interaction
develops at ca. 480 nm, replacing that at 400 nm. Above
4.0M base, there is virtually no absorption above 350 nm.

This is consistent with 1:3 interaction.

Stopped-flow measurements at 400 nm showed two reactions.
The first was too fast to follow by this method, and was also
found to be faster than the heating time of the T-jump. It
is therefore attributed to amino-proton abstraction. Rate
constants for the slower process observable by stopped-flow

are shown in Table 5.1, and agree well with equations (5.1)

and (5.2). The calculated values of K3 and K give a value
for K, = 41 1 mol_l, compared with a value of 38 1 mo1™t
48

previously obtained from OD measurements.

Measurement of the 0D after completion of the very fast
process (Table 5.1) leads to a value of K = 8 Y59 mol-l,
in good agreement with that obtained from the kinetic measure-

ments.

There was some spectral evidence for a further reaction
above 2 Msodium methoxide (see Figure 5.2), which was not
investigated kinetically, because of the high base concen-

trations needed.
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FIGURE 5.1

Spectra recorded on the addition of sodium methoxide

b x 1072 M picramide in methanol at 25°C (1 em cells).
0.05 M NaOMe.
0.1 M NaOMe.
0.5 M NaOMe.

1.0 M NaOMe.
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FIGURE 5.1
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' FIGURE 5.2

Spectra recorded on the addition of sodium methoxide

to 4 x 107° M picramide in methanol at 25°C (1 em cells).
A. 2.0 M NaOMe.
B. 5.0 M NaOMe.

C. 4.5 M NaOMe.
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TABLE 5.1

Rate and equilibrium constants for the 1:1 reaction

of picramide with sodium methoxide in methanol at 2500.

[Me0™] & us Koale op ° op, © kd
M st s™? ° ’ 1 mo1t
0.002 6%.7 63.8 0.285 0.300 9.6
0.004 66.7 67.2 0.285 0.305 6.4
0.006 77.0 70.8 0.300 0.365 14.7
0.008 4.8 Th.2 0.300 0.365 11.1
0.010 76.9 T7. 4 0.295 0.370 10.73
0.02 92.1 92.2 0.205 0.335 5.6
0.03 108 105 0.290 0.415 6.2
0.04 117 116 0.195 0.310 4,2
0.05 128 126 0.295 0.520 7.2
a. Caleulated from equation (5.1), using ky = 1900 1 mol ™t
571, k5 =60 875K =91 mol™t
b. 0D due to the substrate alone, at 400 nm: corresponds

to an 'after mixing' concentration of 4 x lO_BDQin a
1 cm cell.
c. 0D at the completion of the very rapid reaction; i.e.

corresponding to amino-proton loss.

d. Calculated from equation (5.4), assuming e(5.1) = 2 X lOl’L

1 mol~t em™t. The mean value is K=8 % 31 mol—l°
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2. N-Methylpicramide

lH n.m.r. studies in methanol—DMSOj2’33 have shown that,

in reasonably dilute base solution, both 5.1 (R=Me) and 5.2
(R=Me, R'=H) are formed. Visible spectra obtained in methan-

59

olic sodium methoxide solution show evidence of several inter-
actions. Between O and 0.2 M base, a band at 410 nm and an
isosbestic point at 357 nm are observed, consistent with 1l:1
interaction. From 0.4 to 2.0 M, the band at 410 nm decreases,
and is replaced by one at 485 nm.. This is attributed to 1l:2
interaction. Above 2 M base, the visible absorption decreases

until there 1s virtually no absorption above 350 nm: this is

attributed to 1:3% interaction.

Stopped-flow measurements in solutions containing up
to 0.2 M sodium methoxide show two colour-forming processes
attributable to 1l:1 interaction. The first of these was
too fast for measurement by stopped-flow, and was shown by
T-jump to occur within the heating time of the instrument
(circa 2 ys). The slower of the two processes was followed
by stopped-flow spectrophotometry at 410 nm: the rate con-
stants, which are shown in Table 5.2, do not vary greatly
with base concentration, so values obtained from them are

likely to have fairly high uncertainties.

0D measurements at the end of the very fast process,

and at equilibrium, were made by stopped-flow at 410 and 480

nm (Table 5.3). These give values of K = 2012 1 mol—l, Kp =
3%io 1 mol_l, and hence K3 = 13%2 1 mo1l™ T, Extrapolation of
the observed rate constants (Table 5.2) to zero base concen-
tration gives k_5 = 2101 s_l, Combining this with K3 gives
a value of k, = K,k , = 280560 1 mol™ts™t,

> 5 =2
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TABLE 5.2

Rate constants for the 1:1 reaction of N-methyl-

picramide with sodium methoxide in methanol at 25OC.

[Meo™ ] Kobs Koale
M st st
0.004 22 22
0.006 23 22.5
0.010 25 25.5
0.02 26 25
0.03 28 26.5
0.0k - 28 27
0.06 29 28.5
0.08 30 50
0.10 30 50.5
0.15 31 31.5
0.20 31.5 32

a. Calculated from eqguation (5.1), using k., = 280

3
1 mol ™t s—l; K_j = 21 s_l; K = 20 1 mol™ T,
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TABLE 5.3

Equilibrium measurements for the 1l:1 reaction of N-
methylpicramide with sodium methoxide in methanol at 25OC.

(i) Measurements at 480 nm

[Meo™ ] op,*° op >*¢  xk®* K 8"
M 1 mol™t 1 mo17?

0 0.000 10.000 - -

0.004 0.035 0.040 21.1 31.3
0.006 0.045 0.055 18.5 30.1
0.010 0.075 0.090 20.0 33.3
0.02 0.125 0.140 19.2 31.8
0.03 0.175 0.185 21.2 35.2
0.0k 0.200 0.210 20.0 35.0
0.06 0.255 0.245 21.8 35.5
0.08 0.280 0.260 20.6 32.5
0.10 0.295 0.270 19.0 30.0
0.14 0.335 0.295 20.0 32.4
0.20 0.375 0.330 - -
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TABLE 5.3 (contd.)

(ii) Measurements at 410 nm

[Me0™ ] oD, > op °rd kK K8t
M 1 mo1™t 1 morTt

0 (0.225) (0.225) - -

0.004 0.047 0.094 22.9 38.1
0.006 0.069 0.119 23.4 33.6
0.010 0.088 0.167 18.6 30.8
0.02 0.184 0.304 24.5 374
0.03 0.239 0.387 24.8 39.9
0.04 0.260 0.423 21.7 36.8
0.06 0.328 0.495 23.6 38. 4
0.08 0.353 0.529 21.3 36.5
0.10 0.385 0.549 22.0 34,1
0.14 0.431 0.592 23.9 5.8
0.20 0.460 0.623 23.0 35.8

a. Measured by stopped-flow, after completion of the very
fast process; 4 x lO_SM substrate in a 1 cm cell.

b. A Benesi-Hildebrand=’ plot gives OD_ (complete conversion)
= 0.45, An inversion plot according to equation (5.6)
gives K = 19.6 1 mol™ T,

C. Measgured after completion of both 1:1 interactions;

b ox lO“BM substrate in a 1 cm cell.

d. 0D = 0.36. An inversion plot (equation 5.6) gives

Kp = 31.1 1 mol” 7.
e. Calculated from equation (5.4).
f. Mean K =20 ¥ 1 1 mo17t.
g. Calculated from
B (5.1, 5.2] 0D,

“r " Tsimeo ] (0D=0D,) [Me0"] (5.7)
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TABLE 5.3 (contd.)

Mean K, = 33 ¥ 21 mol L,

Corrected for absorption by unreacted substrate using

(5.8), with K= 20 1 mol”'. 0OD_= 0.56.

0D

oD* = 0D - (1+KLM:O']5 (5.8)

Corrected for absorption by unreacted substrate

using equation (5.8), with K, = 30 1 mol™t. oD = 0.71

Mean K = 23 T2 1 mol ', i
1

Mean KT =% ¥ 31 mol”
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3. N-iso-Propylpicramide

Two processes are observable by stopped-flow spectro-
photometry: the faster one is complete within the mixing
time of the instrument (ca. 2 ms) and produces a species with
Amax 435 nm. This is attributed to amino-proton abstraction.
The slower process is attributed to formation of the methoxide
ion adduct at C-3, with Amax ca. 405 nm. This interpretation
is in line with n.m.r. spectra obtained in 50% DMSO-methanol
(the charige of solvent is not expected to c¢hange the mode of
interaction8): see Chapter Six. The visible spectra, measured
point-by-point on the stopped-flow spectrophotometer, are

shown in Figure 5.3.

Rate measurements (Table 5.4) were made at 450 nm
(400 nm for some measurements at higher base concentration)
using the stopped-flow spectrophotometer. These results

give values of K = 5.5%0.5 1 mol_l; k3 = 450830 1 mol-ls_l;
1

k_, = 1671 s71, and nence k, = 28%3 1 mo1™t, K, = 33.5!3.5
=5 >

1 mol_l. 0D measurements were made after the very fast re-

action, and on completion of the 1:1 processes, using the

stopped-flow spectrophotometer at 450 nm (Table 5.5). These

lead to values of K = 3 1 mol™ ' and Kp = 30 1 mol_l, respect-

ively, giving K, = 27 1 mol_l° Further measurements of

)
the equilibrium OD at 474 nm, using the SP500 instrument

(Table 5.4), lead to a value of K., = %072 1 mol” .

T
Above 0.5M sodium methoxide, there was some evidence

of a further interaction, which was not investigated.

4, N-n-Butylpicramide

In dilute sodium methoxide solution, N-n-butylpicramide
gives a visible spectrum with Amax 405 nm. Use of the

stopped-flow spectrophotometer shows two processes; a very
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FIGURE 5.3

Spectra of the anion and adduct obtained from N-
isopropylpicramide and sodium methoxide in methanol at
25°C. 5 x 1072 M substrate and 0.5 M base in a 1 cm cell.

Spectra are corrected for absorption by unreacted substrate.
A. Spectrum of the substrate.

B. Spectrum attributed to the anion, 5.1 (R = iPr).

C. Spectrum attributed to the adduct, 5.2 (R = 'Pr, R’= H).
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Rate and equilibrium constants for the 1:1 reaction

of N-isopropylpicramide with sodium methoxide in methanol

at 2500.
[MeO™ ] K b IS op°
M <1 <1

0 - - 0.009
0.001 - - 0.021
0.002 16.8 16.9 _
0.004 18.4 17.8 0.047
0.008 19.5 19. 4 0.085
0.010 19.1 20.3 0.089
0.02 2%.1 24,1 0.140
0.04 30.6 30.8 0.206
0.08 42.1 41.0 0.264
0.10 46.6 45.0 0.280
0.20 61.0 58.9 0.320
0.30 69. 4 66.9 -
0.40 70.6 72.3 -

29
55
28
28
50
30
50
31

a. Measured by stopped-flow spectrophotometry, at 450

or 400 nm.

b. Calculated from equation (5.1), using k3 =
s_l; k-j = 16 s_l; K=5.51 mol™ L.
c. Measured at 474 nm, using the SP500. 4 x

substrate in a 1 cm cell. oD, = 0.37.

il

d. Calculated from equation (5.9), with 0D,

+ 1

OD_ = 0.37. Mean KT =30 = 2 1 mol~
(OD-0D_)
K - S
T =(0D-0D)[Me0~ ] (5.9)

450 1 mol~
1072 M

0.009;

1
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TABLE 5.5
Equilibrium constants for the 1l:1 reactions of N-

isopropylpicramide with sodium methoxide in methanol at 250C.

[(Me0™] op,* ODeb K ¢ }ch
M 1 mol™t 1 mol”t

0.002 0.015 0.045 (6.8) 33.8
0.004 0.015 0.070 3.4 27.3
0.006 0.015 0.095 2.3 25.7
0.008 0.020 0.110 2.3 22.9
0.010 0.040 0.165 3.7 30.7
0.04 0.095 0.390 2.3 30.5
0.06 0.160 0.475 2.8 33.7
0.08 0.085 0.415 (1.0) (17.6)
0.10 0.190 0.555 2.1 35.8
0.15 0.360 0.585 3.2 31.2
0.20 0.395 0.600 2.8 27.3
0.25 0. 460 0.645 2.8 (39.7)
0.30 0.505 0.635 2.8 28.2

a. Measured by stopped-flow spectrophotometry at 450 nm,
after completion of the very fast process, and corrected

for absorption by unreacted substrate using equation (5.8),

with K= 5 1 mol™%. 5 x 10”2 M substrate in a 1 cm cell.

Ob_ = 1.11.
b. Measured at 450 nm after completion of both 1:1 inter-

actions, and corrected for absorption by unreacted sub-
strate using equation (5.8), withI<T = 30 1 mol T,

5 x 107° M substrate in a 1 cm cell. OD_ = 0.71.

2.8%0.5 1 mo17",
1

c. Calculated from equation (5.4). Mean K -

i

d. Calculated from equation (5.7). Mean.K.T = 30%4 1 mol”
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fast colour formation (too fast to measure), and a slower
process. Rate measurements for the slower reaction, made

at 400 nm, are shown in Table 5.6. A plot of ko vs base

bs
concentration (not shown) gives an intercept of k_3 - 20%0.5

s_l. Using this value, an inversion plot according to equation
(5.2) is linear, giving K= 8.3%<1 1 mol-l; k3 = 440 1 mol-ls_l,
and hence K5 -~ 22 1 mol™t 1

Equilibrium OD measurements, after completion of the 1:1

,» Xp = 30.3 1 mol”

interactions, were made using the SP500 instrument, at 400,
405, and 410 nm (Vable 5.6). Use of equation (5.6) gives a
value of KT = 29f3 1 mol-l. OD measurements made at 470 nm
using the stopped-flow spectrophotometer, on completion of
the very fast process, and on completion of the 1l:1 inter-

actions (not shown) lead to values of K = 1216 1 mol_l,

Ky = 18%2 1 mol™", and Kq = 3028 1 mol™",

At higher base concentrations, further changes in the
spectrum occur (Figure 5.4). Below 0.5M sodium methoxide,
the spectrum shows a band at 405 nm, attributed to 1:1 inter-
action. Between 0.5 and 2.0M base, this decreases in inten-
sity, and is replaced by a band at 480 nm, attributable to
1:2 interaction between the substrate and base. Above 2.0M
base, this band also decreases in intensity, until there is
virtually no absorption above 350 nm. This is attributed
to 1:3% interaction. Because of the high base concentrations

involved, these processes were not investigated further.

5. N-tert-Butylpicramide

Use of the stopped-flow spectrophotometer shows that
the very fast colour-forming reaction occurs for this sub-
strate, as for the others, but it is of very low intensity

at all wavelengths (see Figure 5.5). This suggests that K,
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TABLE 5.6
Rate constants for the 1:1 reaction of N-n-butyl-
picramide with sodium methoxide in methanol at 2500.

a c Cc C

[MeO™ ] Kops k100 OD OD OD

M g™t st (400nm) (405nm) (410nm)
0 - - 0.116 0.120 0.123
0.002 21.7 20.9 - - -
0.004 21.7 21.7 - - -
0.006 22.% 22.5 - - -
0.008 24.3 23.3 - - -
0.010 24.9 24.0 0.208 0.217 0.219
0.014 25. 4 25.5 - - -
0.02 27. 4 27.5 - - -
0.03 30.9 30.5 0.300 0.314 0.318
0.04 34,9 3%.1 - - -
0.05 23.7 35.4 0.339 0.355 0.362
0.06 36.5 37.5 - - -
0.07 39.1 39.3 0.384 0.405 0.410
0.08 39.8 41.0 - - -
0.09 42,4 42,5 - - -
0.10 42.5 4%.8 0.415 0.433 0.438
0.15 - -~ 0.43%3% 0.457 0. 464
0.20 - - 0.458 0.479 0.481
0.30 - - 0.479 0.493 0.504
0.40 - - 0.477 0.495 0.501
a. Measured at 400 nm, using the stopped-flow spectrophotometer
b. Calculated from equation (5.1), using k3= 4o 1 mol'ls'l;

k5 =20 s"H K = 8.3 1 mo1Tt
c. Measured using the SP500 instrumeggé?{QE X lO-BQqub_
strate in a 1 cm cell. /é;ﬁgﬁiiiif

3OOUW%O>
SECTION
\\\hﬂﬁft//’

A T
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FIGURE 5.4

Spectra obtained on the addition of sodium methoxide
to 4 x 10_5 M N-n-butylpicramide in methanol at 2500
(1 em cell).
A, 0.5 M NaOMe.
B. 1.0 M NaOMe.
C. 2.0 M NaOMe.

D. 3.0 M NaOMe.

E. 4.5 M NaOMe.
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FIGURE 5.5

Spectra of the anion and adduct obtained from N-tert-
butylpicramide and sodium methoxide in methanol at 2500.
2 x 107° M substrate and 0.1 M sodium methoxide in a 1 cm
cell. The spectrum of the adduct is corrected for

absorption by unreacted substrate.
A, Spectrum of the substrate.
B. Spectrum attributed to the anion, 5.1 (R = tBu).

C. Spectrum attributed to the adduct, 5.2 (R = tBu, R’= H).
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for proton abstraction, is very small. In agreement with
this, a plot of kobq vs base concentration (not shown)is
linear; i.e. the rate data (Table 5.7) are fitted by equation

(5.3), with values of k,3 = 27of30 1 mol-ls_l, K _ 10-5t005

-3
-1 -1 . . 4o
s ~, and hence K3 =26 1 mol . It is estimated that a
: -1
value of K » 1 1 mol "would cause curvature in the plot of

kobs Vs base concentration, so this sets an upper 1limit on

the value of K,

Equilibrium OD measurements (Table 5.7) were made using
the SP500, and give a value of Ky, = 26 1 mol-l, thus confirm-
ing the very small value of K.,

lH n.m.r. measurements (see Chapter Six) show that the

two 1:1 interactions are amino-proton abstraction and C-3
adduct formation. The extent of amino-proton abstraction
decreases as the proportion of methanol in the solvent in-
creases: 1in 10% methanol-DMSO, 70% of the 1:1 interaction

is proton abstraction, compared with approximately 35% in

50% methanol-DMSO. This is in agreement with the very small

amount of proton-abstraction observed here, in pure methanol.

6. N-Phenylpicramide

In dilute base solution, this substrate undergoes a

single, very fast colour-forming reaction, which produces a

species with Amax 435 nm. A T-jump experiment with 10‘4

M
substrate, lO—BM base and 0.2 M sodium perchlorate in methanol
showed that this reaction is faster than the heating time of
the instrument, i.e. t% <2 us, so k>3 X lO5 s_l. Measure-
ment of the visible spectrum showed that 5> 90% of the sub-

strate is converted to the anion in a solution containing

10™2 M sodium methoxide. Thus, K 107 1 mol™Y. Ir Ky
is in the same range as those of the other substrates, i.e.

of the order of 10 1 mol—l, then addition of methoxide ion
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TABLE 5.7
Rate and equilibrium constants for the 1l:1 reaction of

N-tert-butylpicramide with sodium methoxide in methanol at 2500.

[Meo™ ] K pe kcalcb oD, ° KTd
M 5”1 st 1 mo1™t
0 - - 0.183 -
0.01 13.3 13.2 0.350 25.7
0.02 15.8 15.9 0.417 20.1
0.04 21.1 21:3 0.591 24.9
0.06 26.1 26.7 0.682 26.2
0.08 29.% 32.1 0.751 28.5
0.10 35.2 37.5 0.789 28.7
0.15 54,0 51.0 - -
0.20 70.5 64.5 0.925 -
0.25 80.7 78.0 - -
0.30 90.5 91.5 - -
0.40 - - 0.923 -

a. Measured by stopped-flow spectrophotometry at 400 nm.

1 -1

b. Calculated from equation (5.3), using k.=270 1 mol ~s —;

1

3

kK o = 10.5 s

-3
c. Meagured at 405 nm, using the SP500. 4 x 10—5 M

substrate in a 1 cm cell. OD(n= 1.00.

d. Calculated from equation (5.9), with OD_ = 0.183;

OD_ = 1.00. Mean K, =26 ¥ 31 mo1™ L.
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is not expected to be detectable. This is in agreement
with n.m.r. studies in methanol-DMSOBg’jj, which showed 5.1

(R = Ph) to be the only observable product of a 1l:1 reaction.

In base solutions above 2M, an absorption at 480 nm
appears (Figure 5.6), attributed to methoxide addition (5.4,
R = Ph). Above >M base, an absorption at 345 nm is observed,
attributed to 1:3 interaction. Because of the high base
concentrations needed, these reactions were not investigated

further.

7. N,N-Dimethylpicramide

Previous investigationsu8 have produced evidence of 1:1

Iy

and 1:2 interactions with sodium methoxide in methanol.
n.m.r. studies33 in methanol-DMS3S0 have shown that both com-

plexes are formed by addition at unsubstituted ring positions.

In accord with the absence of an amino proton, stopped-
flow measurements do not show a very fast colour-forming re-
action. Stopped-flow measurements of the observed fast pro-
cess were carried out both in the absence of added salt
(Table 5.8) and with = 0.4M using sodium perchlorate (Table
5.9). The rate constants in both cases show a linear de-
pendence on the base concentration, as expected (equation 5.3).
The two sets of results differ slightly, the presence of salt

causing an increase in k3 and a decrease in k with a con-

3!
sequent increase in K}'

A second, much slower, process was observable using the
stopped-flow, and is attributed to the formation of the 1:2
adduct, 5.8 (Scheme 5.2). The results (Table 5.10) are in

accord with equation (5.10) (derived as equation (4.8): see

Chapter Four).
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FIGURE 5.6

Spectra obtained on the addition of sodium methoxide
to 4 x 1072 M N-phenylpicramide in methanol at 25°%¢
(1 em cell).
A. 1.0 M NaOMe.

B. 2.0 M NaOMe.

C. 3.0 M NaOMe.
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TABLE 5.8
Rate and equilibrium constants for the 1:1 reaction of

N,N-dimethylpicramide with sodium methoxide in methanol at 2500.

[MeO_] kobsa kcalcb op® st
M 5”1 st 1 mol™t

0 - : - 0.008 -
0.02 38 35 0.055 3.6
0.04 4= 38 0.085 . |
0.06 40 4p G.125 3.3
0.08 b2 45 0.165 3.6
0.10 52 49 0.200 3.8
0.20 68 67 0.300 3.6
0.30 84 85 0.370 3.5
0.40 108 103 0.440 4,0

a. Measured by stopped-flow spectrophotometry at 470 nm.

b. Calculated from equation (5.3%), using k, = 180 1 mol™ 1

>
s_l; k_3 = 31 s—lg giving KB - 61 mol™t.

c. Measured by stopped-flow spectrophotometry at 470 nm,
after completion of the fast process.

0.008;

d. Calculated from equation (5.9), with ODS

1+

oD _= 0.7L. The mean value is KB =36 < 0.3 1 mol-l.
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TABLE 5.9

Rate constants for the 1:1 reaction of N,N-dimethyl-
picramide with sodium methoxide in methanol at 2500,

u= 0.4 M(NaClOA).

[ Meo™] kobsa kcalcb
M st s™?
0.02 27 27
0.04 27 31
0.06 37 36
0.08 39 40
0.10 29 U
0.20 64 65

A Measured by stopped-flow spectrophotometry at 470 nm.

b. Calculated from equation (5.3%), using k, = 210 1

>
-1 -1,

mol s k_5 = 23 S_l; giving Kj -9%21 mol_l.
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SCHEME 5.2
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TABLE 5.10

Rate constants for the 1:2 reaction of N,N-dimethyl-

picramide with sodium methoxide in methanol at 250C.

[Me0”] kobsa kcalcb KobsayC kcalcd
M st g1 st s~1
0.04 - - 0.20 0.22
0.06 0.39 0.35 0.26 0.24
0.08 0.3%5 0.38 0.31 0.27
0.10 0.38 0.41 0.31 0.29
0.20 0.56 0.63 0.46 0.46
0.50 0.86 0.88 0.58 0.64

0.40 1.35 1.15 - =

a. Measured by stopped-flow spectrophotometry at 410 nm.

b. Calculated from equation (5.10), using Kf =61 mol_l;
-1 -1 -1
k. = 1 mol s 73 K = 0. .
5 =2 Lmo .5 =028
c. p=0.4M, with sodium perchlorate.
d. Calculated from equation (5.10), using KB =91 mol-l;
kg =2 1 mol™t &7 ko = 0.2 8.
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2
k K _[Me0™]
K low = 73 _ t kg (5.10)
SL0 (1+K3[Meo D)
8. Comparison of Results

Rate and equilibrium constants are collected and

shown in Table 5.11,

Those substrates which contain an amino proton undergo
a very fast colour-~forming reaction. T-Jjump measurements
on picramide and its N-methyl and N-phenyl derivatives show
that this reaction is faster than the heating time of the
instrument (ca 2 ps). This i1s in accordance with the re-
action's being transfer of a proton from the amino group %o
a methoxide ion, a process of which the forward and reverse
rates are expected to be virtually diffusion—controlledlgg.
Rates of methoxide ion attack at ring carbon atoms are ex-

pected50,86,123,124

to be considerably slower than this.
Therefore, the very fast process is ascribed to amino-proton

abstraction.

The measurable process is assumed to be methoxide ion
addition, which could occur at either C-1 or C-3. A compar-
ison of the rate constants with those for related reactions
indicate that addition occurs at C-3. For example, the rate
constants for the formation and decomposition of the C-3 adduct
of 2,4,6-trinitroanisole with methoxide ion26 are 950 1 mol Ts™t
and 350 s 1 respectively, compared with 17.3% and 1072 respect-
ively for the C-1 adduct. Thus, the values obtained here are
closer to those expected for addition at an unsubstituted ring

position.

lH n.m.r. spectra also support the view that methoxide

addition occurs first at C-3% and then at C-5, e.g. in the



TABLE 5.11

Collected rate and equilibrium data for the reactions

of N-substituted picramides with sodium methoxide in

methanol at 25°C.

2 Kk K K
5 -3
1 mol ts™t 71 1 mol”
NH, 1900 60 9
NHMe 280 o1 20
NH' pr 450 16 5.5
NH"Bu 440 20 8.3
NE Bu 270 10.5 <1
NHPh - - > :I_O4
NMe,, 180 31 -
NMe2b 210 0% -
HC 7050 305 -
a. Substrates are regarded
b uo=0.4M (NaCl0,).

C. Reference 30.

K /K

0.22
0.60
0.16
0.27
T 0.02

“ 1.0

as 1-X-2,4,6-trinitrobenzenes.
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reaction of trinitrocanisole with methoxide ion in methanol-

DMSO52’35’125 (see also Chapter Six).

Thus, the major 1:1 interactions of picramide and 1its
N-substituted derivatives are taken to be as in Scheme 5.1.
This may be compared with the reaction of trinitrotoluene

126

with methoxide ion , in which both addition at C-3 and

proton abstraction (from -CH,) occur.

3

The values of K, for amino-proton abstraction, decrease
in the order Me>nBu>in>tBu; This can be understéod in
terms of differences in the inductive effect of the alkyl
groups. Steric interaction between the alkyl group and the
ortho nitro group may alsoc be important. The maximum charge
delocalisation in anions of structure 5.l is achieved when the
=N-R group is coplanar with the aromatic ring. The effect
of the size of the alkyl group on the stability of 51 could
well be related to the degree of difficulty encountered in
achieving planarity. The high value of K whén R = Ph is
due to the delocalisation over two aromatic rings of the
negative charge in the anion. Ground-state stabilisation
of the substrates arises from resonance with 5.9. The loss
of this stabilisation on forming the anion could be the cause
of the relatively low value of K found for picramide itself.

The extent of such ground-state stabilisation may well be

less in the case of N-alkyl picramides.
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The values of K,, for formation of the methoxide adduct

5

at C-3, are of a similar magnitude to that for 1l,3,5-trinitro-

benzene50 (Table 5.11), while the values of k

and k are
) -5
about an order of magnitude smaller than those for trinitro-
benzene. The similarity in the values of K5 indicates that

the (substituted) amino group does not exert a substantial
electronic effect at the position of attack. The smaller
value of K3 found for dimethylpicramide may be due to a re-
duction in the ability of the 2- and 6-nitro groups to deloc-
alise negative charge when they are twisted ouf of the ring
plane by steric interference from the dimethylamine group127.

The stability of complexes containing an amino proton may

be increased by intramolecular hydrogen bonding, 5.10.

The ratio K/KT gives the fraction of substrate ionising
by proton loss: the two processes are fairly well balanced
in all cases. '~ The ratios for picramide and N-methylpicramide

23,41

agree well with those determined by n.m.r. in methanol-
DMSO. These ratios are expected to depend upon the solvent
composition; increasing the concentration of methanol should

ffavour the formation of the methoxide adduct.

The spectra of the adducts (Table 5.12) show that the
anions formed by proton abstraction (5.1) absorb at about
440 nm, while the 1:1 adducts, 5.2, absorb near 400 nm.
Increasing the base concentration produces an absorption near
480 nm, at the expense of those at shorter wavelengths. By
comparison with n.m.r. datagj’ql, this is probably due to
formation of the 1:2 adduct, 5.4. At high base concentrations
(>2M), there 1s little absorption above 350 nm. This change

ISYS Ve
is believed to be due to a 1:% species, 5.11150’1“).

Values of the rate and equilibrium constants for the
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TABLE 5.12

Absorption maxima of species produced from N-

substituted picramides with sodium methoxide in methanol

at 25°C.
Xa )‘max
nm
5.1 5.2 1:2 1:3
NH, ~ 450 400 480 ~340_
NHMe “410 485 <350
NHPr 435 ~ 405
NH'Bu 405 480 <350
NHBu 400
NHPh 435 - 480 345
NMe - ~ 390

2

a. Substrates are regarded as léX—2,4,6—tfinitrobenzenes.
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reaction of dimethylpicramide with methoxide ion and with

hydroxide ion (see Chapter Four) are compared in Table 5.13.

Both nucleophiles form the first adduct by addition at
C-3%, and the second by addition at C-5. In neither case is
there any evidence for addition at C-1. This agrees with

40,41

. 1
evidence from H n.m.r. spectra

That the rates of formation and decomposition of the
complexes are higher with methoxide ion than with hydroxide
ion is in agreement with previous results for a variety of

50,150 and mixed38’113’131

substrates obtained in both pure
solvents. The observed rate order for base addition may

be partly due to the high degree of solvation of hydroxide
ion by waterlEg, which recuces its reactivity. The observed
rate order for complex decomposition may be due to intra-
molecular hydrogen-bonding in the complexjo, 5.12, holding

the hydroxide ion more firmly than expected. A similar

mechanism could operate in the 1:2 adduct, e.g. 5.13.

NMe

2
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TABLE 5.1%

Rate and equilibrium constants for the reaction of
N,N-dimethylpicramide with sodium hydroxide in water and

with sodium methoxide in methanol at 25°C.

HO™ MeO
u_lv_l laO - O»Ll'
-1 -1

ky 1 molls 3.6 180 210
-1

k.5 S 0.19 31 2%

| -1

Ky 1 mol 21 6 9

ke 1 mol”tg™t 1.0 3.0 2.0
-1

kg s 0.001 0.% 0.2

Kg 1 mol ™+ 10~ 10 10
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CHAPTER SIX

THE INTERACTION OF N-SUBSTITUTED 2,4,6-
TRINITROANILINES WITH BASES IN

DIMETHYLSULPHOXIDE~METHANOL MIXTURES
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INTRODUCTION

Proton magnetic resonance spectroscopy 1is a very
useful technique for determining the structures of ¢-

8’105. Probable 1:1 interactions of N-substituted

adducts
picramides with nucleophiles are amino-proton abstraction
to form the conjugate base, é;l’ and formation of the g-
adduct at C-3, 6.2. IH n.m.r. spectra for the reaction of
picramide, N-methylpicramide and N,N-dimethylpicramide with
sodium methoxide in DMSO indicate that both 6.1 and §Lg are
formed from the first two, and 6.2 from the lastgj’jj’al.

Reactions of aliphatic amines with picryl etherszl’121

give
rise to adducts at C-1, 6.3. Addition of hydroxylamine to

N-methylpicramide has also been r'epor'ted119 as producing the

C-1 adduct.

Amide adducts at C-H have been obtained from trinitro-

25

benzene with primary and secondary aliphatic amines in DMSOl .
Catalysts are required for the formation of trinitrobenzene

adducts with aromatic amines; for example, the adduct with

134

aniline can be formed from the methoxide adduct s or directly

from trinitrobenzene in the presence of Dabco or triethyl-

135

amine Spin-coupling has been observed134 between the

amino-proton and the adjacent ring-proton in the trinitro-
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benzene-aniline complexXx. 1:1 and 1:2 adducts of picramide
and N,N-dimethylpicramide with amide ion in liquid ammonia

have been found?” to result from addition at C-H.

The work described in this chapter is a lH n.m.r. study
of the reactions of some trinitroaromatic compounds with sodium

methoxide, piperidine and benzylamine in DM30-methanol mixtures.
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EXPERIMENTAL

1 .
H n.m.r. measurements were made at 60 MHz on a Varian

A56/60 instrument, and at 90 MHz on a Brucker HX9OE instrument
modified for F.T. operation, and using a deuterium lock.
All shift measurements are quoted relative to internal

tetramethylsilane.

Reaction solutions were made up using weighed amounts
of substrate, the appropriate volume of concentrated bvase
solution being added by éyringe immediately before running

the spectrum.
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RESULTS AND DISCUSSION

1. Reactions with Sodium Methoxide in DMSO-Methanol Solutions

(a) N-Isopropylpicramide in 50% dg-DMSO-methanol

Chemical shift data are shown in Table 6.1. The
ring proton resonance in column (a) shows a gradual pro-
gression from §8.96 in the substrate, to 68.33 above one
equivalent of base. This time-averaged signal is indicative
of rapid exchange between the two species, suggesting that
the process involved 1is transfer of the amino-proton to
methoxide ion, forming the conjugate base, 6.1 (R = iPr).

In contrast, the resonances listed in columns (b) and (c¢)
show no such progression with increasing base concentration,
indicating that the species concerned is in slow equilibrium
with the substrate. The resonance in column (c¢) is shifted
strongly upfield from the aromatic ring-proton position,
indicating a change of hybridisation at this carbon atom.
That in column (b), however, remains in the region expected
for an aromatic ring-proton. These resonances suggest the
formation of the C-3% adduct, 6.2,that in column (c) corres-

ponding to the proton at the position of addition.

The relative intensities of the resonances (not shown)
indicate that 6.1 and 6.2 are formed in roughly equal concen-
trations. This is supported by the calculated values of
the chemical shift of the ring proton in the conjugate base
(Table 6.3), which are in good agreement with the observed
values, when calculated assuming 50% base addition. This

30 that, in 83% DMSO-methanol,

contrasts with the findingl
virtually all of the 1l:1 reaction is amino-proton abstraction,

forming the conjugate base, 6.1.
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TABLE 6.1

Chemical shift data for the reaction of N-iso-

propylpicramide with sodium methoxide in 50% d6—DMSO—

methanol. 0.2 M substrate; measured at 90 MHz.
[Me0™]/[5] s (ring) s (Tpr)
(a) (b) (c) (d) (e) (f)

0 8.96 - - 1.28(d) - -

0.2 8.91 - - 1.23(d) - .

0.5 8.76 8.50 6.20 1.26(d) 1.15(d) l.k4(d)
0.7 8.60 8.52 6.25 - 1.12(d) 1.38(4)
1.0 8.33 8.56 6.23 1.02(4) 1.15(4) 1.39(4)
1.5 8.33 8.56 6.21 1.04(d) 1.11(4d) 1.39(d)
2.0 8.33 8.56 6.16  1.03(4) 1.12(4) 1.35(4)

a. Ring-proton resonance in the substrate and conjugate

base, 6.1.
b. Resonance of ring-proton H, (spQC) in the C-3 adduct, 6.2
c. Resonance of ring-proton Hg (spjc) in the C-3 adduct, 6.2
d. Resonance of the N-alkyl group in the substrate and
conjugate base, 6.1 (doublets).
e, . Resonances of the N-alkyl group in the C-3 adduct,

6.2 (doublets).
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The isopropyl group gives rise to two resonances in
the C-3 adduct, indicéting that the two methyl groups are
non-equivalent, and hence that rotation about the ring-

carbon to nitrogen bond is restricted.

(b) N-tert-Butylpicramide in 50% dg-DMSO-methanol

Chemical shift data are shown in Table 6.2. The
resonances listed in column (a) are very similar to those
for N-isopropylpicramide (above), and show a similar pro-
gression. These are attributed to formation of the con-

tBu), by amino-proton abstraction,

jugate base, 6.1 (R =
as above. The resonances in columns (b) and (c¢) are
fairly static, as before, and are assigned to the C-3
adduct, 6.2 (R = tBu), that in column (c¢) being due to

the proton at the point of addition.

The relative intensities of the signals (not shown)
suggest that ca 75% of the interaction occurs by base
addition. Calculation of the ring-proton resonance
(Table 6.3%) indicates a value of approximately 55% base

addition.

Separate bands are observed for the amino-proton of
the substrate and adduct. The chemical shift of the amino-
proton in the adduct suggests that it is hydrogen-bonded

to the adjacent nitro-group.
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TABLE 6.2

Chemical shift data for the reaction of N-tert-

butylpicramide with sodium methoxide in 50% d6-DMSO-

methanol. 0.2 M substrate; measured at S0 MHz.
[Meo™]/[s] s (ring) 5 (*Bu) 5 (NH)
(a) (b) (c) (d) (e) (f)
0 8.96 - - 1.33 - 7.88
0.2 8.91 8.44 6.19 1.33 - -
0.5 8.81 8.47(a) 6.23(d) 1.30 1.45 10.8
0.7 8.64 8.43(d) 6.24(d) 1.29 1.45 10.9
1.0 8.37 8.51(4) 6.26(4) 1.20 1.45 -
1.5 8.24  8.50(d) 6.26(4d) 1.17 1.46 -
2.0 8.24 8.51(a) 6.25(d) 1.17 1.45 -

a. Ring-proton resonance in the substrate and conjugate
base, 6.1.

b. Resonance of ring-proton Ha (SpQC) in the C-3% adduct,
6.2 (doublets).

c. Resonance of ring-proton Hy, (spzc) in the C~3 adduct,
6.2 (doublets).

d. Resonance of the N-alkyl group in the substrate and
conjugate base, 6.1.

e. Resonance of the N-alkyl group in the C-3 adduct, 6.2.

f. Resonance of the amino-proton in the substrate (6 7.88)
and in the C-3 adduct ( 610.9) (hydrogen-bonded to the

ortho nitro-group).
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TABLE 6.3

Calculated chemical shifts of the ring-proton in the

rapid exchange between the substrate and the conjugate base.

[Me0™] /[5] picNH Py PicNH Bu
a a
5 Sealc 5 Scalce
substrate 8.96 - 8.96 -
0.2 8.91 8.89 8.91 8.89
0.5 8.76 8.75 8.81 8.75
0.7 8.60 8.62 8.64 8.63
1.0 8.33 - - 8.37 8.37
conjugate
base 8.33 - 8.24 -

a. Calculated from equation (6.1), assuming 50% proton

"abstraction for PicNHiPr and 45% for PicNHtBu.
Scale = 65 B féé;;_;géofN (6.1)
N
where §q = chemical shift in the substrate,
6b = chemical shift in the conjugate base,
f. = (% proton abstraction) x (mole fraction of base).

N
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The ring-proton resonances of the adduct, é;g, are
doublets, due to spin-coupling between the two non-equivalent
protons. However, the ring-proton resonance in the conjugate
base, é;;, is a sharp singlet, indicating that the two ring-
protons are maghetically equivalent. Thus, there must be
rapid rotation about the ring-carbon to nitrdgen bond in the
conjugate base, é;l. In agreement with this is the single

resonance found for the tert-butyl group in 6.1.

(c) N-tert-Butylpicramide in 90% d-DMSO-methanol

Chemical shift data are shown in Table 6.4. In this
case, there is no rapid exchange between the substrate and
its conjugate base, so separate resonances are seen for the
ring-protons in the two species. The C-3% adduct shows two
coupled resonances (columns (c¢) and (d)), as before, emphasising
the non-equivalence of the protons at C-3 (the point of

5

addition, and hence sp” hybridised) and at C-5 (an aromatic,
sp2 position). This is in contrast with the equivalence of
the ring-protons in the conjugate base, 6.1, which give rise

to a single resonance (column (b)).

Consideration of the relative intensities of the signals
(not shown) suggest that ca 70% of the 1:1 interaction occurs
by amino-proton abstraction, compared with 25-45% in 50% DMSO-
methanol. Thus, formation of the adduct 1s favoured by a
higher proportion of methanol in the solvent. This can be
understood from equation (6.2), which shows that the conjugate
base, 6.1, and the adduct, 6.2, differ from each other by one

molecule of methanol.

PiecNR + MeOH ——— PicNHR'OMe (6.2)
S .
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Ring-proton resonance in the substrate.

Ring-proton resonance in the conjugate base, 6.1.

Resonance of ring-proton H, (spgc) in the C-3 adduct,

6.2 (doublets).

Resonance of ring-proton Hy (sp

6.2 (doublets).

3

¢) in

Resonance of ring-proton H_ (spgc) in

6.4 (the conjugate base of 6.2).

Resonance of ring-proton Hy (spBC) in

adduct, 6.4.

Resonance

Resonance

Resonance

Resonance

Resonance

Resonance

of

of

of

of

of

of

the

the

the

the

the

the

N-alkyl group in
N-alkyl group in
N-alkyl group in

N-alkyl group in

the

the

the

the

the C-3 adduct,

the ionised adduct,
the ionised
substrate.

conjugate base, 6.1.

C-3% adduct, 6.2.

ionised adduct, 6.4.

amino-proton in the substrate.

amino-proton in the C=3 adduct, 6.2.
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The alkyl groups in the conjugate base, adduct and
ionised adduct each give rise to single resonances, indic-
ating that the three methyl groups in the tert-butyl group

are equivalent, as expected.

The amino-protons of the substrate and adduct give
resonances separate from those of the hydroxylic proton of
the solvent. This suggests that the equilibria between
the adduct, substrate and conjugate base are slow. The
position of the amino-proton resonance of the adduct indicates
that the amino-proton is hydrogen-bonded to the adjacent

nitro-group.

At higher base concentrations, the Hb ring-proton
resonance of the C-3 adduct undergoes a shift to higher field,
while that of Ha is virtually unchanged. Because the change
in chemical shift 1s small, and no new resonances appear,
this is attributed to removal of the amino-proton from the

C-3 adduct, forming the "ionised adduct", 6.4.

(d) Comparison of results

Chemical shift data for the various species are listed

in Table 6.5. The data are consistent with Scheme 6.1.

The results provide evidence for addition at C-3 and
aminc-proton abstraction, but not addition at C-1. Formation
of the C-3 adduct is indicated by the large shift to high
field shown by the resonance of one ring proton: this is
consistent with a change of hybridisation from sp2 to spj.

If the other interaction were addition at C-1, then the N-
alkyl resonance would be expected to change much more than
it does. The time-averaged signal for the ring-proton, due

to rapid exchange between the substrate and the product also
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TABLE 6.5

Chemical shifts for the reactions of N-isopropyl- and
N-tert-butylpicramides with sodium methoxide in d6-DMSO—

methanol (measured at 90 MHz).

PicNHiPr PicNHtBu
DMSO-MeOH (Vv/V) 50/50 50/50 90/10
substrate
ring-proton 8.96 8.96 8.91
N-alkyl 1.28(d) 1.3% 1.30
N-H - - 7.86 7.68
conjugate base, 6.1
ring-proton 8.33 8.24 8.18
N~alkyl l.O5(d) 1.17 1.15
C-3 adduct, 6.2
ring-proton H, (spgc) 8.55 8.50(4d) 8.45(4d)
ring-proton Hg (SpBC) 6.23 6.25(d) 6.20(d)
N-alkyl 1.16(4) 1.45 1.40
N-H - 10.85 10.65

[6.1]:(6.2] 45:55 35:65 70:30
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supports proton transfer, as base addition would be a slow

136 that

process on the n.m.r. timescale. The observation
the reactions of N-methylpicramide with methoxide and iso-
propoxide ions produce identical spectra provides further

evidence for the removal of the amino-proton. Base addition

at C-1 would be expected to give quite different spectra.

Base addition is favoured over proton abstraction in
50% DMSO-methanol for both substrates, but to a slightly
greater degree in the case of tert-butylpicramide. Thilis may
be due to the bulky alkyl group hindering methoxide (or
methanol) attack on the amino-proton. The slow intercon-
version of the substrate and its conjugate base in 90% DMSO-
methanol can also be explained in this way. The observation
that proton abstraction is favoured in solvents containing a
smaller proportion of methanol can be explained in terms of
equation (6.2) (above): the conjugate base, 6.1, and adduct,

6.2, differ from each other by one molecule of methanol.

2. Reactions with Piperidine and Sodium Methoxide in
90% (v,/V) DMSO-Methanol

Sodium methoxide was used to form piperidide ions
(equation 6.3), which produced sharper spectra than were

obtained using piperidine only.
PipNH + MeO  —— pipN + MeOH (6.3)
—

(a) N-Isopropylpicramide

Chemical shift data are shown in Table 6.6. The addition
of piperidine to solutions containing a 1l:1 ratio of substrate
to methoxide ion causes new resonances to appear, at the
expense of those due to the conjugate base of the substrate,
é;l. These new resonances are ascribed to the C-3 piperidide

adduct, 6.5 (Scheme 6.2).
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TABLE 6.6

Chemical shift data for the reaction of N-iso-

propylpicramide with piperidine and sodium methoxide

in 90% DMSO-methanol. 0.2 M substrate; measured at
60 MHz.
[s]:[Me0™]:[am] § (ring) G(iPrO')

(a) (b) (c) (da) (e)
1:1:0 8.22, 8.52 - - 0.98(a) -
1:1:0.5 8.15, 8.52 8.63 5.68 1.00(d) 1.2(m)
1:1:1 - 8.65 5.75 - 1.3(m)
1:1.5:1 - 8.75 5.60 - 1.3%(m)
1:2:1 - 8.78 5.55 - 1.3(m)
1:2:2 - 8.77 5.53 - 1.4(m)

a. Ring-proton resonances in the conjugate base, Q;l.
b. Resonance of ring-proton H_ (spgc) in the amide adduct, 6.5.
c. Resonance of ring-proton Hy (spjc) in the amide adduct, 6.5.
d. Resonance of the N-alkyl group in the conjugate base,

6.1 (doublets).
e. Resonance of the N-alkyl group in the amide adduct,

6.5 (multiplets).
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The chemical shift of Hy (Spjc) is ca §5.7, similar
to those found155 for amine adducts of trinitrobenzene, but
distinct from the value of ca §6.2 found for methoxide

adducts (Table 6.5).

The ring-protons in the conjugate base, 6.1, are not
equivalent, because of slow rotation about the ring-carbon

fo nitrogen bond, and so produce two separate signals.

The isopropyl resonance in the conjugate base is a
doublet (J ~6Hz), due to spin-coupling between the methyl
groups and the central C-H. In the amine adduct, Q;Q,the
alkyl resonance is a multiplet, indicating that the methyl
groups are no longer equivalent. This suggests that rotation
about the ring-carbon to nitrogen bond is restricted in the

C-3% adduct.

As the proportion of methoxide and/or piperidine is
raised, the resonance at § 8.6 moves to lower field and that
at § 5.7 to higher field, indicating that a'further reaction
is occurring. From the relatively small shifts, and the
fact that no new resonances appear, this seems to be removal
of the amino-~proton, forming the conjugate base of the adduct,
é;é- The 1:2 reaction with piperidide ion could also result
in the formation of the 1l:2 adduct,_QLZ, (ef. the reaction
of picramide and N,N-dimethylpicramide with amide jon in
53>

ligquid ammonia , but no evidence for this was found under

the conditions used.
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(b) N-tert-Butylpicramide

Chemical shift data are shown in Table 6.7. The
addition of piperidine causes new resonances to appear, due
to the formation of the C-3 adduct, 6.5. As the amount of
base is increased, the separation between the ring-proton
resonances increases slightly, but no new signals appear:
this is again ascribed to ionisation of the adduct, 6.5, to

form 6.6.

(¢) Comparison of results

The major 1l:1 interaction of piperidide ion with these
substrates is formation of the adduct at C-3. Similar
results have been obtained136 for N-methyl- and N,N-dimethyl-
picramide. The 1:2 reaction seems to result in amino-proton
abstraction to form §;§, rather than formation of the 1:2
adduct, Q;Z. However, both methoxide ion énd piperidine
are 1in excess over the substrate, so there are several com-

peting equilibria to be taken into account (6.4-6.6):

pipNH + Me0T —— pipN  + MeOH (6.3)
A S
PicNHR-Npip + MeO  —— PicNR-Npip + MeOH (6.4)
—

P- .N . - + 3 - . gt . . - . .
ieNHR*Npip pipN —— Pic¢cNR*Npip + pipNH (6.5)
, , - . - . . N2~

B —_— .
PicNHR*Npip + pipN PicNHR (Nplp)2 (6.6)

The reaction observed will depend upon the relative magnitudes

of the equilibrium constants for these processes.

3. Reactions with Bengzylamine and Sodium Methoxide in
ca. 80% (Vv/Vv) DMSO-Methanol

As in the reacftfions with piperidine, use of sodium
methoxide to generate the benzylamide ion resulted in sharper

spectra.



142

TABLE 6.7

Chemical shift data for the reaction of N-tert-
butylpicramide with piperidine and sodium methoxide in

90% DMSO-methanol. 0.2 M substrate; measured at 60 MHz.

[s]:[Me0”]:[am] ¢ (ring) s (*Bu)
(a) (b) (c) (d) (e)
1:1:0 8.33 - - 1.17 -
1:1:0.5 8.25 8.53 - 1.15 1.40
1:1:1 - 8.60 5.78 - 1.33
1:1.5:1 - 8.62 5.65 - 1.37
1:2:1 - 8.67 5.63 - 1.35
1:2:2 - 8.63 5.60 - 1.35

a. Ring-proton resonance in the conjugate base, 6.1.

b. Resonance of ring-proton H_ (spgc) in the amide adduct, 6.5.

c. Resonance of ring-proton Hy (spBC) in the amide adduct, 6.5.
d. Resonance of the N-alkyl group in the conjugate base, 6.1.

e. Resonance of the N-alkyl group in the amide adduct, 6.5.
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(a) 1,3,5-Trinitrobenzene

Chemical shift data are shown in Table 6.8. The
spectra indicate the formation of benzylamide complexes
by addition at C-H. In the absence of methoxide ion, the
signals are rather broad. Ring-proton resonances are ob-
served corresponding to amine addition at C-H, that at higher
field (due to the proton at the point of attack) being of
half the intensity of the signal at lower field (due to the
two rémaining "aromatic'" protons). The benzylamine ring
and -CH,- resonances are those for the "free" amine, since
the amine is present in large excess. As the concentration
of benzylamine is increased, the proportion present in the

protonated form, arising from equilibrium (6.7), decreases,

‘and so the amino-proton resonance moves upfield.

» = TNB-NHR + RNH5+ (6.7)

Wnen methoxide ion is the only nucleophile present,

TNB + 2RNH

the C-3 adduct, 6.9 (X = H), is formed. Addition of benzyl-
amine to a 1l:1 mixture of trinitrobenzene and methoxide pro-
duces a mixture of the two adducts, 6.8 and 6.9. Conversion
to the benzylamine adduct is not complete when the reactants
are present in a 1l:1:1 ratio, so the equilibria for the two
complex formations (Scheme 6.3%) must be quite closely bal-

anced in the solvent system used.

In the amine adduct, the ring-proton at the position
of addition (Hb) is a doublet ( J= SHz). When deuterated
amine is used (Table 6.8(ii)), this splitting is no longer
observed. Similarly, the (bound) amine - CH, - signal is
a doublet (J = 7Hz), but becomes a singlet when deuterated
amine is used. The line separations of both these signals

are independent of the field strength, as shown by measure-
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Resonance of
adduct, 6.8.
Resonance of
adduct, 6.8.
Resonance of
adduct, 6.9.
Resonance of
adduct, 6.9.
Resonance of
Resonance of
Resonanée of
Resonance of

Amino-proton

145

TABLE 6.8 (contd.)

ring-protons H, (spgc) in the amine
ring-proton Hy (spBC) in the amine
ring-protons H_ (spgc) in the methoxide
ring-proton Hy (spBC) in the methoxide
the Ph group in the free amine.

the Ph group in the bound amine in 6.8.
the -CHQ— group in the free amine.

the -CH,- group in the bound amine in 6.8.

resonance.
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ments at 60 MHz (not shown) and at 90 MHz (Table 6.8).
Thus, these splittings are due to spin-coupling with the
amino-proton in the adduct, 6.8. This has previously been
observed134 in the trinitrobenzene-aniline o -complex, and
suggests that exchange of the amino-proton in §;§ is slow,
perhaps because of hydrogen-bonding to the adjacent nitro-

group (6.10).

(b) Picramide

Chemical shift data are listed in Table 6.9. The
spectra provide clear evidence for the formation of an adduct
by amine addition at C-3%, both in the presence and in the
absence of sodium methoxide. When both bases are present,
formation of the amine adduct, §;§, is favoured over that
of the methoxide adduct, QLQ. With only methoxide present,
there is no evidence of amino-proton abstraction: C-3 adduct
formation is the only interaction observed. In this case,
there is no evidence for spin-coupling of the benzylamine

amino-proton with the adjacent ring or methylene protons.

(¢) N-Methylpicramide

Chemical shiit data are listed in Table 6.10. The

position in the absence of sodium methoxide 1s not very clear,
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TABLE 6.9 (contd.)

Resonance of ring-proton Ha (spgc) in the amine
adduct, 6.8.

Resonance of ring-proton H (spjc) in the amine

b
adduct, 6.8.

Resonance of ring-proton H, (spgc) in the methoxide
adduct, 6.9.

Resonance of ring-proton Hy (SPBC) in the methoxide
adduct, 6.9.

"Exchangeable" H: amino-protons of substrate and

amine, and hydroxylic proton of methanol (broad signal).
Resonance of the Ph group in the free amine.

Resonance of the Ph group in the bound amine in §;§.
Resonance of the -CH,- group in the free amine.

2

Resonance of the -CH,- group in the bound amine in 6.8.
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TABLE 6.10 (contd.)

Resonance of ring-proton H, (spgc) in the amine
adduct, 6.8.

Resonance of ring-proton Hb (spjc) in the amine
adduct, 6.8.

Resonance of ring-proton Hy (spjc) in the methoxide
adduct, 6.9.

Ring-proton resonances in the conjugate base, é;l.
Resonance of the N-alkyl group in the C-3 adduct,
6.8 or 6.9.

Resonance of the N-alkyl group in the conjugate
base, 6.1.

"Exchangeable" H: amino-protons of the substrate
and amine, and hydroxylic proton of methanol.
Resonance of the Ph group in the free amine.
Resonance of the Ph group in the bound amine in §;§'
Resonance of the —CHE' group in the free amine.

Resonance of the -CH2— group in the bound amine

in 6.8.
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as the spectra were broad and rather weak. However, it

is not unreasonable to assume that the amine forms the C-3
adduct, as with the other substrates. When methoxide is
present alone, it produces both the conjugate base, é;l’

and the C-3 adduct, é;g. When both methoxide ion and benzyl-
amine are present, both adducts and the conjugate base are

f ormed (Scheme 6.4).

The signals observed for the proton at the point of
addition and the methylene group in the amine adduet, §;§,
are doublets. That this 1s due to spin-coupling with the
amino-proton of the benzylamine is shown by the fact that
the corresponding signzls are singlets when deuterated amine

is used.

(d) N-tert-Butylpicramide

Chemical shift data are shown in Table 6.11. In the
absence of methoxide ion, benzylamine forms the C-3 adduct:
only one of the ring-protons could be seen, the resonance
of that at the site of addition being submerged under the
broad amino-proton signal. Methoxide ionvcauses both amino-
proton abstraction and addition at C-3. When both nucleo-
philes are present, all three species (two.C—ﬁ adducts and
the conjugate base of the substrate) are formed. As the
benzylamine concentration is raised, the conjugate base
becomes undetectable, and the amount of methoxide adduct is
reduced in favour of the amine adduct. However, even with
a five-fold excess of amine, the methoxide adduct is stilil
detectable. The ring-profon at the position of addition in
fthe amine adduct gives rise to a doublet, presumably due to
spin-coupling with the adjacent amino-proton. A signal at

§ 11.0 is attributed to the.amino-proton of the tert-butylamine
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TABLE 6.11 (contd.)

2C) in the amine

Resonance of ring-proton H, {sp
adduct, 6.8.

Resonance of ring-proton Hb (spBC) in the amine
adduct, 6.8.

Resonance of ring-proton Ha (spgc) in the methoxide
adduct, 6.9.

Resonance of ring-proton Hy (spBC) in the methoxide
adduct, 6.9.

Ring proton resonance in the conjugate base, §;l.

Resonance of the N-alkyl group in the C-3% adduct,
6.8 or 6.9.

Resonance of the N-alkyl group in the conjugate
base,.é;;.

"Exchangeable" H: amino-protons of the substrate

and amine, and hydroxylic proton of methanol.

Resonance of (substrate) amino-proton in the C-3 adduct,
hydrogen-bonded to the ortho nitro-group.

Resonance of the Ph group in the free amine.

Resonance of the Ph group in the bound amine inlé;ﬁ.
Resonance of the -CH.- group in the free amine.

2

Resonance of the -CH,- group in the bound amine

2
in 6.8.
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group in the C-3 adduct. This is probably hydrogen-bonded
to the adjacent ortho nitro-group, and so will not undergo

rapid exchange with other acidic protons in the system.

(e) N,N-Dimethylpicramide

Chemical shift data are listed in Table 6.12. The
spectra in the absence of methoxide ion are broad, but suggest
that benzylamine forms an adduct at C-3. When both benzyl-
amine and methoxide ion are present, both of the C-3 adducts,
6.8 and 6.9, are formed. There is some evidehce of spin-
coupling between the amino-proton of the benzylamine and the
ring-proton at C-3%, the site of addition. A signal which
moves to higher field as the amine concentration is increased,
in The absence of methoxide ion, 1is attributed to the amino-
protons of the benzylamine. The upfield shift is due to the
decreasing proportion of amine present in the protonated form

(equilibrium 6.7).

(f) Comparison of results

Chemical shift data for the various species are listed
in Table 6.13. The results are in accord with Scheme 6.4
(above), the relative amounts of each species depending upon
the system considered. When only benzylamine is used, the
spectra are broad. The addition of sodium methoxide sharpens
the spectra, but causes complications by producing the conjugate
base of the substrate, 6.1, where this is possible, and the
methoxide adduct at C-3. In each system used, benzylamine
forms the adduct at C-3, i.e. at an unsubstituted ring position.
Spin-coupling of the amino-proton of the benzylamine with the
ring-proton at the site of addition, and with the methylene

protons of the benzylamine, is observed. Similar coupling
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Resonance

of

adduct, 6.8.

Resonance

of

adduct, 6.8.

Resonance

of

adduct, 6.9.

Resonance

of

adduct, 6.9.

Resonance

of

6.8 or 6.9.

Resonance

Resonance

Resonance

Resonance

Resonance

of

of

of

of

of

TABLE 6.12 (contd.)

ring-proton H_ (spgc) in the amine

ring-proton Hy (spEC) in the amine

ring-proton Ha (sp=C

2c)
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in the methoxide

ring-proton Hy (spjc) in the methoxide

the

the
the
the
the

the

N-alkyl group in the C-3 adduct,

Ph group in the free amine.

Ph group in the bound amine in
_CHE- group in the free amine.
-CHy- group in the bound amine

amino-proton in the free amine.

in 6.8.



TABLE 6.13%

159

Chemical shifts of the benzvlamide adducts, 6.8.

X ring-protons
| Ha Hba
H 8.37 5.73
NH2 8.50 5.71
: NHMe 8.41 5.71
NH'Bu  8.35 5.77
NMe., 8. 44 5.74

a. Signals are doublets,

b. Signals are doublets,

N-alkyl

2.90
1.43

2.80

J = BHz.

J = THz.

~ N NN

benzylamide
Ph -CH2-b
<17 5.50
.15 3.38
.21 3.55
.24 3.63
.22 3.61
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has been obser'vedlj4 in the trinitrobenzene-anilide adduct.

It suggests that exchange of the aminc-proton in the adduct,

6.8, is slow. This may be due to hydrogen-bonding with an

adjacent nitro-group (6.10, above).
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CHAPTER SEVEN

THE INTERACTION OF 1,35,5-TRINITROBENZENE
WITH SOME PRIMARY AND SECONDARY

ALTPHATIC AMINES IN DIMETHYLSULPHOXIDE
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INTRODUCTION

Kinetic studies of the reactions of activated aromatic
substrates with aliphatic amines have provided some of the
most important evidence in support of the intermediate
complex mechanism of nucleophilic aromatic substitution3’13’137.
The reactions are often subject to base catalysis (especially
[

when the substrate contains a poor leaving group' ), which

occurs in the second stage of the reaction shown in Scheme

7 13,1044 ~ - -

The base-catalysed step, kj[B], may involve rate-
limiting proton-transfer from the zwitterion, 7.l; a rapid
equilibrium between 7.1 and the deprotonated adduct, followed
by rate-determining, general acid catalysed removal of the
leaving group (the specific base - genefal acid, SB-GA,
mechanism); or concerted expulsion of H and the leaving
13

group Rate-limiting proton-transfer is generally believed

fo hold in protic solvents, and the SB-GA mechanism in aprotic
solvents52. The uncatalysed step, kg, probably inveclves
intramolecular proton transfer from the amino-nitrogen atom
to the leaving group, via a hydrogen-bond which may or may

15

not involve a solvent molecule

The work reported in this chapter is a study of the
reactions of trinitrobenzene with aliphatic amines in DMSO0.

The formation of o¢-adducts in such reactions is well estab-
1isheal?2:138,

The probable mechanism is shown in Scheme 7.2. Results

139

obtained in 10% dioxan-water > were interpreted on the
assumption that proton transfer between 7.2 and 7.3 is fast

compared with the formation of 7.2. Further results in 10%
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SCHEME 7.1
4 E_L:L,_;
+RR NH P
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SCHEME 7.2

_NO

+RR’NH




165

dioxan-water and in 3%0% DMSO—waterlqO, however, have shown

that proton-transfer may be rate-limiting. Rate-limiting

proton-transfer has also been demonstrated in spiro-complex

141,142,143

fformation , and in the formation of the trinitro-

benzene-aniline o-complex in DMSO, in the presence of Dabco

(1,4-diazabicyclo- 2,2,2 -octane),98

The results in this chapter show that proton-transfer is
kinetically significant in DMSO, and allow a comparison to be
made 6f the effects of the solvents (dioxan-water, DMSO-water,
DMSO) on the reaction. The results obtainéd for the bulky
secondary amines, diethylamine and di-isopropylamine, indicate

that there are significant steric effects on proton-transfer

in DMSO.
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EXPERIMENTAL

The reaction between i,j,S-trinitrobenzene and a variety
of primary and secondary aliphatic amines in DMSO was studied
by stopped-flow spectrophotometry. Spectra of relatively
stable species were obtained using the Unicam SP8000 spectro-
photometer, and some equilibrium 0D measurements were made
on the SP500 instrument. Reaction rates and equilibria were
measured in the presence and absence of salt (tetraethyl-
ammonium perchlorate or chloride) and Dabco. The reverse -
rate was studied by forming the complex; and then monitoring
its decomposition in the presence of the appropriate amine

perchlorate or hydrochloride.
The results are interpreted in terms of Scheme 7.2 (above).

Step 1 involves direct attack by a molecule of amine on
trinitrobenzene. Step 3, proton removal from 7.2, can be
effected by the amine, A, an added base, B (such as Dabco),
or the solvent, S. Correspondingly, the species which may
protonate 7.5 in the reverse step, -3, are the protonated
amine, AH+, the protonated base, BH+, or the protonated

solvent, SH+.
vy = G [a] + iglB] + i) [7.2] | (7.1)
Vg = (outlAET] o [BET] + g [s']) [7.3] (7.2)

Assuming that there is no appreciable build-up in concentration

of 7.2, 1.e. treating 7.2 as a steady-state intermediate,

alz.3] _w [owsllalv, v gk [7.2]

(7.3)
dt (k_j[Z:2]+V3) (k_ [T:2]+V3)
_ ke (o] (AT (e, (Al + e [BI+ k)
(k_l + kA[A] + kB[B] + kS)
_ ke q (kg [AEY Dyt [BHY] wieg [ sut]) [ 7302 (7.1)

(k_q+k, [AT+ kg[Bl+ k) ([AH']+[BH']+[sH'])
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The overall process for complex formation can be written
as (7.5), where B may or may not be the amine:
k

TNB + A + B —Is 7.3 4+ Bt (7.5)
— 7.3

Ky

All experimental measurements were made with A and B
in excess over the substrate, giving an experimental rate law

of the form

Calz.3]l 1 ey 0
v = At =k, [mB] - r,[7.@] (7.6)
dt
where klf = first-order forward rate constant,
k2 = second-order reverse rate constant.

r

Equation (7.6) can be integrated by standard methodsll7,

giving (7.7).

[rve] | [7.3], + [7.3) (Imml ) - [7.3], )
[TNB], ([1:2]¢ - [1:2])

(elmm]  -[7.3] ) klft

[7.3],

in

(7.7)

where o denctes initial concentration,

e denotes equilibrium concentration.

In most cases, the reaction was > 95% complete, so that
[7.3]6 JTNB]O, giving (7.8); i.e. a normal first-order plot

was linear.

|
~

1n [Lgﬂe =kt (7.8)
([Zlé]e - [ZLZ])

Comparing equations (7.4) and (7.6, and using equations

(7.9) and (7.10) gives equations (7.11) and (7.12).

K.+ = [B] [su']

BH g (7.9)
Kot = i?%é%%il (7.10)
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1 k. [al(k, [a) + x_ [B] + ko)
(i_l T ﬁA[A] T EB[B] T ES) (7.11)

2 k_y (kAH+ KBH+[A] + kBH+KAH+[B] + KoK Kyt )

Tk_| + k,[A] *kg[B] + Kg) (Kgyt (A] *Kpt(B] *Kptkpyt) (7.12)

When the forward reaction is measured with the amine as
the only base present, (7.11) gives (7.13), which can be
written as (7.14).

ot - k, [A] (k, [A] + kg) (7.13)
(k_{ + k,[A] + kg) ‘ '

1
K2 = Bp _ kg (g[A] + ko) (7.14)

(A]

(k_l + kA[A] + kS)

At sufficiently low amine concentration, k_; + kS> kA[A],

giving (7.15).

(7.15)

k2f = Ky (kA[A] + kS)
(k_l + kS)

In this case, a plot of kgf versus the amine concentration

has an intercept klks/(k_l + ks)= K kg, assuming that k_j > kg.
If kg is negligible compared with kA[A], then (7.14) becomes
(7.16), which, when inverted, gives (7.17).
kgf - i&kA[i]k T (7.16)
-1 T X [A]
K
= =t = (7.17)
K f KlkA[AJ 1

If a base, B, is added such that it is in excess over
fhe amine, A, then, assuming that B is a better catalyst of
the reaction than A, i.e. that kB[B]>>kA[A], equation (7.11)

becomes (7.18) which, on inversion, gives (7.19).
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2 = kykplB] (7.18)
Zk_l + kB[B])

k

1 -1 1
= + (7.19)
k2f klkB [B] kl
Alternatively, when kB[B] + kA[A] + kS>>k_l, the observed
rate reaches a limit, giving kgf = kl

The fading reaction was measured under 'buffered' conditions,
with A and the protonated base in excess over the substrate.
Thus, the reaction (7.5) is first-order in both the forward

117 show that the

and reverse directions. Standard methods
approach to equilibrium is first-order, with an observed rate

constant given by (7.20).

1
kops = Ko+ klr (7.20)
From equation (7.4),
-alz.z] _ —klf[TNB] + klr [7.3] (7.21)

at

When the amine is the only base present, from equation (7.3),

~al7.3] _ -k, [TNB] [A] (k, [A] + k)
at Tk, T K [A] ¥ Kg)
.k (et LAHY ]+ ke [s7]) [7.3] (7.22)

(K-l M kA[A] + ks)

L kg [AJ0k, [A] +kg) + k_y (epppr AR ] ke Tsi™])
(k_l + kA[A] + k)

(7.23)

S

The first term in equation (7.23%) can be compared with
the rate of the colour-forming reaction. Thus, (7.23) can
be written as (7.24), or, assuming the solvent contribution

to be negligible, (7.25).
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' + +
koés - klf 4 oy Oy (A7) 4 kg[S ]) (7.24)
(k_l + kA[A] + kST
+
=t KKt AR (7.25)

(k_l + kA[A])

Rearranging equation (7.25) gives (7.26), which, on inversion,

gives (7.27).

1 1
(Kopg = KTp) - kg Iyt (7.26)
C ] [CREERNCD
s s -
LMl = A, A - (7.27)
(Kops = K7p) k_y Kapt AR

The overall equilibrium constant for complex formation,

Keq’ is given by equation (7.28).

eq [2.2)[ae ] (7.28)
[TNB] [A] 2

At equilibrium, Vf =V_, i.e.

r
k k, [TNB][A]° = k_;k, +[7.3]0as"] (7.29)
Thus,
Keq = K1k - KKy (7.30)
k-lkAH+ KAH+

where Ka = acid dissociation constant of 7.2,

for the reaction 7.2 —> 7.3 + H',

KAH+ = acid dissociation constant of the protonated

amine, AH —> A + HT.
=
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RESULTS AND DISCUSSION

1. Primary Amines

(a) Isopropylamine

Addition of isopropylamine to trinitrobenzene in
DMSO produces a deep red species with X 450, 528 nm. Rate

and equilibrium measurements were made at 450 nm.

Rate constants for the forward reaction in the

absence of added salts are given in Table T7.1. A plot of

k2f vs [A] is curved with an intercept K, kg <1000 1 mol ts™L.

An inversion plot according to equation (7.17) gives values

of ky = 7.94 x 10° 1 mol'ls'l, and k,/k_, = 402 1 mol™t
(Kyk, = 3.2 x 10% 12 mo172s71)

that virtually complete conversion to the complex is achieved

. The measured 0D values show

over the amine concentration range used.

Rate constants for the forward reaction with ,= 0.1 M
(using tetraethylammonium perchlorate) are in Table 7.2. An

inversion plot (equation 7.17) gives ky = 7.14 x 10° 1 mol-ls_l,

and kA/k_l = 400 1 molt (Kik, = 2.9 x 106 1° mol_2s_l)

s Showing
that there is a negligible salt effect. Again, virtually
complete conversion to complex is achieved over the range of

amine concentrations used.

Rate constants for the reaction catalysed by Dabco

are given in Table 7.3. A plot of ko, vs [B] reaches a limit

f
at k; = 9.3 x 10° 1 mol ts™t. An inversion plot (equation
7.19) gives values of kl = 9.4 x lO3 1 mol—ls_l, and kB/k:_l =851
mol_l. Thus, kA/kB =5, i.e. the amine 1s approximately five

fimes as effective a catalyst as is Dabco.

The reverse reaction was studied using isopropyl-

ammonium perchlorate. The results are shown in Table 7.4.
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TABLE 7.1

Rate constants for the reaction of trinitrobenzene

with isopropylamine in DMSO at 25OC.

[A] op? k', 10722, 10t /AP,

M st 1 mo1™ts™t s mo117t
0.001 0.023 2.29 2.29 4,37
0.0015 0.024 341 2.9k 3. 40
0.002 0.024 8.07 4. 04 2.148
0.003 0.025 12.8 h,o7 2.34
0.004 0.025 21.2 5.30 1.89
0.006 0.025 35.0 5.8% 171
0.008 0.025 49.9 6.24 1.60
0.010 0.025 62.% 6.23 1.61

a. Measured by stopped-flow spectrophotometry at 450 nm,

after completion of the colour-forming process.

5 x 107° M substrate in a 2 mm cell.
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TABLE 7.2

Rate constants for the reaction of trinitrobenzene

with isopropylamine in DMSO at 25°C, u = 0.1 M (Et,NC10,).

raj op? K 10777, 104/k2f

M 571 1 mol st s mo1 17t
0.001 0.019 1.99 1.99 5.03
00015 0.021 4. 48 2.99 3.3%
0.002 0.023 6.%% 3.17 3.16
0.003% 0.024 12.1 4.0% 2.48
0.004 0.024 18.9 4. 7% 2.12
0.006 0.024 29.2 4,87 2.05
0.008 0.024 43,3 5.41 1.85
0.010 0.024 58.7 5.87 1.70

a. Measured by stopped-flow at 450 nm, after completion
of the colour-forming process. Hh X 10_6 M substrate

in a 2 mm cell.
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TABLE 7.3

Rate constants for the reaction between trinitrobenzene

and isopropylamine in DMSO at 2500, in the presence of Dabco.

[8]2 klf 10‘3k2f 10’4/1&2f
M s™? 1 mo1”ts™? s mol 174
0 6.01 3.01 3.33
0.05 15.5 7.75 1.29
0.1 16.6 8.30 1.20
0.2 18.5 9.25 1.08
0.3 18.5 9.25 1.08
0.4 18.3 9.15 1.09
0.5 18.5 9.25 1.08

a. 2 x 1077 M amine throughout.
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TABLE 7.4

Rate and equilibrium constants for the fading reaction
between the trinitrobenzene-isopropylamine complex and
isopropylammonium perchlorate in DMSO at 2500, p= Q.1 M

(Et,NC10,), 1077 M amine.

+ a,b a,c d 1 1l e
(an™] 0D, opS Keq Kops k.,
M 1 mol—lri s7t 573
5 x 10'4 0.022 0.005 147 6.73 4,7
1 x 1072 0.024 0.004 199 11.5 9.5
2 x 1072 0.023 0.003 299  20.9 18.9
3 x 1070 0.023 0.002 283  32.8 30.8
4 x 107° 0.023 0.002 377 43,5 41.5
5x 1070  0.023 0.001 230  53.2 51.2

a. Measured by stopped-flow at 450 nm. 5 x 10-6 M

substrate in a 2 mm cell.

k. 0D of the complex before starting the fading process.

C. 0D after completion of the fading reaction.

d. Calculated using equation (7.28); the mean value is
K,y = 250 % 80 1 mo1” L,

e. kWb okl kb where k1. = 2.0 571 (see Table T7.2).

T obs £ f
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A plot of kir vs [AH'] gives Koikagt/(x_; + k,[A]) = 1.02 x 10"

1 mol ts™t, Using kA/k_l = 400 1 mol™t (above) allows the

calculation of k, + = 1.43 x 104 1 mo1”ts7L, Substituting

AH

the values of k kA/k_l and k,.,+ obtained here into equation

1’ AH
(7.30) gives Keq = 200 1 mol_l, compared with a value of Keq =
1

250 1 mol ~ obtained from OD measurements (Table 7.4).'

(b) n-Butylamine

Measurement of the visible spectrum produced by the
addition of n-butylamine to trinitrobenzene in DMSO shows that
a species with Amax 450, 534 nm is formed. Rate and equili-

brium measurements were made at 450 nm.

Rate constants for the forward reaction in the
absence of added salt are given in Table 7.5. As can be
seen from the 0D measurements, complete conversion to complex
is achieved above 5 x 10_4 M amine. Accordingly, rate con-
stants for the three amine concentrations below this were
calculated using equation (7.7). the remainder being obtained

from first-order plots.

A plot of k2f vs [A] is curved, with an intercept
K k. <1000 1 mol T~ . A reciprocal plot according to
equation (7.17) gives values of k, = 5.6 x lO4 1 mol_ls-l,
and kA/k_l = 890 1 mol-l, and hence Kk, = 5.0 x 107 12 mo17°g™1
Because of the very low amine concentrations used,
the 0D values are held to be unreliable. An estimate of the
overall equilibrium constant was obtained using the 'half-
conversion' method, in which equation (7.28) becomes
.3] TNB
Keq ~ Lz - [mBl, (7.31)

[A]° 2[a]°

It

stoichiometric concentration of trinitrobenzene

5 x 107° M.

where [TNB]
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TABLE 7.5

Rate constants for the reaction between trinitro-

benzene and n-butylamine in DMSO at 25°C.

[A] op? ke 10'4k2f 104/k2f
M st 1 mol™ts7h s mol 171
1 x 10‘4 0.01% 0.48 0.48 2.08

> x 107" 0.018 1.73 0.87 1.16
3 X 107% 0.019 .3.30 1.10 0.91

5 % 107%  o0.021 9.38 1.88 0.53

7 % 107%  0.021 15.2 2.17 0.46

1 x 1072  0.024  25.4 2.54 0.39

2 x 1007 0.022  65.4 3.27 0.31

3 x 1070  0.021 121 4.03 0.25

4 x 1072 0.023 165 4.1% 0.24

5 x 1077 0.022 177 3.54 0.28

6 x 1077  0.024 253 i, 20 0.24

7 x 1070 0.023 280 1,00 0.25

1 x 1002 0.023 307 3.07 0.33

a. Measured by stopped-flow spectrophotometry at 450 nm

after completion of the colour-forming process.

6

5 x 10~ M substrate in a 2 mm cell.



178

A plot of OD vs [A] (not shown) indicates that half-conversion

occurs at 5 x 107° M amine, leading to a value of K, = 10° 1
-1
mol .

Rate constants for the forward reaction in the
presence of added Dabco are given in Table 7.6. An inversion

plot according to equation (7.19) gives values of k, = 4.5 x

10% 1 mo1™ %™t and kp/k_, = 440 1 mol™l.  The former is in

good agreement with the value obtained in the absence of
added salts (above), while the latter indicates that-the
amine is more effective than Dabco in removing the amino-

proton from 7.2 : kA/kB =D,

Rate constants for the reverse reaction were obtained
at a variety of amine concentrations, using n-butylammonium
chloride, and are shown in Table T7.7(i). An inversion plot

according to equation (7.27) of the data for 0.002 M salt

gives values of ky.+ = 5.1 x 1O4 1 mol-ls_l, and kA/k_l =
730 1 mol™ T, The latter is in reasonable agreement with
the value obtained from the forward reaction in the absence

of added salts (above).

Rate measurements with varying salt concentrations
4 1 -1

(Table 7.7(ii)) give a value of Kt /AHY = 1.8 x 107 1 mol™ s,
r

Combining this with k,/k ; = 730 1 mol™! (above) in equation

4 1.-1

(7.25) yields a value of k =5.1 x 10 1 mol ~s ~, as above.

+
AH
OD measurements in the same series (not shown) give an estim-

ated value of K . = 1.1 X 10° 1 mol™*t.

Combining the values of k., kA/k_l, and k,.+ in

equation (7.30) gives a value of Ko = 970 1 mol_l, in good

q
agreement with those above.



179

TABLE 7.6

Rate constants for the reaction between trinitrobenzene

and n-butylamine in the presence of Dabco, in DMSO at 2500.

[B]2 Kt 107 10% /42,
M st 1 mo1"ts™t s mol 171
0 7.38 1.148 0.68
0.001 10.2 2.0k 0.49
0.005 15.5 3.10 0.32
0.01 18.2 3.64 0.27
0.03 22.0 3,10 0.23
0.05 21.3 4,26 0.23
0.1 22.0 4. 140 0.23
0.2 21.1 3,22 0.24
0.3 23.5 4.70 0.21
0.4 26.7 5.3k 0.19
0.5 31.3 6.26 0.16

a. 5 x 107" M amine throughout.
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TABLE 7.7

Rate constants for the fading reaction between the
trinitrobenzene-n-butylamine complex and n-butylammonium

chloride in DMSO at 25°C.

[A] [ar'] Ky kp & 10°0aet] /g
M M st st s mol 177
(1) 1 x 107" 0.01 308 - 307 - 3.3 -
5 X 107" 0.01 225 215 4.7
1 x 1074 0.002 95.9 95.4 2.1
> x 1074 0.002 91.8 90 2.2
b x 107" 0.002 87.2 81 2.5
5 x 107" 0.002 87.5 78 2.6
6 x 107" 0.002 84.2 72 2.8
5 x 107" 0.004 148 139 2.9
5 x 107" 0.006 214 203 3.0
5 X 107" 0.008 228 219 3.7
5 X 107" 0.010 229 220 4.5
(11)0.0025 0 85 - -
0.0025 0.0025 135 50 5.0
0.0025 0.0050 169 84 6.0
0.0025 0.0075 216 131 5.7
a. klr = kibs - klf, where klf is the measured rate

constant for the forward reaction at the appropriate

amine concentration (see Table 7.5) .
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(¢c) Benzylamine

Addition of benzylamine to a solution of trinitro-

benzene in DMSO produces a red species with Amax 450, 534 nm.

All kinetic and equilibrium measurements were made at 450 nm.

Rate measurements for the forward reaction in the

2
f

against amine concentration is curved, with a maximum intercept

of K.k, <1000 1 mol_ls-l. An inversion plot according to

1%g
equation (7.17) gives values of k. = 9.1 x 10° 1 mol ts™%, and

1
6 ,2 —23—1)

absence of added salts are shown in Table 7.8. A plot of k

=2,0 x 107 17 mol o

_ -1
ky/k_y =224 1 mol™" (Kik,

The equilibrium OD measurements (Table 7.8) indicate
that virtually complete conversion to complex is achieved

over the range of amine concentrations studied.

In the presence of 0.1 M Et4NClO4 (Table 7.9), the

degree of conversion to complex is unchanged, but values of

Ky = 1.1 x 107 1 mo1~ts™L, ana k/k_y = 142 1 mol™t (K k, =

1 A
6 .2 2 —l)

1.56 x 107 1° mol “s are obtained.

Rate measurements in the presence of Dabco are

given in Table 7.10. An inversion plot according to equation

4 1 -1

(7.19) gives values of k, = 1.47 x 10" 1 mol "s ~, in reason-

1

able agreement with those obtained above, and kB/k_l =61 1
-1

mol . Thus, kA/kB =2-4, i.e. the amine is more effective

than Dabco in catalysing proton abstraction from 7.2.

Adding benzylammonium perchlorate to a solution of
the complex allows the reverse process to be observed: results
are given in Table 7.11. A plot of klr against the salt

concentration gives a value of k_lkAH+/(k_l + kA[A]) = 1.39 x

10" 1 mo17s™Y, leading to Kyt = 1.6 x 10% 1 mo1"ts™t,  use

of equation (7.30) gives a calculated value of Keq = 98 1 mol”

1

s



TABLE 7.8

benzene and benzylamine in DMSO at 2500.

[A]

M

o o o o o o o

.001
.002
.00k
. 006
.008
.010

.010

a
e

0D

.022
.023
.023
.024
. 024

.025

o O o o o o o

023

‘._l

5.
16.
31.
49.
6.
61.

~N O N O N

-3 2
10 “k £

1 mol ts™?

1.68
 2.83
4,07
5.27
6.21
6.49
6.17
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Rate constants for the reaction between trinitro-

b, 2
107/k"

s mol 1°%

5.95
3.5%
2.45
1.90
1.61
1.54
1.62

Measured by stopped-flow at 450 nm, after completion

of the colour-forming process.

in a 2 mm cell.

5 x 10'6

M substrate
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TABLE 7.9

Rate constants for the reaction between trinitrobenzene

and benzylamine in DMSO at 25°C, wu= 0.1 M (Et,NC10,,).

[a] op? Kt 1077 10% /2,
M st 1 mo1” st s mo1 17t
0.001 0.022 1. 44 1. 44 6.94
0.001 0.022 1.38 1,38 7.25
0.002 0.023 4.60 2.30 4,35
0.004 0.025 16.0 1.00 2.50
0.006 0.025 31.6 5.27 1.90
0.008 0.025 49.1 6.14 1.63

a. Measured by stopped-flow at 450 nm, after completion
6

of the colour-forming process. 5 x 10~ M substrate

in a 2 mm cell.
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TABLE 7.10

Rate constants for the reaction between trinitro-

bénzene and benzylamine in the presence of Dabco, in DMSO

at 25°C.

[B]2 Kt 107 %%, 104/k2f
M st 1 mo1 ts™? s mol 174
0 5.66 2.8% 3.53
0.005 9. 45 4.73 2.12
0.01 12.1 6.05 1.65
0.02 15.6 7.80 1.28
0.03 19.5 9.75 1.03
0.0k 21.4 10.7 0.93
0.05 23.9 12.0 0.84
0.06 23.1 11.6 0.87
0.07 24.5 12.3 0.82
0.08 25.5 12.8 0.79
0.09 26.3 13. 4 0.75
0.10 28.5 14.3 0.70
0.15 29.3 14.7 0.68
0.20 30.8 15.4 0.65
0.25 30.6 15.% 0.65

a. 2 x 1077 M amine throughout.
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TABLE 7.11

Rate and equilibrium constants for the fading reaction

between the trinitrobenzene-benzylamine complex and benzyl-

ammonium perchlorate in DMSO at 250C, u=0.1M (EtuNClO4),

10™° M amine.

a b c 1 1l ad

+
[an*) oD% op® Keq Koo k™
M 1 mo1™? st st
1 x 1074 0.022 0.011 99 2,96 1.5
3 x 10'4 0.023 0.006 105 5.35 3.9
5 x 1o'4 0.021 0.004 117 8.3%6 6.9
7 x 10‘4 0.024 0.003 100 10.7 9.3
1 x 102  0.021 0.003% - 15.1 13.7
2 x 1077 0.022 0.002 - 27.8 26. 4
3 x 1072 - - - 41.2 39.8
4 x 107°  0.024  0.001 - 55.9 54,5
5 x 1077 - - - 72.8 71.4
a. 0D of the complex before fading: 5 X 10_6 M substrate
in a 2 mm cell.
b. OD after completion of the fading reaction.
c. Calculated using equation (7.28); the mean value
is 105 ¥ 8 1 mo171L.
1 1 1 1 -1
d. k™, = K yo - K p, where k', = 1.4 s (see Table 7.9).



186

compared with Keq = 105 1 mol"l obtained from 0D measure-

ments (Table 7.11).

2. Secondary Amines

(a) Piperidine

The complex produced from trinitrobenzene and
piperidine has A . 446, 524 nm. Rate and equilibrium

measurements were made at 445 nm.

Equilibrium optical-density measurements (Table.
7.12) were made on the SP500 spectrophotometer, and used to
calculate Keq from equation (7.28). The value of Keq appears
to increase with increasing piperidine hydrochloride concen-
tration. Over the range studied, the mean value is (4.3 t 0.9)

x 107 1 mo1~l.

Rate constants in the absence of added salts are
shown in Table 7.13. OD measurements indicate that cona'
version to complex is virtually complete over the range of
amine concentrations used. A plot of k2f against the amine

concentration is linear, indicating that k . 1s the dominant

1
term in the denominator. Thus, the intercept gives an
estimate of K ks = 100 1 mol_ls_l, and the slopegives Kk, =
6.0 x 10° 12 mol s 1, The absence of curvature allows the

estimation of a value of kA/k as follows: at 0.0l M amine

-1
(near the top of the concentration range used), a reduction
of 10% in the observed rate constant would cause a marked
deviation from the straight line plot. Thus,

ep (1] L

(k_l + kA[ATj’ 10 ~°

giving kA[A:I < 0.1
ko1

and hence kA/k_l <10 1 mol™ 4

L ana k> 6 x 107 1 mol”ts™ L,
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TABLE 7.12

Equilibrium measurements for the reaction between
trinitrobenzene and piperidine in DMSO at 25°C, w= 0.1 M

(EtaNClO4) in the presence of piperidine hydrochloride.

N [an"] op? 10‘5K2q

M M 1 mo1™t

0.001 0.01 0.160 3.79

0.002 0.01 0.521 3,12

0.003 0.01 0. 427 3.08

0.002 0.02 0.249 3.77

0.003 0.02 0.377 4,13

0.002 0.05 0.168 5.11

0.004 0.05 0.360 5.10

0.004 0.10 0.270 5.43%

0.006 0.10 0.3%63 4,63

0.008 0.10 0.445 5.09

a. 0D after completion of the colour-forming process.
2 x 107° M substrate in a 1 cm cell.

b. Calculated using equation (7.28); the mean value is

(4.3 ¥ 0.9) x 10° 1 mo1 T,



benzene and piperidine in DMSO at 250C,

TABLE 7.13
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Rate constants for the reaction between trinitro-

.002
. 002
.003
. 004
.005
.006
.007
.008
.009
.010
.011

0D

.022
.023
.02%
.024
.024
.023
.02%
024
.023

.023

o O O o o o o o o o o

.023

0.024

22.
30.
38.
47.
58.
72.

[asR O ) B A O B AV B @

.52
b7
-55
-5l

O 00 0 = N

0.

1

e

(O S S RV R G Y

Measured by stopped-flow at 445 nm,

of the colour-forming process.

in a 2 mm cell.

5

10”2k

f
1 -1

1 mol "s

52

24
.28
.84
.78
.22
.68
-39
.76
.51
.88
. 60

after completion

x 107° M substrate
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Rate constants obtained in the presence of added
Dabco are given in Table 7.14. A plot of k2f against the

concentration of Dabco is a straight line, with slope KlkB =

-2

1.2 x 10° 1° mol™®s™% (giving kp/l_y <2 1 mol™ 1), and inter-

N 3 -1 -1 2
cept Klks =2x107 1 mol ~s . (k £

amine concentration, as expected if k-l is the dominant term

in the denominator). Comparing the values of KlkA and

is independent of the

KlkB’

removal from 7.2 than is Dabco.

kA/kB =5, so piperidine is a better catalyst for proton

The reverse reaction was carried out using piperidine
hydrochloride, both with and without control of the ionic

strength. The results are shown in Table 7.15. A plot of

1 + . .
k™, Vs [AH"] for the first set (no Et,NC10,) gives k_ k) +/
1 -1

+ kA[A]) = 170 1 mol ~s —, yielding a calculated value

-1 -1
agt <170 1 mol "s ., When = 0.1 M, k_lkAH+/(k_l +
1 1

k, [A]) = 98 1 mo1” s”1, giving k

(k_q

of k

+ <100 1 mol”ts™t (these

AH
must be upper limits, as the estimated value of kA/k__1 used

in their calculation is an upper limit).

Substituting values into equation (7.3%0) gives
Keq =6 x 100 1 mol~l, compared with 4.% x 102 1 mol™ % from
OD measurements (Table 7.12).

(b) Diethylamine

Addition of diethylamine to ftrinitrobenzene in DMSO
produces a red species with N max 448,524 nm. The adduct is
fairly stable in the presence of amine alone, but decays to a
copper-pink species, Amax 515 nm, in the presence of diethyl-
ammonium perchlorate. All rate and equilibrium measurements

were made at 445 nm.

Considerable difficulty was experienced in obtaining

consistent sets of rate constants. The results appeared to
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Rate constants for the reaction between trinitro-

benzene and piperidine in the presence of Dabco, in DMSO

at 25°C.

[A]

I=

.001
- 00k
.001
.001
.001

. 001

SO o O o o o o

. 001

(i1) 0.002
.002
.002
.002
.002
.002

.002

o O o o o o O o

. 002

[B]

I=

o O o O O O o O

o O o o O o o
i = W N b=

.01
.03
.05
.07
.10
.15
.20

27.
38.
53.
61.

10.
15.
20.

29.

4o.7

52.8

10”22

15.
27.
38.
53.
61.

~N v

10.
14.
20.
26.
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TABLE 7.15

Rate constants for the fading reaction between the
trinitrobenzene-piperidine complex and piperidine hydro-

chloride in DMSO at 25°C; (1) no control ofy ; (ii) w = 0.1 M

(thNCloq). 1072 M amine throughout.
+ 1 1l a
[ an"] Koo k)
M st 571
(i) 0.005 2.15 1.63
0.01 3.19 2.67
0.02 4,68 4,16
(11) 0.0l 2,27 1.75
0.02 3.51 2.79
0.04 5.43 4,91
0.07 .72 7.20
0.10 11.2 10.7
a. klr = kébs - klf, where klf = 0.52 st (see Table 7.13).



192

be affected by both the batch in which the amine sample was

fractionated, and the 'age' of the sample (the time between

fractionating the amine and carrying out the runs). The
inconsistency may be due to a decomposition reaction occurring
in the amine on standing, which changes its reactivity, or to
the presence of very low concentrations of highly reactive

impurities.

Rate constants for the colour-forming reaction in
the absence of added salts are shown in Table 7.1l6. Those—
for less than 4 x 1077 M amine were calculated from equation
(7.7). (The results are split into the sets in which they

were obtained). Plots of kgf against the amine concentration

are linear, but give widely different values for the intercept

(Klks) and slope (KlkA).

The addition of 0.0l M Et,NCl or Et,NClQ, produces
the results shown in Table 7.17(ii) and (iii) respectively '
(those in (i) were obtained in the absence of added salts,

at the same amine concentrations). Plotting k2 against

£
amine concentration produces the following results:

(i) Kikg (intercept) = 0.44 1 mol_ls—l, KlkA(slope) =

230 1° mol™%s™h; (i1) Kykg = 0.44 1 mol™'s™h, K k, = 150 1°

1 1%p
2s-ti (111) Kkg = 0.24 1 mol™ts7H, K.k, = 230 1°mo1™%s" L,

The Klks and KlkA values are much lower than those obtained

previously (Table 7.16): the measured reaction rates are about

mol

three orders of magnitude smaller.

That this is a different reaction from that in
Table 7.16 is supported by the behaviour of the observed rate
constants in Table 7.17. '"Instantaneous' values of klf were

calculated at half-minute intervals, using equation (7.7).

For each run, the values (not shown) dropped sharply at first,
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TABLE 7.16

Rate constants for the reaction of trinitrobenzene

with diethylamine in DMSO at 25°C.

[A] K2 K k, kg K.k,
M st 1 mo1 st 1 mo1TsTt 12mo17%s7t
(i) 0.01 0.95 95 90 2700
0.03 3.13 104
0.05 5.92 118
0.07 9.28 133
0.10 13.8 138
(ii) 0.01 2.95 295 285 300
0.02  5.36 268 |
0.05 14,7 294
0.10 31.8 318
(iii) 0.002 0.18 90 65 19000
0.004  0.51 128
0.006 1.35 225
0.008 1.79 224
0.010 2.26 226
(iv) 0.01 2.70 270 305 800
0.03 10.4 U7
0.05 17.3 346
0.10 38.4 384
0.20 T7. 4 387

a. Measured by stopped-flow at 445 nm.
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TABLE 7.17

Rate constants for the reaction between trinitrobenzene
and diethylamine in DMSO at 25°C: (i) no added salt;

(ii) 0.01 M Et,NCl; (iii) 0.0l M Et,NC10,.

31 a 2
[A] 107k™ o k=,
M st 1 mol ™ tg™d
(i) 0.001 0.60 0.60
0.002 1.90 0.95
0.004 5.50 1.38
(ii) 0.001 0.53 0.53
0.002 1.50 0.75
0.004 1.90 0.48
0.006 8.00 1.33
(iii) 0.001 0.47 0.47
0.002 1.40 0.70
0.004 4,80 1.20
a. Measured using the SP500 spectrophotometer, and

calculated using equation (7.7).
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before levelling out at the values given in the Table. This
would be consistent with an initial, fast reaction (measurable

by stopped-flow) followed by a slower process (measurable by

conventional spectrophotometry).

If the diethylamihe contains a highly reactive
impurity, then this could be the nucleophile involved in the
fast reaction, while the diethylamine itself is responsible
for the slower process. The variations in the data for the
faster reaction (Table 7.16) with the sample of diethylamine

used, indicate that this may be the explanation.

Rate constants obtained with added Dabco are shown
in Table 7.18; these relate to the faster of the two processes
considered above. As in Table 7.16, the results are split
into groups according to the sample of diethylamine used.
In each run, 0D measurements (not shown) indicate that virtually

complete conversion to complex was achieved. Plotting k2f

against Dabco concentration for sets (i) and (iii) give

straight lines, with (i) K kg (intercept) = 56 1 mol_ls—l,

K kg (slope) = 1500 12 mol™ g™ (11i) K kg = 270 1 mol—ls-l,
Kikg = 1800 1° mol™ g1, The values of K ky are in good

agreement with each other, and are an order of magnitude larger

than the values of X,k, determined from Table 7.17, but fall

1A
within the range of KlkA values obtained from Table 7.16.
The values of Klks are in the same range as those from Table

7.16.

A plot of kgf versus B for set (ii) produces a

curve, so values of Klks and KlkB could not be obtained.

Measured rate constants for the fading reaction
(using diethylammonium perchlorate) are shown in Table 7.19.

Most of these are smaller than the measured values of the rate
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TABLE 7.18

Rate constants for the reaction between trinitro-

benzene and diethylamine in DMS0O at 250C, in the presence

of Dabco.
(4] (8] Kt 2 k.,
M M st 1 mo1"ts™?
(1) 0.01 0.05 1.35 135
0.01 0,10 2.20 220.
0.01 0.20 4,43 4z
0.02 0.05 2.89 145
0.02 0.10 3.80 190
0.02 0.20 7.28 364
0.05 0.05 6.58 132
0.05 0.10 9.73 195
0.05 0.20 14.7 204
(i1) 0.02 0.05 5.55 278
0.05 0.05 13.7 274
0.005 0.05 1.69 338
0.005 0.10 2.15 430
0.005 0.20 3.85 770
0.005 0.30 7.01 1420
0.005 0.%0 11.3 2260
0.005 0.50 15.5 3100
(ii1) 0.02 0 5.36 268
0.02 0.05 7.46 373
0.02 0.10 8.96 448
0.02 0.20 12.5 625

a. Measured by stopped-flow at 445 nm.
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TABLE 7.19

Rate constants for the fading reaction between the

trinitrobenzene-diethylamine complex and diethylammonium

perchlorate in DMSO at 2500.

[A]

M

0.005
0.01
0.01
0.01
0.01

0.02

a. Measured by

SR
u 5™
0.01 0.4%1
0.01 0. 457
0.02 0.848
0.02 0.821
0.03 1.10
0.04 1.55

stopped-flow at 445 nm.
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of complex formation (see Tables 7.16, 7.17(i)). A plot

of the observed rate against the salt concentration is linear,

of slope k_lkAH+/(k_l + kA[A]) =36 1 mol—ls-l, and intercept

klf = 0.1 st
Calculations of the overall equilibrium constant,
Keq’ from OD measurements (not shown) obtained using the SP500
spectrophotometer, gave values of between 1 énd 101 mol_l,
depending upon the conditions used (no salt, added Et4NCl,
thNClOM, Et2NH2ClO4, or Dabco).. A conductiometric deter-

mination gave a value of Keq =20t 21 mol"1 at 20°C.

(¢) Di-isopropylamine

The visible spectrum of the species.resulting from
the addition of di-isopropylamine to trinitrobenzene in DMSO
has Amax 450,520 nm. All rate and equilibrium measurements
were made at 450 nm. The range of amine concentrations studied
was limited at the lower end by the low rate of conversion,
and at the upper end bWy the solubility of the amine in DMSO.

Rate constants for the forward reaction in the

2

absence of added salts are given in Table 7.20. A plot of k £

against amine concentration is linear, with intercept Klk =

s
1.24 1 mo1”ts™1, and slope K k, = 9.75 1° mo1~%s™ 1L,

Rate constants for the reaction catalysed by tri-
ethylamine are shown:-in Table 7.2i. Triethylamine slightly
reduces the extent of conversion to complex, as shown by the
OD values. A plot of k2f against the concentration of tri-

-2s-l

s

ethylamine is a straight line, of slope KlkB = 12.5 l2 mol
slightly larger than the value of KlkA (above). Thus, tri-
ethylamine is a slightly better catalyst of proton removal

from 7.2 than is di-isopropylamine.
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TABLE 7.20

Rate constants for the reaction of trinitrobenzene

with di-isopropylamine in DMSO at 250C.

[A] 0D, Kk k.
M st 1 mol™ts™t
0.1 0.013 0..135 1.35
0.2 0.017 0.272 1.36
0.4 0.018 0.693 1.73
0.6 0.020 1.09 1.82
0.8 0.019 1.60 2.00
a. Measured by stopped-flow at 450 nm, after completion
of the colour-forming process. 5 x 10_6 M substrate

in a 2 mm cell.
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Rate constants for the reaction between trinitro-

benzene and di-isopropylamine in DMSO at 2500, in the

presence of triethylamine.

a b 1 2
[a) [B] 0D, k™, k",
-1 -

M M S 1 mol
0.25 0 0.018 0.394 1.58
0.25 0.05 0.016 0.549 2.20
0.25 0.10 0.015 0.825 3.30
0.25 0.20 0.015 1.00 4,00

a. The available concentration range was severely

1

limited by the low solubility of triethylamine in

di-isopropylamine-DMSO solution.

b. Measured by stopped-flow at 450 nm, after completion

of’ the colour-forming process.

in a 2 mm cell.

5 x 10~

S

-1

M substrate
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Table 7.22 gives rate constants for the forward
reaction with added Dabco. Plots of kgf agains £t Dabco con-
centration for both amine concentrations praoduce upward curves,
so values of KlkB cannot be.obtained. However, by comparing
the observed rate constants with those for the amine alone

(Table 7.20), Dabco appears to be a better catalyst of proton

removal from 7.2 than is the amine.

It was not possible to study the reverse reaction,
as the trinitrobenzene-di-isopropylamine complex solution
decomposed too rapidly to allow repeated runs on the stopped-
flow, and the reaction with the amine perchlorate was very

fast and of small amplitude.

Equilibrium OD measurements (not shown) made on
fthe SP500 spectrophotometer indicate a value of Keq =2 X lO3

1 mol '

5 Comparison of Results

Kinetic and equilibrium data for the three primary amines
and piperidine are collected in Table 7.25f The values in
the first eight rows of the Table were obtained directly from
the observed guantities. The remaining values depend upon
the assumption that Ka/KAH+==500, independent of the amine.
Values of this ratio lying between 120 and 400 have been re-

por'tedll’LO

for 10% dioxan-water and 30% DMSO-water, the latter
solvent giving higher values than the former. The ratio is
not expected to change very much with a change of solvent:
the basicities of amines, as measured by their pKa values, do
not change very markedly on transfer from water to DMSOl46,
and it seems reasonable to assume that 7.2 and AH' would be

affected in similar ways by a change in solvent.

The spectra of the adducts are all very similar, as is
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Rate constants for the reaction of trinitrobenzene

with di-isopropylamine in DMSO at 25OC, in the presence

of Dabco.
[A] (B]
M M

(i) 0.1 0.01 0
0.1 0.03 0
0.1 0.05 0.
0.1 0.07 0
0.1 0.10 0
0.1 0.15 1.

(ii) 0.25 0 0
0.25 0.05 0.
0.25 0.1 1
0.25 0.2 >
0.25 0.3 5
0.25 0.4 8
0.25 0.5 12.

a. Measured by stopped-flow

.217
. 296

382

.606
.862

72

. 394

751

.38
.05
.52
.86

3

at 450 nm.

1 mol~

2.17
.96
.82
.06
.62

17.2

N

o O W

12.2
22.1

35.4
49.2

1 -

S
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to be expected of species with similar structure: the
added amino groups do not form part of the chromophore

(the trinitrocyclopentadienyl system)gl.

A comparison of the observed rate (kgf) and equilibrium
constants shows that there are differences in behaviour
‘between the primary and secondary amines, with piperidine
behaviﬁg more like a primary than a secondary amine. The
most obvious difference between the two groups is steric:
the amino-nitrogen atom is more crowded in the secondary
than in the primary amines, while that in piperidine is less
crowded than those in the other secondary amines because the

"two' alkyl groups are held back in the ring.

For the primary amines, plots of the second-order
forward rate constant (kgf) against the base concentration
are curved, indicating a change in the rate-determining step
as the amine concentration increases. At low concentrations,

K_ ;>kA[A] + k., so proton-transfer from 7.2 to the amine is

1 S’

rate-determining, and subject to base catalysis. At higher

amine concentrations, k <kA[A] + k so the first step

-1 S’

becomes rate-determining and the reaction is no longer subject

to base catalysis. Eventually, a limiting rate should be

reached when kef = kl.

ks is small, as shown by the linearity of the reciprocal

plots (equation 7.17), so k_l >>k , and the intercept of the
kgf vs [A] plot gives the value of K kg. Because of the
difficulties involved in extrapolating curves, the values
given in Table 7.23 are upper limits. Since the values of
kq are much smaller than those of kA[A] and kB[B](B = Dabco),
catalysis of proton removal from 7.2 by the solvent is a very

small effect, which does not effectively compete with catalysis

by the amine or added base.
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Values of kA/k_i are larger than those of kB/k_l for

all three primary amines: fthus, the amines are more effective

catalysts of proton removal from 7.2 than is Dabco.

The results show that proton-transfer between nitrogen

and nitrogen is not diffusion-controlled, as might have been

47

expectédl . Rate-limiting proton-transfer has previously

been found in the formation of o-adducts of trinitrobenzene

with aliphatic amines in mixed solventsluo, or aniline in

98

DM30” ", and for spiro-complex formation in mixed and aqueous

141,142,143'

solutions Similar slow proton-transfers in

DMSO solution have also been found between tetra-alkyl

148

hydrazines and salicylic acid , and in the protonation/

149 150

151

deprotonation reactions of tertiary amines and piperidine
However, proton exchange between NH3 and NH4+ has been found
to proceed at similar rates in DMSO and in water. This

suggests that there may be steric factors involved in the

removal of a proton from a bulky molecule in DMSO.

Since the %; term in the complex forming process is

small, the kSH

rate is also expected to be small, so kAH+ can be calculated.

kAH+ has a similar value for each of the three primary amines.

+[SH+] term in the expression for the reverse

For piperidine, a plot of kgf against amine concentration
is linear over the whole range used. Thus, k_l>>kA[A] + %3,
and proton-transfer from 7.2 is rate-limiting throughout.
Dabco 1s again a less efficient catalyst of proton removal
than is the amine, although the difference between the two
is less marked than for the primary amines. This 1s pre-
sumably a result of the greater crowding of the amino-nitrogen
atom in piperidine compared with the primaryamines. As

before, proton removal by the solvent is a minor effect.
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Reprotonation of 7.3 by the protonated amine (kAH+) is much
slower than for the primary amines. This is again presumably
a steric effect.

145

The pKa values of the amines in water are in the

n
59 BuNH2 >PhCH2NH2,
likely to be changed in DM80146. The values of Kl(Table 7.23%)

order PipNH >1PrNH This order is un-

are in the order PipNH >BuNH, > 1PrNH,. > PhCH.NH

2 2 227
the order of basicity of the amines. The value of Kl for

reflecting

isopropylamine is a little lower than might be expected:

this could be due to steric hindrance in the zwitterion, 7.2.

The measured rate constants for n-butylamine and piper-

idine may be compared with values obtained in 30% DIVISO—water'll’LO

159’140. For both amines, kl is

is considerably slower. Thus

and in 10% dioxan-water
faster in pure DMSO, while k_l

K for formation of the zwitterionic adduct, 7.2,1is greater

lJ
in pure DMSO than in the aqueous solutions. This is in line
with observationé on other substrate-nucleophile systems8’105,
that formation of the 1:1 adduct is enhanced in dipolar aprotic

solvents, such as DMSO.

The results from the secondary amines (Table 7.24) are
considerably less clear-cut, but some general remarks can be
made. From steric considerations, nucleophilic attack by a
secondary amine is likely to be slower than that by a primary
amine. In agreement with this, measured sz values for
diethylamine and di-isopropylamine are smaller than those for
the other amines studied here. Plots of k2f against amine
concentration are linear, so K-l is the dominant term in the
denominator (it is expected to be large, because of steric

crowding in the zwitterion, 7.2) and proton-transfer is rate-

limiting throughout the range of amine concentrations used.
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TABLE 7.24

A comparison of the data obtained for the bulky

secondary amines with those for the other amines sgtudied.

Anax Klks KlkA Keq
nm 1 mol ts™?! 1°mol"%s~ 1 1 mol™ %
Et,NH 4u8 0.%%0.1 190740 02
524
i -3
Pr NH 450 1.24 9.75 2x10
520
PipNH §46 .00 6x10° 5x10°
52l
i 6
PrNH2 450 <1000 3x10 200
528
"BuNH, 450 <1000 5x107 1000
534
PhCH,NH,, 450 <1000 2x10° 100

534


file:///riax
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kB (for Dabco) is expected to be larger than k as the

A’
nitrogen atom of Dabco is more readily available than is
that of a bulky secondary amine, making the approach to the
zwitterion by Dabco less sterically hindered. Although
absolute values of kA/kB could not be obtained for diethyl-
amine or di-isopropylamine, catalysis by Dabco does seem to
be more effective than that by the amines (compare Tables
7.16 and 7.17(i) with 7.18, and 7.20 with 7.22). The very
small increase in Kgf with increasing di-isopropylamine
concentration may be due to a medium effect rather than actual

base catalysis by the amine152’l5}°

Catalysis of proton
removal from 7.2 by the solvent also appears to be more
important for the secondary than for the primary amines

(see below).

The situation with diethylamine is very unclear. In
very dilute solutions (Table 7.17), a slow reaction with a
small kgf was seen, while at higher amine concentrations, a

fast reaction with much larger values of k2 was monitored

f
by stopped-flow (Table 7.16). This fast process was followed
by a much slower one, presumably corresponding to that

(measured by conventional spectrophotometry) in Table 7.17.

The possibility that one of the reactions is attack by
hydroxide ion (formed in equilibrium (7.3%2) from traces of
water in the solvent) is ruled out on the grounds of the

spectra of the species produced.

+ -
A+ H,0 — AH + HO (7.32)

That the two processes observed are the two stages of
fhe reaction (Scheme 7.2) can also be ruled out. The first

stage would have an observed rate constant given by
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Kops = ¥1[A] + Ky - (7.33)
in which k_; would be the dominant term (for steric reasons),
with an expected value in the region of lOl‘L s-l° Virtually
complete conversion to the adduct is achieved at 10-2 M amine,
1

so Kl would have to be of the order of 10j 1 mol™~, very much

larger than Kl values obtained for the other amines. (In

1 -1

addition, this would give k =lO7 1 mol ~s ~, also very much

1
larger than those for the other, less sterically hindered,

amines).

The slow reaction seems unlikely to be the formation of
the 'copper-pink' species, Npax 215 nm (above), as this was

only produced in the presence of diethylammonium perchlorate.

A further possibility is that the slower process is the
reaction between trinitrobenzene and diethylamine, while the
faster process is due to an impurity, presumably a more re-
active amine. As little as 1% impurity would be sufficient
fo allow the detection of this réaction, owing to the high
extinction coefficients of these adducts. This could explain
the irreproducikility of results for the fast reaction using
different samples of amine. In this case, the results in
Table 7.17, obtained by conventional spectrophotometry, would
apply to the reaction of diethylamine. As the equilibrium
constant for complex formation, Kl’ would be expected to differ
for diethylamine and the impurity, this would also explain the
widely different values of Klks (which cover a range of about

two orders of magnitude).
The rate constants for amine attack on the substrate, kl’
5 >1Pr2NH

> Et2NH, the values covering a range of four orders of magnitude.

i
o >PhCH2NH2 > "PrNH

decrease in the order PipNH>rlBuNH
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The rate order is almost identical with that obtained154
for the reaction of amines with l-chloro-2,4-dinitrobenzene
in ethanol at 250C, the rate constants for which also span

four orders of magnitude.

While the value of k., is higher for primary than for

1

secondary amines, the reverse 1s expected for k the ex-

-1
pulsion of the added amine, because of the greater crowding
in the adduct formed from a secondary amine. Piperidine

might be expected to behave more as a secondary than as a -

primary amine in this respect.

155

DMSO is a good hydrogen-bond acceptor s, and so is
expected to participate in the reaction in this capacityl56.
This interaction has alsc been proposed for the trinitrobenzene-
anilide adduct in DMSOlBM. Intramolecular hydrogen-bonding
with an ortho nitro-group is also possible, but may be more
important in non-polar solventslj. As well as ailding the
formation of the zwilitterionic intermediate, 7.2, hydrogen-
bonding will also affect the rates of deprotonation. Removal
of the proton requires the hydrogen-bond to be broken, which
raises the activation energy and so reduces the rate of proton
removal by another species157 (e.g. amine, Dabco). This
effect will be less important in the primary amines, in which
only one proton is expected to be involved in hydrogen-bonding,

leaving the second proton open to attack by the amine or Dabco,

subject to steric difficulties.

Hydrogen-bonding with DMSO may also help to explain the

greater relative importance of the k, term in proton removal

S
from the adducts of secondary amines. The molecule of DMSO
hydrogen-bonded to the (already crowded) zwitterionic complex
may hinder the approach of other bases and so favour proton

abstraction by'DMSO.
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APPENDIX
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The Board of Studies in Chemistry requires that each
postgraduate research thesis contain an appéndix listing
(a) all research colloquia, research seminars and lectures
(by external speakers) arranged by the Department of Chemistry
since 1 October 1977 {(*signifies those attended);
(b) all research conferences attended and papers read out
by the writer of the thesis, during the period when the
research for the thesis was carried out;

(c) details of the first-year induction course.

(a) Research Colloquia, Seminars and Lectures

1977-78
October 19: Dr. B. Heyn (University of Jena, D.D.R.).

'0-Organo-molybdenum complexes as alkene polymerisation

catalysts'.

November 2: Dr. N. Boden (University of Leeds).

'N.m.r. spin-echo experiments for studying structure and
dynamical properties of materials containing interacting

spin-3 pairs'.

* November 9: Dr. A.R. Butler (University of St. Andrews).

'Why I lost faith in linear free energy relationships'.

December 7: Dr. P.A. Madden (University of Cambridge).

'Raman studies of molecular motions in liquids'.

December 14: Dr. R.0. Gould (University of Edinburgh).

'"Crystallography to the rescue in ruthenium chemistry'.

January 25: Dr. G. Richards (University of Oxford).

'Quantum pharmacology'.
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January 26: Prof. R.A. Filler (Illinois Institute of

Technology, U.S.A.).

'Reactions of organic compounds with xenon fluorides'.

*February 1: Prof. K.J. Irvin (Queen's University, Belfast).

'"The olefin metathesis reaction: mechanism of ring-opening

polymerisation of cycloalkenes'.

February 3: Dr. A. Hartog (Free University, Amsterdam).

'Some surprising recent developments in organo-magnesium

chemistry'.

*February 22: Prof. J.D. Birchall (Mond Division, I.C.I. Ltd.).

'Silicon in the biosphere'.

*March 1: Dr. A. Williams (University of Kent).

"Acyl group transfer reactions'.

March 3: Dr. G. van Koten (University of Amsterdam).

'Structure and reactivity of arylcopper cluster compounds'.

*March 15: Prof. G. Scott (University of Aston).

'"Fashioning plastics to match the environment'.

March 22: Prof. H. Vahrenkamp (University of Freiburg).

'"Metal-metal bonds in organometallic complexes'.

April 19: Dr. M. Barber (U.M.I.S.T.).

'Secondary ion mass spectra of surface adsorbed species'.

May 15: Dr. M.I. Bruce (University of Adelaide).

'New reactions of ruthenium compounds with alkynes'.

May 16: Dr. P. Ferguson (C.N.R.S., Grenoble).

'Surface plasma waves and adsorbed species on metals'.

May 18: Prof. M. Gordon (University of Essex).

'"Three critical points in polymer science’.
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May 22: Prof. Tuck (University of Windsor, Ontario).
'Electrochemical synthesis of inorganic and organometallic

compounds'.

¥May 24-25: Prof. P. von R. Schleyer (University of Erlangen,
Nurnberg).
(i) 'Planar tetra-coordinate meﬁhanes, perpendicular
ethylenes and planar allenes'.
(i1) 'Aromaticity in three dimensions'.
(iii) 'Non-classical carbocations'.
June 21: Dr. S.K. Tyrlik (Academy of Sciences, Warsaw).

'Dimethylglyoxime-cobalt complexes - catalytic black boxes'.

June 23%: Prof. W.B. Person (University of Florida).

'Diode laser spectroscopy at 16um'.

June 27: Prof. R.B. King (University of Georgia, U.S.A.).
'"The use of carbonyl anions in the synthesis of organometallic

compounds '.

*June 30: Prof. G. Mateescu (Case Western Reserve University).
'"A concerted spectroscopy approach to the characterisation

of ions and ion-pairs: facts, plans and dreams’'.

1978-79

September 15: Prof. W. Siebert (University of Marburg,

West Germany).

"Boron heterocycles as ligands in transition metal chemistry'.

September 22: Prof. T. Fehlner (University of Notre-Dame, U.S.A.)

'"Ferroboranes: synthesis and photochemistry'.

*December 12: Prof. C.J.M. Stirling (University College of

North Wales, Bangor).
'Parting is such sweet sorrow - the leaving group in organie

reactions’'.
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February 1l4: Prof. B. Dunnell (University of British Columbia).

'"The application of n.m.r. to the study of motions in molecules'.

February 16: Dr. J. Tomkinson (Institute Laue-Langevin,

‘Grenoble).

'Studies of adsorbed species'.

March 14: Dr. J.C. Walton (University of St. Andrews).

'"Pentadienyl radicals'.

March 28: Dr. A. Reiser (Kodak Ltd.).
'"Polymer photography and the mechanism of cross-link formation

in solid polymer matrices'.

April 5: Dr. S. Larsson (University of Uppsala).

'Some aspects of photoionisation phenomena in inorganic systems'.

*April 25: Dr. C.R. Patrick (University of Birmingham).
'"Chlorofluorocarbons and stratospheric ozone: an appraisal

of the environmental problem',

May 1: Dr. G. Wyman (European Research Office, U.S. Army).

'Excited state chemistry in indigoid dyes'.

May 2: Dr. J.D. Hobson (University of Birmingham).

'Nitrogen-centred reactive intermediates’.

May 8: Prof. A. Schmidpeter (Institute of Inorganic Chemistry,
University of Munich).
'Five-membered phosphorus heterocycles containing dicoordinate

phosphorus'.

*May 9: Dr. A.J. Kirby (University of Cambridge).
'Structure and reactivity in intramolecular and enzymic

catalysis'.

May 9: Prof. G. Maier (Lahn - Giessen).

'"Tetra-tert-butyltetrahedrane'.
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*May 10: Prof. G. Allen, F.R.S. (S.R.C.).

"Neutron scattering studies of polymers'.

May 16: Dr. J.F. Nixon (University of Sussex).
'Spectroscopic studies on phosphines and their coordination

complexes'.

May 2%: Dr. B. Wakefield (University of Salford).
'Electron transfer in reactions of metals and organometallic

compounds with polychloro-pyridine derivatives'.

June 1%: Dr. G. Heath (University of Edinburgh).
'"Putting electrochemistry into mothballs (redox processes

of metal porphyrins and phthalocyanines)'.

*June 1l4: Prof. I. Ugi (Uriversity of Munich).

'Synthetic uses of super nucleophiles'.

June 20: Prof. J.D. Corbett (Iowa State University, U.S.A.).
'Zintl ions: synthesis and structure of homopolyatomic anions

of the post-transition elements'.

June 27: Dr. H. Fuess (University of Frankfurt).
'Study of electron distribution in crystalline solids by

X-ray and neutron diffraction'.

1979-80

November 21: Dr. J. Muller (University of Bergen). .

'Photochemical reactions of NH,'.

)
November 28: Prof. B. Cox (University of Stirling).

'Macrobicyclic cryptate complexes: dynamics and selectivity'.

December 5: Dr. G.C. Eastmand (University of Liverpool).

'Synthesis and properties of some multi-component polymers'.

December 12: Dr. C.I. Ratcliffe.

'Rotor motions in solids'.
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December 18: Dr. K.E. Newman (University of Lausanne).

'High pressure multinuclear n.m.r. in the elucidation of

the mechanisms of fast, simple inorganic reactions'.

January 30: Dr. M.J. Barrow (University of Edinburgh).

'"The structures of some simple inorganic compounds of silicon

and germanium - pointers to structural trends in Group IV'.

May 14: Dr. R. Hutton (Waters Associates).
'Recent developments in multi-milligram and multi-gram scale

preparative high performance liquid chromatography'.

May 21: Dr. T.W. Bently (University College of Wales, Swansea).

'Medium and structural effects on solvolytic reactions'.

July 10: Prof. P. des Marteau (University of Heidelburg).

'New developments in organonitrogen fluorine chemistry'.

(b) Conferences Attended

September 10-20, 1978 (University College of Wales, Aberystwyth).

N.A.T.0. Advanced Study Institute: "New Applications of
Chemical Relaxation Spectrometry and Other Fast Reaction

Techniques in Solution".

September 14-15, 1978 (University College of Wales, Aberystwyth).

1978 Meeting of the 'Fast Reactions in Solution' group.

April 9-11, 1980 (University of Durham).

The Chemical Society and Royal Institute of Chemistry, Annual

Chemical Congress.

(¢) First-Year Induction Course (1977)

A series of one-hour presentations on the services available
in the department:
OCctober 3%: Departmental organisation,

OQctober 5: Safety matters.
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October 7: Electrical appliances.
Qctober 10,12: Chromatography and microanalysis.

October

14: Library facilities.

October

17: Atomic absorptiometry and i1lnorganic analysis.

October

19,21: Mass Spectrometry.

Qctober

24,26: Nuclear magnetic resonance spectroscopy.

October

31 - November 4: Glassblowing technique.
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