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(i1)
Some kinetic, equilibrium and structural studies of the

reactions of 1,3,5=Trinitrobenzene, 2,4,6-Trinitrotoluene

and 2,4,6=-Trinitrobenzyl chloride with nucleophilcs.

by David Nigcl Brooke.

Sodium sulphite reacts with trinitrotoluene (TNT)
and trinitrobenzyl chloride (TNBCl) in aqueous solution
to form both mono- and di-adducts by addition at
unsubstituted ring positions.

Stopped-flouw measurements on the reactions of
TNBCl with alkoxide ions in the corresponding ~lcohol
reveal the presence of three processes, though only with
ethoxide ion are all three observed clearly. Initial
formation of an adduct by addition at C-3 is follouwed
by addition at (-1 to give the more stable adduct. The
slowest of the three processes corresponds to proton
abstraction.

Kinetic measurements on the addition of methoxide ion
to TNT in DI1S0-methanol mixtures allow values for the
kinetic and equilibrium parameters of this reaction in
methanol to be obtained by extrapolation.

Studies on the reaction of sodium hypochlorite with
TNT and trinitrobenzene suggest that hypochlorite ion
addition to these compounds is unlikely.

THT reacts with primary and secondary amines to give
g~ ~-complexes, probably by addition at C-3, and the
trinitrobenzyl anion, the latter being the major product
at equilibrium. With TNBCl, benzylamine, isopropylamine
and n-butylamine give adducts by addition at C-1, which
have similar ctabilities to the anion formed by proton

Losy Frow the poarent compouond, gith piperidine, ~ddition



(iii)
is thought to occur at C-3, and the major process 1is

proton abstraction.
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141 The Reactions of Aromatic Nitrocompounds with
Nucleophiles.

Aromatic systems are in general unreactive towards
nucleophiles. However, there are certain circumstances
under which this statement does not hold. One such case
is in the reaction of certain aromatic compounds, usually
aryl halides, with a strong base such as potassium amide
in liquid ammonia. The mechanism of these reactions
involves the formation of a benzyne intermediate, in this
instance by loss of the halide ion and an adjacent proton
from the ring.

More commonly, reaction will occur when the ring
system contains suitably placed slectron-withdrawing
groups which activate the ring towards nuclsophiles - the
most common such group being the nitro group. For
nucleophilic substitution to occur, the ring must also
contain a good leaving group. The reaction proceeds by
covalent bond formation between the nucleophile and the
carbon carrying the leaving group X, to give an intermediate
complex, followed by loss of X to give the substitution
product. If; however, the aromatic compound does not
contain a suitable leaving group, the reaction may stop at
the intermediate complex, which is generally known as a @ =
or Meisenhsimer complex. The existence of stable complexes

of the type (1.1) has been taken as evidence for the
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addition-elimination mechanism in this type of reaction,

and such complexes have been used as models for the
intermediate. Recent work with flow NMR systems has allowed
the identification of such intermediates in nucleophilic
substitution reactions.

Other modes of interaction between nucleophiles and
activated aromatic compounds are possible. Partial
electron transfer from the nucleophile to the ring results
in the formation of a charge-transfer complex, whilst
complete electron transfer gives a radical ion. Proton
abstraction may also occur, possibly from the ring but more

probably from a side chain.




1.2. General Aspects of Meisenheimer Complex Chemistry.

The addition of base to solutions containing electron-
deficient aromatic compounds produces brightly-coloured
solutions; a fact which has been of interest to chemists
for some considerable time1° Various suggestions were made
as to the nature of these coloured species: ionisation of the
ring protonsz, addition of base at a carbon carrying a nitro
groups, and addition of base at a carbon carrying a

different substituenta, €¢Q0.(1e2).

RO, ,OR
O,N NO,
NO3
1.2 1.3

Neisenheimer5 produced strong chemical evidence for this
gquinoidal structure when he showed that reacting methoxide
ion with 2,4,6-trinitrophenetole gave the same product as
reacting ethoxide ion with 2,4,6-trinitroanisole.
Confirmation of this structure came with the application of
proton magnetic resonance to the study of this areaﬁa
Generally, the complexes are represented by the structure
(1.3)s with the negative charge delocalised around the ring
and the electron-withdrawing substituents, although M.0.

calculations | and '9C NMR studies®?®

suggest that the para
nitro group carries more of the negative charge than the

ortho substituents.

Various techniques have been used in the study of

Meisenheimer complexes, the most useful in structural

determination being proton magnetic resonance spectroscopy

4,



5.

(pmr). First used in the study of Meisenheimer complexes
in 1964%, its applicability has been extended to short-lived
species by its incorporation into flow and stopped-flow
systems10¢

A number of complexes have been isolated as crystals,
and studied by X-ray crystallography. These studies show
that in the dialkoxy complexes11, the ortho nitro groups
are coplanar with the ring, while the two alkoxy groups are
in a plane perpendicular to it., The carbon-nitrogen bond
length for the para nitro group is shorter than for the
ortho groups, again indicating the greater negative charge
carried by this groupe.

Meisenheimer complexes show intense absorption bands
in the UV/visible region, with extinction coefficients for

4] morzlem™ 7.

1:1 complexes typically in the region of 2x10
The use of these spectra in structural determination is
limited by their general similarity. However, their
intensity allows kinetic and equilibrium work to be carried
out in dilute solutions. Kinetic measurements can be made
at a suitable wavelength using conventional spectro-
photometry for fairly slow reactions;, and stopped-flow or
temperature-jump spectrophotometry (or a combination of the
two) for faster processes. Egquilibrium data can be

obtained from measurements of the optical density after
reaction using different base concentrations, again at a
suitable wavelength. This is usually done using the Benssi~

Hildebrand method129 or a modification of it.

10201, Examples of Structures of o -Complexes.

a. Complexes with oxygen bases:

The addition of sodium methoxide to a methanolic




solution of 1,3,5-trinitrobenzene (TNB) produces (1.4,R=Me),

which has been characterised by NMRG. At higher methoxide

concentrations, a diadduct (1.5,R=Me) is Formedja. A

similar 1:1 adduct (1.4,R=Et) is formed with ethoxide ion

in ethanol13°

H. OR H OR X
ONse"zNO, O\ NO; O,N< NO,
O OR H
| | ! -
NO, NO," NO,°
104 ' 1.5 1.6

Hydroxide ion reacts with TNB and other nitroaromatics in
a similar way to alkoxide ions, although substitution

products form at a somewhat greater rate. The 1:1 adduct

14

from TNB (1.4,R=H) has been isolated = from DMSO solutions,

and the 1:2 adduct observed ®(1.5,R=H). With some 1-X-2,4,6-

trinitrobenzenes, the second interaction with hydroxide ion
involves ionisation of the added hydroxyl group16.(1;§)
With 2,4,6-trinitroanisole (TNA)there are two possible
sites for addition. In the case of methoxide ion, the
reaction involves initial addition at C-3 to give (1.7),
followed by isomerisation to the thermodynamically
preffered C-1 adduct''(1.8). The diadduct (1.9) is formed

in concentrated solutions by addition at both positions189

ONe MeQO, ,OMe MeO, ,OMe
O,N=. -:NO, ONX” *NO, OoNs NO>5
OMe OMe
] H 1 } H
NO, NO, NOs

1e7 1.8 1.9
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Ethoxide '~

s n--propoxide20 and isopropoxid921shou a similar
pattern to methoxide in their reactions with the correspond-
-ing 1-alkoxy-2,4,6-trinitrobenzene - the adduct at C-3 is

formed more rapidly, but that at C-1 is the more stable.
b. Complexes with nitrogen bases:

In solvents such as DMS0,; NMR and conductance measure-
ments have shown that TNB forms negatively charged adducts

of type (1.10) with ammonia and with primary and secondary

amineszz’z:"° The mechanism involves addition of the amine

to give the zwitterion (1.11), followed by proton loss?3,

H NRR

OgN\f NO,

NO,

Kinetic studies24

with secondary amines have indicated
the existence of hydrogen bonding to the ortho nitro group
in the zwitterion.

The reactions of a number of 1-X-2,4,6-trinitrobenzenes
with potassium amide have been studied in liquid ammonia?5
The amide ion attacks preferentially at an unsubstituted
position to give (1.12). The structure of the diadduct

depends on the nature of the X, when X is alkyl, structures

of type (1.13) are reported, whilst when X is an amine or




alkoxy group, the structure is (1.14).
Azide ions react with TNA at low temperatures to give26

(1.15).

c. Complexes with carbon bases:

Ketones with active hydrogens readily form carbanions
with bases, and as such can form complexes with nitroaromatics.
Thus if the TNB-methoxide adduct is formed in acetone solution,
with time the methoxide ion is displaced by the acetonate
ion to give 13 (1.16). The reaction of di- and tri-nitro
aromatic compounds with acetonate ion is known as the

Janovsky reaction27.

H2
\

H. COCHg
OpNx ~NO,

Where the ketone has two active methylene groups, a 'meta-=
bridging® reaction can occur, leading to a cyclic product
such as 28 (1:17)

Cyanide ions will react with TNB to give a 1:1 adduct?®
(1.185,R=H)., Complexes with cyanide ion have also been
reported with 2,4,6-trinitrobenzaldehyde (1.18,KR=CH0)°> and
TNA (1.18,it=0Me) >, uhich also forms an adduct at C-3 (1.19)°0

Alkyl complexes of TNB have been prepared using




9,

tetra alkyl boron salt331o

d. Complexes with sulphur bases:

Sulphite ions will readily form 1:1 and 1:2 complexes
with TNB and 1-X-2,4,6=trinitrobenzenesszo with the
exception of those from trinitrobenzaldehyde; where addition
occurs at C-1 (1.20,1:21)°°, these adducts are formed by
addition at unsubstituted ring positions (1.22,1.23)-

35,36

Kinetic34 and NMR evidence has been found for cis-

trans isomerism in the 1:2 adduct with TNB (1.23,X=H).

035, CHO 035, CHO X
OoNs" N0,  OoNx, NO; OoN% :NO,
J (Lsoi ™ Lsos
| i H I H
NO, NO, NO,
1,20 1021 1022
X H SEt
OgNs NO, O.N NO,
038 ‘ SO; EtS SEt
H H H _H
NO; NO,
1,23 1,24

Thioalkoxide ions react with TNB to give 1:1 and 1:2
complexes analogous in structure to those formed with
alkoxide i0n337° In addition, evidence has been f‘ound38 for

the 1:3 adduct (1.24) in mixed solvents with a high water

content.,

10202, The Stabilities of Meisenhsimer Complexes.

The various factors affecting complex stébility are

closely related, though here for convenience they will be




10.
briefly discussed under two headings - the structure of the

reactants, and medium effects,
a. Structural effects:

The major influence on the stabilities of Meisenheimer
complexes is the presence of a number of electron-
withdrawing groups ortho and/or para to the site of attack,
which both activate the ring towards nucleophilic attack
and stabilise the adduct thus Formedsg. The most commonly
met group is the nitro group, though compounds containing
other groups have been studied. The greater the number of
groups, the more reactive is the compound towards
nucleophiles, though their effects are not additive39° The
group para to the site of attack is the most important -
nucleophiles will generally attack para to a nitro group
rather than to less electron-withdrauwing substituentstd24)
This 1s in accord with the observation that the para
substituent carries more charge than those ortho to the
site of attack7’8’9. This is mainly an electronic effect,
as steric effects due to the ortho groups should only be
important when the substituent and/or the nucleophile is
largeaz.

When the substrate is not symmetrically substituted,
there are a number of different sites for addition. The
para effect mentioned above will be important here -
however, other factors may come into play. In the case of

methoxide addition to TNI\17’Q3

s additidn at an unsubstituted
carbon occurs much more rapidly than attack at C-1, but the
adduct produced by the latter process is more thermo-
dynamically stable, although both sites are para to nitro

groups. The difference is probably best explainecd by steric

effecte, which should be negligible in attack ot




1.
unsubstituted carbonas. Another factor could be ground
state stabilisation of the anisole, which 1s lost on
formation of the C-1 adduct, but retained when addition
occurs at C=3 44.

Steric factors may also play a part in the greater
stability of the C-1 adduct. Any steric strain between the
methoxy group and the adjacent nitro groups in the parent
compounds will be released on complex formation, when the
substituents are rotated out of the plane of the ring11.
Another factor will be the stabilisation of the sp3
hybridised carbon by multiple alkoxy substitutionas.

The stabilities of the complexes of a given substrate
will depend on the nature of the attacking nucleophile.

In some cases such as that outlined above, special factors
are responsible. However, in general; the stability will
depend on the carbon basicity of the nucleophile, as
distinct from the Bronsted or proton basicity. A scale

of the carbon basicities of a range of nucleophiles can

be obtained from the equilibrium constants for complex
formation with a given substrate in a particular solvent43.
From such a scale, the order of the carbon basicities of
methoxide and thioethoxide is the reverse of their proton
basicities> .

When the ring has more than one type of site, the
position of attack may be governed by the nature of the
nucleophile, Thus,; the stable adducts of TNA with azide
ion and diethylamine involve addition at C-1, whilst those
with sulphite and acetonate ions are adducts at (-3,

This presumably reflects the greater steric requirements

of these groupsaS,




12,

b. Medium effects :

Most studies on Meisenheimer complexes have been
done either in protic solvents, such as water and alcohols,
or in dipolar aprotic solvents,; such as DMS0. The main
difference betuween these two types of solvent lies in their
ability to solvate ions., Small, polar ions such as
hydroxide and methoxide are well solvated in protic
solvents, but less well so in DMSO. Largey, polarisable
ions such as o -complexes are, on the other hand, uwell
solvated by the dipolar solvents and less well so by the
polar ones. Thus DMSO would be expected to favour complex
formation, and this is in fact what is found for 1:1 adducts,
The greater reactivity of small nucleophiles in
aprotic solvents, due to their poor solvation, should lead
to the formation of diadducts. However, such species are
much more stable in protic solvents: it has been suggested
that this is due to their greater resemblance to inorganic
salts, which increases their solvation in such solventsaso
The ionic strength of the solution can affect the
stabilities of species by solvation effects similar to
those above. In addition; specific ion-pairing effects
have been observed between cations and both nucleophiles21
and complexesas.
The effects of micelles on the formation of o -complexes
have been investigatedasy anionic micelles reducing
stability, neutral micelles having little effect and

cationic micelles increasing stability.
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1.3, The Reactions of 2,4,6-Trinitrotoluene with

Nucleophiles,

A number of possible routes exist for the interaction
of 2,4,6-Trinitrotoluene (TNT) with nucleophiles, depending
on the nature of the nucleophile, and to some extent on the
composition of the solvent. A weak interaction may givse
rise to charge-transfer complexes, whereas a stronger
interaction may lead to the formation of a o -complex, by
addition at C-1 or C=3. Alternatively, the nucleophile
may abstract a proton from the methyl group to give the
trinitrobenzyl anion. There also exists the possibility
of electron transfer to give radical ions.

All of the above interactions have been postulated
to explain the colours formed when TNT reacts with alkoxide
ions. In 1899, Hantzsch and Kissel3 reported the
preparation of a purple solid from the reaction of TNT with
potassium methoxide, which from their analysis they
formulated as a monohydrated addition complex. A solid
addition product was also reported from the reaction of
TNT with sodium n»butoxid547o

In 1955 Caldin and Long48 suggested that the purple
coloration produced in the reaction of TNT with ethoxide

ions was due to the trinitrobenzyl anion (1.25)

Further evidence for this assignment came from the

49

observation of a large primary isotope effect when




14,
TNT-d, (deuteriated methyl group) was used in place of TNT 3z

with 0°01 M base, the observed rate constant for the

reaction with TNT was 1°35 s~

02195 s~ '. The anion has a three peak UV/visible spectrum,

» whilst that with TNT-d3 was

with Amax 371nm (8300), S514nm (13,500), and a shoulder at
620nm (7500).

At higher base concentrations (0¢1 M ethoxide) and with

3

107" M TNT the rapid formation of a transient brown colour

was observed, which was initially attributed to a charge-

transfer complex48. However, in a later study50

this
initial process was ascribed to the formation of a
o -complex, probably coupled to a radical forming reaction

(scheme 1.1).

tl/}' CH%aU*)
TNT+RO Scheme 1.1
Fa:§§§$§ Cnﬁg
O,N iiill NO,
NO,

The possibility of a radical-forming process was raised
because NMR spectra of this system were wiped out, a
problem commonly due to radicalsw° Bernasconi>Y obtained
kinetic and equilibrium data for this reaction, and for the
formation of the anion (1.25), both sets being obtained

with base in excess over parent. UWhen TNT was in excess
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over the base he observed a third process of intermediate
rate, which he ascribed to Janovsky complex formation, i.e.
addition of the trinitrobenzyl anion to a neutral TNT
molecule. This process predominates under these conditions.
The rate and equilibrium data for these reactions are in

table 1.1,

Table 1.1 Kinetic and equilibrium data for TNT and ethoxide

in ethanol (ref. 50)

Process ke/l mole 's™] kr/sﬁlI K/1 mole™
g=-complex 1500-3000 80-200 375=-7+5
anion 82 4+5x1072 1820
Janovsky 700 345 203

The position of addition in each of the two complexes was
not determined, due to the failure to obtain NMR spectra
of the species.

A similar series of reactions was observed by
Bernasconi50 with methoxide ion in methanol. Here the
intensity of the first process was too louw to allou
measurements to be made, and the reaction was not in fact
assigned to o -complex formation. The relevant dats are

in table 1.2, NMR spectra were also wiped clear here.

Table 1.2. Kinetic and equilibrium data for TNT and

methoxide in methanol (ref. 50)

Process kf/l mole” s~ kr/s=1 K/1 mole
anion 133 107 17204
Janovsky 4472 24 189

In L0\ dioxan, 50y water the pattern was again the




16,
same: initial formation of a o -adduct followed by
ionisation of TNT, when the hydroxide concentration was in
excess of the parent, and formation of the anion and the
Janovsky complex when the parent was in excsess.
The problem of the site of addition of the methoxide

ion was solved by Fyfe and co-uorkerss1

» who used a flow
system to obtain p.m.r. spectra of the species produced.
With TNT and methoxide ion in equimolar amounts, in 87°+5%
DMSO, 12+5% MeOH, two singlets at §6-18 and §8°45 were

observed. These correspond to the adduct at C-3 (1.26)

This species was produced rapidly and decomposed quite
slowly - there was little change in the spectrum from
0°3s to 1s after mixing.

If the flow was stopped, a new species began to appear,
which after 80s showed two singlets of esqual intensity
at 65°53 and 068°18, corresponding to the trinitrobenzyl

anion (1.27).

CHa ) H': Be18
OaN O NO2 H%: B-18
, 1 _
H H ~CH,: 5°53
NO,
1027

When the base:parent ratio was 2:1 or greater, a
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single species was formed in a rapid reaction, showing four
equal peaks at §8°45, §6°18, 66°42, 66°52, This was

assigned as the dianiem (1.28).

H's 6-18

H: 845

H2,H%: 6+42, 6°52
(unspecified)

Wwhen the flow was stopped, after ~3min, the two lines
at §6°42, 6°52 had become an AB multiplet, indicating
that rotation around the carbon-ring bond is restricted,

A simultaneous UV/visible study provided support
for these assignments., The initially produced species
had Amax 433nm, 505nm, typical of a Meisenheimer complex43,
whilst the second spscies produced had Amax 520nm, ~640nm,
similar to those spectra observed by Bupcel et 31490 The
dianion showed one absorption at 550nm.

The reaction was also investigated by ESR, and large
quantities of radicals were found. The concentration of
radicals reached a maximum after ~240s, and then decreased,
at a similar rate to the disappearance of the trinitrobenzyl
anion. It was suggested that a number of different radicals
were formed, one of which may be the radical anion of TNT.

The rapid formation of a brown colour, followed by
the slower formation of a purple species was also
observed in the reaction of TNT with sodium isopropoxide
in iSOPEOPaDOISZO Spectra recorded at low temperature
allowed the initial product to be identified as a o -complex,

with Amax 435nm, 495nm. A primary isotope effect of B4

(at 30°C) was observed using TNT-d,, showing that in the
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formation of the trinitrobenzyl anion the rate-determining
step is proton transfer. The rate data in this case do not
fit the simple two reaction scheme, and cation pairing

TNT + OR™ === TNT.OR™

TNT + OR™ === TNT + ROH
with both alkoxide ion and products was invoked. The
authors deduced that in the formation of the anion the free
isgpropoxide ion was more reactive than the ion pair,
whereas in the formation of the adduct the two species were
of similar reactivity. This was rationalised in terms of
possible cation stabilisation of the transition state: in
the case of the o -complex a six-membered ‘ring' (1.29)
can be formed, whereas in proton abstraction the 'ring!

would be eight-membered (1.30).

8
_ ':,'" “Na
CHy @ CH, g
ON N—0 ON N _
LS :
~-~--Na
HOR
NO, NO,
1,29 1630

The addition of salts (NaClO NaBPha) at constant

49
base concentration increased kObs for anion formation

by an increase in the rate of the reverse reaction. This
was thought to be due either to an increase in the activity

of the o -complex, or perhaps to a specific interaction

involving the cation.

The preparation of a solid addition product from the

regaction of TNT with sodium n-butoxide was reported in

191947° 53,54

Subsequent studies of the reaction of TNT
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with sodium tert-butoxide have shown that the main process
is proton abstractionss. If crown ether is added to
prevent ion pairingsa, the rate of reaction at a given
base concentration increases up to a 1:1 ratio of crown
ether to tert-butoxide, where the reaction product now
consists of a 60:40 mixture of o -complex and anion.

This effect is also seen when tetra-n-butylammonium tert-
butoxide is used, the rate coefficient at a given base
concentration being the same as that with more than one
equivalent of crown ether. Thus the free ion here is more
reactive than the ion pair. The rate enhancement is due
in part to the fact that in the transition state the
charge is less localised than in the reactants, and hence
ion pairing in the transition state will be less effective.
This effect should be more pronounced in the case of the
complex, where extensive delocalisation occurs in the
transition state, than in the more localised transition
state leading to the anion,; and hence the rate of complex
formation is affected more than that of ionisation.

In 1924, Muraour>°reported that TNT would dissolve
in aqueous solutions of sodium sulphite, although it did
not do so as readily as TNB. A later study of this reaction
in more dilute QV1D°2ﬂ) aqueous sulphite solutions
confirmed this observation, and determined the stoichiometry
of the reaction as 131, The visible spectrum of the
product showed Amax at 465nm, and a value for the
equilibrium constant for the reaction of 5°6 1 mole=1 was
obtained spectrophotometrically. Kinetic and equilibrium
data for this reaction, and that of 2,4,6-trinitrobenzyl
chloride with sulphite, will be presented in a later

chapter.
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A number of studies have been reported on the
interactions of TNT with carbon nucleophiles. Two NMR
studies obtained the spectrum of a 1:1 cyanide:TNT adduct

29 0 .30

in CDCl3, at -30°C and 30°C” . They showed that addition

takes place at C-3 (1.30).

Hj CH H_ Hy (§values)
OzN<x NO 5 -30°C 2474 5:76  B8.65
H Hq 30°C 268 567 8952
b Y CN
NO,
1431

97

A stopped-flou kinetic and equilibrium study of this

reaction in isopropanol showed the complex to have Amax

at 437nm (169 x 104) and 535nm (111 x ’104)° The

equilibrium constant for the formation of this species was

2.01 x 10% 1 mole™" and for the foruard rate constant

32°6 1 mole°13=1, k°1 being too small to measure directly.
Kaminskii et al®® reported the formation of a 131
adduct in the reaction of TNT with acetone in an alkaline

medium, by addition of the acetonate ion at C-3 (1.32).

CHg

()ﬂ“‘ ,NKDZ
~H
| CHZCOMQ
NO,
1032
59 . .
Strauss and Taylor studied the reactions of a number

of 1-substituted-2,4,6-trinitrobenzenes in 1,3-dicarbometh-
oxyacetone on the addition of excess triethylamine., In the

case of TNT, a dark red solution was obtasined, turning

dark o:ange on standing. Urange crystals wers isolated,



which analysed for a 1:1:1 mixture of the three reactants.
The pmr spectrum of these crystals dissolved in

deuteriochloroform showed the species to be a cyclic

diadduct (1.33).

The structure of this adduct rules out the possibility of
formation of the first adduct by addition at C~1, at least
on the reaction coordinate.

In 1959, Miller and Wynne-Jones®’ dissolved TNT in
pyridine, and observed a strong coloration and an increase
in electrical conductivity. Exchange experiments in

pyridine-D.0 mixtures showed that proton transfer took place

2
in this system, in contrast to TNB where only electron
transfer was observed. However, in carbon tetrachloride

solution, 1:1 complexes are reported61

as being formed between
TNT and pyridine and various methyl derivatives. These
were identified as M -1 charge-transfer complexes, in
which the aza aromatic compound is tilted towards the TNT
molecule, the nitrogen atom being closest to the acceptor
molecule. Similarly, charge-transfer complexes were
observed62 in the reactions of TNT with a selection of
N-alkyl p-phenylenediamines.

TNB will react with phenylhydrazine to give a

03 . .
o -complex ~. However, there is no evidence for complex

formation in the reaction of TNT with this compound; instead,
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attack occurs at one of the nitro groups ortho to the

methyl group, to give (1.34).

O,N  CHj
N=NNHC6H5
o
O,N
1.34

Okamoto and Uang64 reported a study of the effect of
micelles on the reaction of TNT with amines, in aqueous
solution. Comparing the rate of reaction with a surfactant
amine (4-dodecyldisthylenetriamine, I) to that with a non-
surfactant amine (3,3 -diamino-N-methyldipropylamine, I1)

they found identical rates up to 5 x 10~°

M amine, which is
the critical micelle concentration of 1. Above this; the
rate of reaction with I increased more rapidly, to level
off at a rate enhancement by a factor of 55, A cationic
micelle increased the rate of reaction of II with TNT by

up to a factor of 130, whilst a neutral micelle enhanced
the rate by a factor of B8, They assumed that the reaction
they were observing was the formation of the trinitrobenzyl
anion. However, a later study65 using a cationic micelle
and a similar amine to 11 (3,3'=diaminodipropylamine)
showed the spectrum of the product to be that of a
Meisenheimer-type adduct, with Amax 445nm and 530nm,

An identical spectrum was obtained with potassium hydroxide
as the base, which led to the conclusion that the species
produced was the Janovsky complex formed by attack of the
TNT~ anion on a neutral TNT molecule.

TNT dissolves in liquid ammonia25 to give a dark red

solution. The NMR spectrum initially shows two doublets




of equal intensity at §8°31 and §5°36 (the position and
splitting values being similar to those with TNB). This

species was assigned the structure (1.35).

CHa
<32ﬁJ\» JVC)z

NH,
H

The methyl protons appear as a singlet at 02°33, relative
intensity 3 - thus there is no evidence for anion formation.
With time the spectrum changes. Two pairs of peaks

appear at §5°20, §4°90 and 68+48, 8844, with the former
in each pair having tuice the intensity of the latter. 1In
addition, the methyl resonance is now found at $1°62,
which suggests attack at C-1, Consequently the diadduct

structure (1.36) was assigned to this species.

H
O,Ns .NO,
H L CHa
H,N NH,,
NO3
1.36

The two sets of peaks correspond to the tuo geometrical
isomers, with the amide groups cis or trans (similar
isomers zre observed with TNB and sulphiteEa). The trans
isomer wes assigned the bands st §5°20 and 6848, and is
hence the more stable.

1 studfcbf the reaction between TNT and a number of

aliphatic amines and diamines suggested the formation of

1:1 charge-transfer complexes. However, & study07 using
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1,5=-dimethyl=-2,4,8-trinitronaphthalene and diethyl- and
triethylamine showed the formation of a benzyl-type

anion (scheme 1.2.).

NO, CHj4 NO, CH»
(“C)z ,‘“<)2 +
+ Base = + BaseH
|
CH3 NO, CHjs NO,

Scheme 1.2.

A study of the reactions of TNT and TNBCl with a number of

aliphatic amines, showing both complex formation and

proton abstraction, will be reported in a later chapter.
The reaction of TNT with hypochlorite ion is of

commercial importance, as its major product is

2,2' 44,4 46,6 -hexanitrostilbene (HNS). The addition of

a chilled solution of TNT in tetrahydrofuran/methanol

to '5%' sodium hypochlorite at 0-15°C leads to a dark red-

brown solution, from which a crystalline solid appears -

this is HNSGB. This compound can also be made by the reaction

of potassium hydroxide with trinitrobenzyl chlorideaga
TNBCl can itself be isolated in high yield from the TNT -
hypochlorite reaction mixture by quenching with dilute
acid in the initial stagesesa

The mechanism suggested68 for the reaction involves

the formation of TNBC1l from TNT, followed by attack of the

TNBC1l anion on a neutral TNBCl molecule. (Scheme 41.3)

PicH UH” _ oc1” Scheme 1.3
1 y == PjLH, ————==Pi(CH.
3 Z 'Cf' plLHZLl Pi = 2,4,6-trinitro-
_ Cl1 phenyl
OH PiCH,Cl . ~HCL

PiCH,Cl —— = PiCHCL ——— = PiCHCH, Pi ——=PiCH=CHPi




The involvement of radicals7D or carbenes68

mechanism was ruled out on various grounds.

in the reaction

25,
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EXPERIMENTAL
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2.1. Materials.

2¢1.1. Solvents:

Water: distilled water was boiled for 15 minutes to expel

dissolved CO and then protected from the air by a

2%
soda-lime guard tube.

Methanol: AnalaR grade, used without further treatment.

Nethanol-d4: Commercial sample, used as supplied.

Ethanol: AnalaR grade, used without further treatment, or
boiled and stored as for water.

Isopropanol: ApnalaR grade, treated as sthanol.

Dimethyl sulphoxide: Koch-Light puriss. grade, used without
further treatment.

DMSU-dS: commercial sample, used as supplied,

1,4-dioxan: spectroscopic grade; used in making up stock
solutions of parent compounds. Reaction solutions

contained less than 1% dioxan.

Tetrahydrofuran: AnalaR grade, dried over sodium.

201.2.5ubstrates:

153,5-Trinitrobenzene: dried reagent grade, m.p. 123%¢ (lit?1

122+5°C)
2,4,6-Trinitrotoluene: sample supplied by P.E.R.M.E.,
Waltham Abbey, and dried in air. NMR spectra showed

72 BZOC)

no impurities. M.p. 82°C (lit.
254,6=-Trinitrobenzylchloride: samples supplied wet by
P.EoRM.E., Waltham Abbey, and dried in air. Purity
of samples tested by NMR. Those found impure
(contaminated with TNT) were recrystallised twice from

benzene/pentane - subsequent NMR spectra showed no

trace of impurities. M.p. 85°C (1it%8 85°()
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2e1e3.Nucleophiles:

Sodium methoxide: prepared by dissolving sodium metal in
AnalaR methanol under nitrogen. Samples of the
solution thus prepared (usually around 3M) were
diluted with methanol and titrated with standard acid.
Solutions of sodium methoxide-d3 in methanol»d4 vere
made in the same way.

Sodium ethoxide, sodium isopropoxide: prepared in the same
way as sodium methoxide.

Tetraethylammonium isopropoxide: prepared by dilution of
25% aqueous tetraethylammonium hydroxide with
isopropanol, and titrated with standard acid. Reaction
solutions contained less than 1% water.

Sodium sulphite: AnalaR grade hexahydrate, oven dried.

Benzylamine, n-butylamine, isopropylamine and piperidine:
commercial samples, used as supplied.

1,4=diazabicyclo=(2,2,2]-0ctane (DABCO): reagent grade,
used as supplied.

Sodium hypochlorite: commercial solution (10-15% available
chlorine) was diluted 1 in 6 to give an approx 0°5M
solution, Samples were standardised against sodium
thiosulphate after the addition of excess potassium
iodids.

Sodium phenoxide: stock solutions were made by the addition
of the required amount of 1M sodium hydroxide solution
to a solution of AnalaR phenol (weighed out) in water,

Potassium cyanide: AnalaR solid, used as supplied.

Diethylmalonate: commercial specimen, used as supplied.

To generate the malonate anion; sodium methoxide was

added to the solutionse.




2.1.4. Salts:

Sodium sulphates: AnalaR grade;, oven dried.

Sodium tetraphenylborate: commercial sample, used as
supplied,

Amine perchlorates (all amines except piperidine): stock
solutions were prepared by mixing the appropriate
weights of the amine and 60% aqueous perchloric acid
in a known volume of DMSO.

Piperidine hydrochloride: a commercial 'pure'! sample, used

as supplied.

29,
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2.2, Measurement Technigues.

2.2¢1« Rates.

a., Stopped-flow spectrophotometer: The instruments used were
'Canterbury' SF=3A or SF=3L instruments, each with a 2mm
pathlength cell;, thermostatted at 25°C. First order
conditions were maintained by having the base concentration
in large excess over that of the parent. Reactions were
followed by monitoring the change of absorbance with time
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
thus to the change in concentration). Hence, for rate
measurements, a plot of 1lnAV versus t gives a straight line

-]

of slope ks where AV=|wx;Vt

In the cases where a reliable "infinity' reading could
not be obtained, Guggenheim plots were used, In most
systems studied, two processes were observed. Wherse kinetic
measurements were desired for the first process; either a
suitable wavelength was chaosen to avoid interference by the
second process,; or the processes were sesparated by visual
extrapolation. The rate coefficients quoted are the mean

of 4-6 individual runs, and are generally accurate to 15%

b. Slower rates: These were measured either on a Beckmann 5-25
recording spectrophotometer, or a Unicam SP-500 instrument.,

In either case, solutions were thermostatted at 25°¢C.,

20.202.Equilibria.

Equilibrium optical density measurements were made at
25°C, using either a Unicam SP500 instrument, with a
pathlength of 1cm, or the stopped-flow spectrophotometer.

In this case;, the optical densities were calculated from




equation 2:70

0.0, = log VO Egozo1

ZVO=AV5

where V_ = background voltage (generally 5V)
Av = VC=VS
\IC = voltage in the absence of the absorbing
species
Us = voltage in the presence of the absorbing
species

20203, Visible spectra.

These were either recorded on a Unicam SP8000,; tnicam
SP8-100 or Beckmann 5-25 recording instrument, or measured

point by point on the stopped-flow spectrophotomster.

2.20.4. Proton magnetic resonance spectra.,

These were measured on:
a. A Varian EM 360L instrument operating at 60 MHz,.
bo. A Bruker HX 90E instrument operating at 90 MHz,
modified for Fourier transform operation and using a
deuterium lock. Shift measurements are quoted as '§' values
relative to internal tetramethylsilane, with the exception
of those in water; which were measured relative to internal

dioxany, assigned a shift of 3°7 ppm.




CHAPTER THREE

SULPHITE ADDITIONS TO 2,4,6-TRINITROTOLUENE

AND 2,4,6-TRINITROBENZYL CHLORIDE IN WATER
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3¢1. Introduction.

The reactions of sulphite ions with a number of

polynitroaromatic compounds have been studied, adducts at

32

both substituted33 and unsubstituted positions having been

observed. Evidence has also besen found for cis-trans

isomerism in the diadduct of 1,3,5=trinitrobenzen334°36.

In the case of TNT, the relatively low affinity of the
sulphite ion for protons should make proton abstraction a

minor process,; and simplify the analysis of the kinetic

55

data. A previous study of this reaction reported the

formation of a species of unspecified structure, with

Amax 465nm, and equilibrium constant 5°6 1 mole” .




3s20. Expsrimental.

Kinetic measurements were made at suitable wavelengths
using the stopped-flow spectrophotometer. Typical runs are
shown in table 3.1, Visible spectra were recorded on a

1H NMR

Pye=Unicam 5SPB000 spectrophotometer at 31°C.
measurements were made at 90 MHz on a Bruker HX BOE
instrument modified for Fourier transform operation and
using a deuterium lock. Chemical shifts in media
containing DMSO were measured relative to internal
tetramethylsilane : those in water were measured relative
to internal dioxany; assuming a difference of 370 ppm

73

betueen the two references “. Mixed DMSO-water solvents

were made by mixing measured volumes of each component.
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Table 3.1,

Typical results from kinetic measurements.

(i) Sodium sulphite (0°04 M), TNBCL (5 x 107°m)
First process,; measured at 460nm.
(ii) Sodium sulphite (01 M), TNT (1 x 10™%Mm)

Second process, measured at 560nm.,

(i) (ii)

t v kP t  av® kP
(ms) (s™") (s) (s”h)
5 570 Qe1 475
75  4+50 95 0+2 385 210

10 3¢50 100 03 315 200
125  2+80 89 0e4 2955 2¢11
15 215 106 0+5 205 2-18
175 170 94 06 165 217
20 1-30 107 07 135 2401

mean 98¢5 0-8 110 2-05

0«9 090 2-01

mean 2°08
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3.3. Results and Discussion.

3e3ele 294,6=-Trinitrobenzyl chloride.

In aqueous solution, visible spectra indicate the
presence of two equilibria between TNBCl and sulphite. A

solution containing 0°01 M sodium sulphite and 2x10™°

M
TNBCl shows two maxima at 460nm and 540nm. This pink species
is attributed to 1:1 interaction. At higher basse
concentrations a new peak appears in the region of 480nm
as the initial peaks decrease; until with 1M sulphite
there is one broad peak at 450nm. This is interpreted as
formation of a 1:2 adduct, beginning before complete
conversion to the 1:1 adduct has occurred. In DMSO-water
mixtures, where the 1:1 complex is stabilised relative to
the 1:27, the spectrum shows a peak at 466nm, with a
pronounced shoulder at 530nm.
1H NMR data for these reactions, given in table 3.2,
confirm the above assignments.

The spectrum of the parent compound in DI'ISO-d6 shows
two bands, at 65-00 (CHZCl protons) and §9°08 (ring protons).

On the addition of sodium sulphite in D,0, these bands

2
disappear and are replaced by two new bands at 66°13 and
8852 and a group of bands around 85°10. The observation

of the two bands due to the ring protons is evidence for

the formation of an adduct at C-=3 (3.1), one proton(Hb at
06:13) showing a large upfield shift due to the change in
hybridisation of the carbon atom to which it is attached,
whilst the other (Ha at 068°52) remains in a largely aromatic
environment. The side chain resonance does not move greatly,
but is split into four bands due to non-equivalence of the

protons. This is presumably due to restricted rotation of

this group in the adduct.




Species
TNBC1

(321)

(3:2)

TNT

(3.3)

(3.4)

Table 3.2,

1

H NMR data for TNT and TNBCl and

their adducts with sodium sulphiteo

Solvent® 6 (ring)
DMSO 9-08
70:30 v/v 8°50 (Ha)

DMSO-water 6°13 (Hb)

Water 60 (H_,H,)
DMS0 9-04
70:30 v/v 8-50° (H,)
DMSO-water 614° (Hy)
Water 6°0 (H_sH,)

a. All solvents were fully deuterated

b. Doublets,

c. Doublets,

Jd = 11 Hz

2 Hz

J

6(side chain)
500

5.05°
5.110

4-80

370
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CH,CL H,ClL
()ﬂ“‘ ,hKDz Cbh&.iiiiifN()Q
H !!Eiil Hb_ - Hyp }4b._
“K)z IQCDZ
3.1 3.2

Dissolving TNBCl in a 1M solution of sodium sulphite
in 020 containing a small amount of dioxan gives rise to
a spectrum with a band at 8600 and a group of four bands
similar to those above, centred around §5°0. The single
band due to ring protons is evidence for structure (Q;g),
where again the side chain protons are non-equivalent due
to hindered rotation.

Stopped=flouw spectrophotometry showed the presence
of two processes whose rates were well separated. The
first was colour forming at all wavelengths studied,
whilst the second was colour forming or fading depending
on both the wavelength of measurement and the concentration
of base used. These two processes were attributed to the

formation of 1:1 and 1:2 adducts, the equilibris concerned

being equations 3.1 and 3.2 respectively:

2- ¥y
Parent + 50, — (3.1) £ge 361
k
-1
2= k2
(301) + 503 — (382) Eq:: 302
K
-2

Effects due to the ionic strength of the medium are
likely to be important for the second process, but less so
for the first. Consequently the first process was studied
at low base concentraltions, without added salt. oate and

equitibrium dats for this reactiun were meusurcd at 460nm,
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and are presented in table 3.3. As the concentration of
base is in large excess over that of the parent, equation

3.3, applies to the observed rate coefficients.

K = Kk

2=
obs 1t Ky [503 ] Eq. 3.3

ps VEIsus sulphite concentration was
1. -1

linear, and yielded values of k,, 4000 1 mole” 's~  and

77 571, Combining these values gave K, (= k1/k¢1),

A plot of k0

k_y»

52 1 mole-1, in good agreement with the value obtained from
the optical density measurements, 56°5 1 mole” .

The second process was also followed at 46lnm, the
solutions in this case being made up to 0°3 M ionic strength
with sodium sulphate. Rate data for this reaction are in
table 3.4, First order kinetics will again apply, the

observed rate coefficients (kobs) in this case being given

by equation 3.4,

k . =k . +k, K. [s027 ]2 Eq. 3.4

obs =2 2 1 3
D
1+ K, [5057]

Extrapolation of the observed rates to zero sulphite

1

concentration gave a value for k_, of 17 £ 0°2 s , This

2

value, and the known value of K1, were used to calculate

values of k., using equation 3.4. - this procedure gave a

2
1.1

value of 55 % 4 1 mole 's for Kk and hence a value of

29
K, (= ky/k_,) of 32 1 mole”'. Values for the rate
coefficient calculated from these results were in good

agreement with the experimental values,

302020 254,6-Trinitrotoluene,

The visible spectra obtained with TNT and sulphite
in water are similar to those with TNBCl. 1In dilute

sulphite solutions (below 0°01 M) a pink species is




Table 3.3.

40.

Kinetic and equilibrium data for the reaction of TNBCl

with sodium sulphite in water at 25°C: first process

[Na,s0.]
(1)

0002
0-004
0-006
0-008
0-010

0015

a. After completion of first processs

to a 2mm pathlength cell, with 5 x 107

98
110
110
118

126

0.0.2

460nm

0013
0-021
0-030
0-037
0-043

0-054

(1 mole-1)

61
54
56
56
55

54

Measurements refer

Sﬂ substrate.

b. Calculated using 0.D. values and a value of 0:120 for

complete conversion, obtained from a Benesi-Hildebrand

plot.




Table 3.4,
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Kinetic data for the reaction of TNBCL (5 x 107°M) with

8o

sodium sulphite in water at 25°C: second processs

2,505 ] [Va,50,] Kobs
(m) (m) (s
001 0-09 1°94
002 0-08 2027
0+04 0-06 3410
006 004 405
0-08 D02 5032
G-10 633
Calculated from equation 3.4. with k_,=

k,= 55 1 mole” 's™! and K,= 55 1 mole” .




produced, with Amax at 460nm and 550nm (shoulder), again
attributed to 1:1 interaction. Above 0°1 M sulphite, an
orange species predominates, whose spectrum has a broad
peak at 420nm. This is the product of a 1:2 interaction.
DMSO is again found to stabilise the 1:1 adduct relative
to the 1:2,

1

H NMR spectra confirm the products of the reactions

as the adducts (3.3) and (3.4).

CHg
O2N\ /NO2
Hp
N 503
NO,
3.3 3.4

The spectrum of the parent compound shows two singlets,
at §2.56 (CH3pr0tons) and 0§9+04 (ring protons). A solution
of TNT and sulphite (both 0-07 ﬂ) in 70:30 v/v DMSD-d6-020
shows tuo spin-coupled bands (J = 2 Hz) at 86+14 and 68-+47,
with the methyl proton resonance at §2+41 indicating no
addition at C-1. These data are consistent with (3.3),

with H_ at 6615,

b
On dissolving TNT in a solution of sodium sulphite

in DZD’ again with a small amount of added dioxan, the

spectrum obtained showed two peaks: the methyl proton

resonance was found at §2°48, whilst the ring protons occur

at 860, showing addition at both C-3 and C-=5, (3.4).

Unlike the diadduct from 1,3,5=trinitrobenzene$5”36, there

was no evidence here for cis~trans isomerism. The data

are summarised in Table 3.2.

Stopped-flow investigation of these reactions shoued

the presence of two processes, again with well-separated

42,
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rates. In this case, the first process,; a rapid colour-
forming reaction associated with the formation of (3.3),

L in the most

had rate coefficients in excess of 250 s
dilute sulphite solutions which gave measurable absorption,
and was hence too rapid for measurement using the stopped-
flow method. In view of the stabilisation of the 1:1
adduct by dimethyl sulphoxide, rate measurements were made
in mixed DMSO-water media. Rate and equilibrium data for
the first process are presented in tables 3.5 (305, DMSO by
volume), 3.6 (20%) and 3.7 (10%). As for TNBCl, first
order conditions were maintained, and hence equation 3.3

applies to each set. Plots of k0 versus sulphite

bs
concentration for each solvent composition were linear,
(figure 3.1), allowing values of k1and k_, to be

obtained. Optical densities at the end of the first
process were also measured in each case, and were used to
calculate values of K1. The values obtained for these
parameters are in table 3.8. Previous workers have found
that properties such as rate constants74 and acidity
functions'® vary with the DMSO content of mixed media in
such a way that plots of the log of the property versus
the mole percentage of DMSO are linear. In agreement with
this, plots of log K

and log k_, against the mole

1 1
percentage of DMSO were linear, and allowed extrapolation
to pure water.

The greater stability of the 1:1 adduct in media
containing DMSO probably derives from the lower solvation
by DMSO of the polar sulphite ion, and the increased
solvation of the polarisable o0 -adduct by this component.

The variation in the value of K, with the change in

1

solvent composition can be seen to derive from changes in h‘




Kinetic and equilibrium dats for the reaction of TNT and

sulphite (first process) in 70:30 v/v water:uiS0 at 25°C

@ulphite]
(M)

0-0025
000650
0-0075
0010
0-020
0-030

0040

Optical densities at end of first process. Measurements
refer to a 2mm pathlength cell, with 25 x 107 °M

substrats,

16°97
1929
21-396
25°01
45°13
47°42

58°03

Calculated from 0.D.

Table 3.5,

I P

460nm

0-012
0-021
0-028
0033
0-048
0-050

U055

values and a value of 0074 for

(1

complete conversion (Benesi-Hildebrand plot)

774
79°2
812
80-5
92°3
694

12°4

5
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Table 3.6,

Kinetic and equilibrium data for the reaction of TNT and

sulphite (first process) in B0:20 v/v water:DMSO at 25°C

[fulphite] Kooe 0.0.2 K,°
(M) (s™ " 460nm (1 mole™ )
0-005 49+5 0°012 21+2
0+010 521 0-021 202
0:015 584 0-031 2240
0-020 639 0-038 218
0-040 8249 0-057 210
0+060 993 0°068 199
0-080 11542 0-074 181

Optical densities at end of first process. Measurements
refer to a 2mm pathlength cell, with § x 107°M
substrate.

Calculated from 0.D. values and a value of 0+<125 for

complete conversion (Benesi-Hildebrand plot)

45,
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Table 3.7,

Kinetic and equilibrium data for the reaction of TNT and

sulphite (first process) in 90:10 v/v water:DMSU at 25°¢

[sulphite] Kobs 0.D.° K1b
(M) (551) 460nm (1 mole=1)
002 157 0-022 6°20
0-04 171 0-040 6°25
0°06 187 0-072 937
0-08 218 0-068 644
010 229 0-082 695

a. Optical density at end of first process. [Measurements
refer to a 2mm pathlength cell, with 1 x 107 %1
substrate.

b. Calculated from 0.D. values and a value of 0°20 for

complete conversion (Benesi-Hildebrand plot)




Table 3.8,

Variation with solvent composition of rate and
equilibrium parameters for formation of

(3.3) from TNT and sodium sulphite at 25°C.

- ot a b
Vol% Molex k1 k‘=1 K1 K1

DMSO  DMSO (L mole™'s™') (s™') (1 mole™') (1 mole” ')

30 9.6 1100450 14205 8045 7947
20 5.9 920470 4542 2142 2142
10 297 9004100 135410 741 741
0 o 800+100  300+30 2°6%0°5 2°6%0°5

a. From kinetic datay K1= k1/k_

b From optical density data

1

Co. Extrapolated values
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Fiqurc 3.7%.

Plots of kobs versus sulphite concentraticn fur the reaction
of TNT with sodium sulphite in methanol-watcr mixtures

(first procsse).

As 10, DFMSE
B 205 M350 |

C: 300 5MSU |
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k_1 remaining reasonably constant. As found in previous
studies76, this indicates that the transition state for
the formation of the 1:1 complex is 'reactant-like'.

The second process, corresponding to the formation
of (Q;ﬁ), was much slower, and rate measurements were
conveniently made in water. Measurements were made at two
different ionic strengths, with added sodium sulphate, the
rate coefficients varying markedly with ionic strenéth as
expected for the formation of a multi-charged species76e
Rate data are in table 3.9, These were treated in a
similar fashion to those of the second process with TNBC1l,

= 2°6 and gave the values k_,= 116 s”T,

1

using K1

k,= 42 1 mole™'s™", K,(=k,/k_,) = 36 (for ionic strength

0+3 M) and k_,=0+85 ™', k,= 160 1 mole” 's™ ', K

ionic strength 1+5 M).

s K = 188 (for

2 2

Je3e3, COmparison with other compounds.

Rate and equilibrium parameters for the two compounds
at ionic strength 03 M in water are presented in table
3,10, along with the corresponding values for 1,3,5~trinitro-
benzene (TNB) and 2,4,6=trinitroanisole (TNA). As with
other compounds (with the exception of 2,4,6-trinitrobenz-
aldehyde)33 there was no evidence for sulphite addition

at a substituted position - this may reflect the adverse

steric effects of the two bulky groups attached to the
same carbon atom,

The greater stability of the 131 adduct of TNBCl over
that of TNT is due to the greater electron-withdrawing
ability of the chloromethyl group in the former over the
methyl group in the latter. The decreased stability of

these adducts compared with that from TNB may be due to steric

effects. The presence of a bulky group in the 1-position
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Table 309,

Rate data for the second reaction between TNT

and sulphite in water at 25°¢c.

FUlphitB] kobsa kcalcb kobsC kcalcd
(m) (s™") (s™1) (s™") (s™1)
0-01 1419 117
002 1420 120 101 1:01
004 127 1432
0-05 1+79 177
006 1249 150
008 174 174
0°10 2°10 2+03 4-00 4913
0-20 113 117
0+30 22+3 21°9
0°40 3403 336
Ionic strength 0°3 M with sodium sulphate.
Calculated from equation 3.4 with k_,= 1216 s~ ,
k,= 42 1 mole™'s”" and K,= 2°6 1 mole” ',
Ionic strength 1°5 M with sodium sulphate.
Calculated from equation 3.4 with k__= 0°85 s,

2
k,= 160 1 mole Vs~ and K= 206 1 mole~ 1.
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Table 3,10

Kinetic and equilibrium data for some sulphite additions

in water at 25°C with ionic strength 0.3 M.

K k K K K K

1 -1 1 2 -2 2
(1 mole-1s-1)(s=1)(l mole—1)(l mole=1s=1)(s-1)(l mole=1)
TngP 3.5 x 10% 125 290 1028 0°13 9e2
195 21 93
TNAS 48 x 10° 35 140 170 0212  1-4x10°
NT 800 300 26 42 1°16 36
TNBCL 4 x 10° 77 55 55 107 42

a. Data refer to formation of cis- and trans-isomers.
b. Ref., 34,

CO Refo '760
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will hinder planarity of the adjacent nitro groups, which
is an important factor in charge-stabilisation in the
adducts,

It has been suggested 71 that the extent of solvation
of adducts may play an important part in determining their
relative stabilities. 1In this casey; the presence of the
hydrophobic methyl group in the TNT adducts may hinder the
solvation of the adjacent nitro groups to some extent,
this being important particularly in the adducts.

No kinetic or NMR evidence was found for cis-trans
isomerism in the diadducts - as with other compounds it
seems likely that one isomer (probably the trans) is

favoured,




CHAPTER FOUR

THE REACTIONS OF 2,4,6-TRINITROBENZYL CHLORIDE

WITH ALKOXIDE IONS

54,
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4,1, Introduction.

If the reaction of 2,4,6=-trinitrotoluene and sodium
hypochlorite is guenched with dilute acid shortly after
its initiation; a high yield of 2,4;6-trinitrobenzyl
chloride (TNBCl) is obtained®®. This compound is likely
to be an intermediate in the formation of 2,2‘,4,4',6,6',-
hexanitrostilbene (HNS) by the above reaction and HNS
can in fact be made by the reaction of TNBCl with potassium
hydroxide69. The conversion of TNT into HNS is accompanied
by the production of intensely coloured species in solution,
which may result from processes; such as complex formation,
not on the reaction pathway. In order to obtain
information on species possibly responsible for these

colours, the reactions of TNBCl with a number of alkoxide

ions were studied.




“e2e Lxparimental.

Vigil.le spectra were measured on Unicam SP5CU or
SP8000 instruments, or measured point by puint on Lhe
stopped-fli .

1 : 3 o 1 V)

H MM measurements were msde using & Bruker HX 900
instrui. »nt, wmodified for F.T. aperation =znd using &
deutorium lock. All shifis are relative to internal
tetramethylsilane.

Kinetic messurements for the slowest procs .o i the

TNBCl-ethoxide system were made using & Unican 20500

instrunent., C(ther rates uere measured by the _toped=fLlo:

technigue. In most casec, the various processc: hao well-
separated rates, so that rcasonable 'infinity!' valucs
could be obteined. However, the seﬁond proce-. in the
reaction of TNBCl with ethoxide interfered with
measuraments on the first. In this case, it uzs assumedSD
that in th= early staoges the optical density chonge due
to the second reaction uas approximately lineasr with tim:.
Consequently, the first process could be seen 55 an
exponential superimposed on a straight line (the zecond
process extrapolated back to zero time) and hence its rate
could ce evalueted.s Typical results are shoun in

table 4.1; where the rate constants are calculzted from

the integrated form of the rate expression.

56.
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(ms

20
40
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100
120
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160
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Table 4.1,

Typical results from rate measurements.

Av®

Mean

Ut-V

1

(t-t')

(All measured at 430nm.)

5

1 x 10°°M

0°01 M

kb

(s™")

10-0
101
10°2
10-1
10-2

103

10°1

In é!'
Av

ed

ii.

(ms)

100
125
150
175
200
225
250
300

350

(continued)

TNBC1

NaOEt

Data ref

ave

1 x 1072

1=

2 x 10'3m

er to kme
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iii.

(ms)
10
20
30
40
50
60
70

80

a. Av

TNBCL =

NMe  0tPr

4

Au®

Table 4.1

(cont,)

S

1 x 107 M

4

3 x10°m

(s™h)

23
21
23
19
20
17

20

20

1n Ag'
PAY,
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4,3, Results and Discussion.

4,3.1. General Considerations.

The kinetic and spectroscopic results presented below
provide evidence for three types of 1:1 interaction
between TNBCl and alkoxide ions, though not all are
observed with every alkoxide. These are assigned,; in
order of decreasing rate, to addition at C-3 to give (4.1),
addition at C-1 to give (4.2) and removal of a proton
from the side chain to give (4.3). The observed rate
coefficients for these three processes are designated as
K

k and kS respectively. The rate data is

fast’ “med lou
interpreted in terms of three competing equilibria, as
shown in scheme 4.1,

As the base concentration was kept in large excess
over that of the parent, first-order conditions apply.

The variations of the observed rate coefficients with base

concentration are thus given by equations 4.1-4.3,

Keast = K3 [ORT] + k_q Eq. 4a1,

ned = Kq [OR7] + k_, Eqe 402,
1+ Ky [0R7]

Kslow = %p [orR™ ] * kg EQe 43,

The derivation of 4.3, assumes that the value of K1 is much

larger than that of K3, which was found to be the case for
all the alkoxides studied. Wwhen K1 [DR_] »1, equation
4,3, reduces to equation 4.4,

K =k + k
slow B -p tg. d.4.

"
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Scheme 4.1

CH,CL
OQN\ ,N02
O H (4.1)
" OR
) NO,
/{-3
CH,Cl ) RO CH,CL
O,N NO, ! O, *NO,
—_— (4.2
r’\._,] |
NO, K NO,
.
DN
P CHCL
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4,3.,2. Mrthoxide ion in methanol.

Visivle spectra of solutions containing TNaul (5 x 1D°5ﬂ)

3&-10-2ﬂ) showed two peaks at

and sodium methoxide (107
A430nm and 500nm, initially of roughly similar intensities,
with two shoulders, the more pronounced at A 370nm and the
other around 650nm. The relative intensities of tne two
main peaks varied with both time and base concentration,
indicating the presence of more than one species. Spectra
recorded point by point on the stopped-flow confirmed

=5

this: with 10 "M TNBCl and 10-2ﬂ base, the species produced

initially has Amax 430nm and 510nm, typical of a o -adduct.
The spectrum of this solution changes with time, eventually
having maxima similar to those above (figure 4.%.). This
spectrum is due to a mixture, in approximately equal
proportions, of the initially produced o -adduct and the
conjugate base (4.3), whose spectrum in this instance was
generated by adding 0-01 M DABCO to a solution of TNBCl

in DMSO.

The 1:1 adduct appears to bhe stabilised relative to
the conjugate base by DMSO, the spectrum of a soclution
of TNBCL (2+5 x 107°M) and sodium methoxide (107 °M)
in 80:20 v/v DMSU:MeOH showing only the wavelength maxima
(at 430Pm and 520nm) characteristic of the adduct. .

Proton magnetic resonance measurements allowed the
identification of the site of addition in the o -adduct
(i.e. at C-3 (4.1) or at C-1 (4+2) ). Measurements were
made in methanol, DMSO and two mixed solvents, all solvents
being fully deuterated.

The spectrum of the parent compound in methanol
showed two peaks, at §9°05 (ring protons) and 65-08 (CHZCl

protons). With one half equivalent of sodium methoxide-d,
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Figure 47

s s , , -5 .\ .
Visible spectr- of TNBCL {4 x 10 M) in the presence of

Lasc

A: spechtrua, measured by stoppued-flow, of the o -adduct

(4.2, R=e) initially produced in the prescoce of

-7

167 M sodium methoxide in methanol.
B : spectrum of the same solution at equilibriun.
C: spectrum of the conjugate base (4.3) produccd by the

addition of 13°2 M DABCO in DMS0 solution,
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these peaks were reduced in intensity, and three new peaks
of roughly equal intensity appeared. These were a singlet
at §6+94, and two doublets at 6817 and 068¢56: these data
are consistent with the formation of the conjugate base
(4.3) in which rotation about the C-CHCl bond is restricted
due to its partial double bond character. Similar spectra
were obtained with up to one equivalent of base, and no
signals which could be assigned to a o -adduct were observed.

The reverse situation was found in OMSU, where conjugate
base formation was not observed (figure 4.2). 1In this
solvent, the peaks due to the parent are found at $9°09 and
0500, The addition of one half equivalent of base
resulted in the appearance of two new bands, at §4<70 and
08+68. The absence of a band in the area around 66+0
argues against addition at an unsubstituted carbon, and
the adduct is thus assigned the structure (4.2, R=Me).
These two peaks increase in intensity, at the expense of
those of the parent, with increasing base concentration,
conversion appearing complete with 1+5 equivalents of
base, Using undeuteriated methoxide, a band was observed
at 830, which was attributed to the methoxy protons in
the adduct.

In 50:50 DMSO:Methanol, only formation of the complex
(4.2, R=IMe) was observed, with peaks at §4<73 (CHZCl) and
6875 (rinmg protons).

Both species were observed in 25:75 v/v DrSO:methanol
solvent mixture,up to a base:parent ratio of 1:1. The
conjugate base peaks were found at §6+90, (CHCl protons)
and 68+20, §8-50 (ring protons), these last tuwo being spin-
coupled with J 2°3 Hz. The peaks due to the o -complex®

were found at 0875 (ring protons) and §4+70 (EHZCl protons).




Figurae 4.2,

NFR spectrn of TNBCL (C-2 [4) and sodium m-thoxide-d, in
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In the presence of more than one equivelent of hase, tuwo
new doublets, with J 3 Hz, are observed atfbe’. ~nd B-68,
together with a singlet at 7-55. These indicate the
faormation of the dianion (4.4, R=Me) analagcus tu that

ey
formed from TNT“1° (figure 4,.3)

CHEL
()ﬂ“‘ 'V(j;

OR
O H
NO,

4,4

The NMs dats are summerisced in table 4.2,
In spreemnent uith the spectral data, stoppod-flou
spectrophotometry revealed the presence of tun _rucesses

in methanol, which were assigned to the formastion of (4.7,

b.  Thne

=Me,; (rate ici . ;
R=Me, (r coefficient kmed) and (4.3) (kslow’

relevant rate and equilibrium data are in t:able 4.3, The

rate coefficients of the faster preocess wre i+ cocndent

of the 1 rent concentraticn, but inpcresss with the base
concuntretion. A plot of kmed versus socium .. thoxide
concentravion is linear which incdicates that <« o.tion 4.2
reducss in this case to eqguation 4.5, and thus ohot

Ky [OMe” ]k,

(Sl

Kned = %9 [OMe'] ok, Eg. i

The values obtsined from this plot were k.= 770 + 30 1 mols s ,
1

and k_,= 2+2 £ U2 5 1, which combine to give R WAL 1;:

350 ¢+ 50 1 mole”™ ', This is in guod agreement with the

values obtained from optical censity measurement. zt 430nm

a

(330 + 3% 1 molu—1) and S00nm {370 = 4% 1 mol.” '),

et vl density meassurements ot SUOAmM oL the end of
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sodium methoxide-d, in 75/25 CDSUD/DMSO-d
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ctrum of TN3C1 (0°2 M) with 1°5 equivalents of

6o

68,
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Table 4.2,

Chemical shifts? for products of reactions

of TNBCl with methoxides

Solventb Species Ring Side chain
Methanol TNBC1 905 5-08
" (4.3) B-17° 694
8+56°
DMSO TNBC1 9.09 5-00
" (422,R=CD;) 8°68 470
75:25 TNBCL 9+06 5207
MeOH:DMSO
(4:2,R=CD) 8275 4-70
(4.2,R=CH,) 8770 468
— 3
(4.3) ge209 6-90
850
(404,R=Me)  6°22° 755
8.68°

dvalues, relative to internal TMS.
Fully deuteriated,
Doublets.

2°3 Hz,

Doublets, J

Doubletsy; J = 3 Hz,

Methoxy

300

70,
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Table 4.3.

Kinetic and equilibrium data for the reaction of

trobenzyl chloride with sodium
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the second process allowed calculation of an ovuerall
equilibrium constant, KT. Combining the value for K,

350 1 mole” |, with that obtained for Kps 600 % 50 1 mole™ ",

gives ~ value for Kp’ 250 1 mole-1, from equation 4.6,

K = K, + K Eqe 4.6

Rate measurements (see table 4.3) on the slow process
showed that in the range of methoxide concentr=tion 001 M-
0«1 [1 the rate coefficient is independent of bas:
concentretion : hence egquation 4.4 applies. Usinyg the
limiting rate, 0-11 s, together with the values for K,
and Kp, gave values of kp= 16 1 mole-1s-1, and k-p: 0«065 8’3

No evidence was found for the formation of (4.1, R=Me)
in the solutions used in this work. This can be
attributed to the low stability expected for this adduct.

The values of the equilibrium constants for methoxide

addition ot an unsubstituted carbon are, for 1,3,5-trinitro-

benzene ™ 20 1 mole_1, for 2,4,6-trinitroanisole17 2*7 1 mole

and for 2,4,6-trinitrotoluene ® 0+07 1 mole”'. Also, by
analogy to the sulphite additions described in the
previous chapter, the ratio of the equilibrium constants
for TNBCL and TNT should be of the order of ¥5. Thus the
concentrations of the C-3 adduct in equilibrium with TNBCL
and base in the solutions used are likely to be csmall,

The value obtained for the rate constant for methoxide
departures, k_19 provides further evidence for =ddition at
€-1. Typically, values for methoxide expulsion from a
ring-carbon carrying hydrogen are of the order of 300 5_1,

significantly higher than the value of 2¢2 s~ found

here.

1




Table 4.4,

Rate coefficients for equilibration of (4.2)

and (4.3) in methanol at 25°C.

maUMe] kslou
() (s” ")
001 0:116
0+02 0°118
0-04 0113
0-07 0°107

0-10 0-108
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4,3,3. Ethoxide lon in Ethanol,

Visible spectra (see figure 4.4) of solutions containing

3 2

sodium ethoxide (107°M-10"2M) and TNBCL (4 x 107°M)

showed the rapid formation of an orange species, with Amax
430nm and 510nm, followed by the appearance of a second
species having Amax 370nm, 500nm and 650nm, both species
being present st equilibrium. These data are interpreted
in terms of the formation of a o -adduct, with subsequent
equilibration with the conjugate base (4.3).

With 01 M base, the initial orange coloration was
replaced fairly rapidly by a crimson-pink colour, with
Amax at 516nm., This is likely to be due to a 1:2
interaction, forming either a dianion similar to that with
methoxidey; or a diadduct by addition of two ethoxide ions.
1H NMR spectra were in agreement with these results.

On the addition of one half equivalent of base to a solution
of TNBCl in DMSU—dﬁ, the peaks due to the parent decreased
in intensity, whilst two new bands appeared at 84-68 and
08°68, This is in accord with the formation of a o -adduct
by addition at C-1 (4.2, R=Et)., The methylene protons

in the adduct were also observed, as a peak at §3°09
separate from the bulk resonance at §3°37.

A similar pattern was observed with one and tuwo
equivalents of base. Also, a peak developed with time at
07°25 in these solutions, possibly due to formation of
the conjugate base., However, no corresponding ring proton
peaks were observed.

Stopped-flouw spectrophotometry revealed the presence
in dilute base solutions of ‘three processes in this system,

which were interpreted in terms of scheme 4.1. At ethoxide

concentrations greater than 0°002 M, a rapid colour-forming
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Fiqure 4.4,

Visible cpectra of TNBCL (5 x 1077 M) and sodiun ethoxide
(1 x 1079 M) in ethanol, taken at 2 minute inturuals

(A - D), showing the equilibration between (4.2, R=ECt)
and (4.3)




Figure 4.4,
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reaction was observed, whose spectrum, as obtained from
measuremznts on the stopped-flouw had Amax 430nm 5nd 510nm.

In view of the subsequent equilibration of thi. Lpecies,
which was zlso yuite fast, and the stability of tho C-1

adduct as deduced from the NMR measurements, Lhi. species

was essigned the structure (4.1, R=Et). The eguilibration

reaction means that the values of the rate coefficient for

this first process, (see table 4.5) are subject to

kFast
guite larys errors - conseguently, a plot of kF~wt VETSUS
ethoxide concentration gave a straight line, =5 expected

1 =1
S )

from equation 4.1, with a slope (k4) of 10% 1 wole”
but with an uncertain intercept (K-Z)'

The second process is also colour-forming, and corre-
sponds to the formation of (4.2, R=ft). This i< the
specice rcsponsible for the orange colour abscrved in the
visible spectra, and has an almost identical visikble
spectrum to that of (4.1, R=Et). The similarity of the
spectra nf such isoneric adducts is not unexpccotad,
having buen observed in the case OFAthe methoxide adducts
of 2,&,6—trinitroanisoleq7. Rate dats for thic sricess were
measurcu at 430nm, and arc slso in table 4.5, The

variation of the rate coefficients, 1o dencribed by

kmud’

egqusntion 4,2, and an iterative procedure was wuszd to

calculate values for the rate and equilibrivn oo sncbers,.
The eguation is well fitted uwith Ko 700 1 mulgm?:

Kk, 7600 1 nole 's™ and k_qnegligibly small, i ing this
value fav KS’ and the known value of kg’ A v. v, Far

- o -1 . : .
k_3: ( k3/K3/ of 14 s was obtained. The o, tic..l dunsity
valucs measurcd at the end of this second procesc are
independent of the base concentration doun to the lowest

"
. - N . . . »
concentrations used (10 M)« This indicates  very high
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Table 4.5,

Kinetic data for the reaction of 2,4,6-trinitrobenzyl

chloride with sodium ethoxide in ethanol at ZSOCo

maDEt] Kfast Kned kmeda 0.0.° slow
(M) (s™ (5-1) calc(s=1) 430nm (s°1)

D-001 3-8 41 U029

0-0013 4+ 4 4-8 0032

0-0015 5-0 51 0029 D-0071
80-0017 53 Se4 0-031

0-.002 9°7 5-8 0-030

00026 64 6°5 0-031

0-003 35410 6°8 6°8 0029 0-0067
0-005 60 74 77 0029 0-0074
0-0075% 85 Be7 8-8 0030 0D-0079
g-010 117

1

a. Calculated from equation 4.2 with K, 700 1 mole ',

ky 7000 1 mole”'s™! and k_, 0.

b. After completion of the second rate process, k

3

med°®
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value for K, : 90, conversion to complex at 1977 M base
would require = value for K, of 9000 1 mole™ ', o the
actual value is likely to be greater than 10% 1 wole™ .

The third process observed was slow enough ta follow
by conventional spectrophotometry. The rate cosificlients
for this reaction, equilibration betuween (4.7, R=Et) and
(4.3) =zre independent of basc concentration, . oxpucted
for th: cuse uhere K1 [UR-] is very much gresatour thon unity,

4e3.%. Isopropoxide lon in isopropanol.

Yisible opectra indicate the rapid formatior of a
o ~adduct, with Amax 430nm and 505nm, when sclutions of
TNBCl .nd sodium isopropoxide are mixed., UOver & period
of time, a small peak develops at 380nm, and tne lower
vavelength peak due to the complex decreases irn intensity
indicative of the formation of the conjugate ban.o.
However, as this reaction was so:.slow, and was accompanied
by irrevarsible decomposition reactions, it was not
guantitatively studied. NIMR measurements on this system
did not sllow the unambiguous identification ¢ any of
the specles produced.

Nate measurements were made at 430nm, and ~reg in

tuble 4,5, Thg effects of the high degree of . -0

assaciation ILn sodium isopropoxide + = TeQ x 111

S ) |.,J | (KNB PrU 1 l
~1.79 . L.

mole cen be seen in the plet of rate coefficient

aguinst sodium isopropoxide concentration (ficurs 4.5)
which chows obvious curvature. The uée of tetramethyl-
ammonium isopropoxide greastly reduces the extent of ion-
pairing in dilute solutions. Ffor these solutions, a plot
of the observed rate coefficients versus isoprepoxide

-1

3 - 13 - 5 -
concentration vas linezr, giving a slope of 407 1 mole 15 P

and poooing through the origine. To obtain dat for the




Table 4060

Rate coefficients for the addition of isopropoxide ion

to TNBC1 (1 x 1U=5ﬂ) in isopropanol at 25°C.

10% [Na0ipr ) 104 [NMeaﬂiPr] [ NaBPh, ] Keast
(m) (1) (1) (s™")
40 11
740 20
10 32
20 - 46
40 73
70 118

100 162

5 0-01 5

20 0°01 20
35 0-01 33
50 0-01 54
3 20

3-8 35

4°5 40

60 54

7°5 76

10 93




Figure 4.5,

Plot of k_ .
obs

forming reaction between isopropoxide and TNBC1 1in

versus base concentration for the complex-~

isopropanol,
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opposite limit, sodium tetraphenylborate was added to

gensure complete ion-pairing - here again a straight line

was obtained, in this case with a slope of 104 1 mole™ s
and again with a negligible intercept. These values
indicate a much greater reactivity for the free isopropoxide
ion than for the ion pair, a situation which has been
observed21 in the addition of isopropoxide ion to
1,3,5-trinitrobenzene.

Optical density measurements at the end of the
reaction indicate that conversion to the complex is
virtually complete in all solutions used. This 1is to be
expected from the very high carbon basicity 21 of the
isopropoxide ion, which leads to large values for the
gquilibrium constants with, as found, a high value for the
forward rate constants and very.low values for the
reverse rate constantss Thus the equilibration of this
species, which is kinetically favoured, with the
thermodynamically preferred species will be very slouw.

The nature of the complex formed in these reactions cannot
be unequivocally determined, but is more likely to be

the C-3 adduct. The forward rate constant for (unpaired)
isopropoxide addition to 1,3,5-trinitrobenzene is

296 x 10° 1 mole 's™' 21, of the same order of magnitude

as that obtained in this case.

4,3.5. Lomparison with other substratss.

The data for the reactions discussed above are
collected in table 4.7, together with corresponding data
for 2;4,6-trinitrotoluene and 1,3,5-trinitrobenzene. The
TNT data for methoxide addition are taken from the next

chapter, and are included here for the sake of completion.

The most obvious difference between TNT and TNBCl is
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that the thermodynamically-preferred alkoxide -dduct from
TNBCl is formed by addition at C-1, rather than (-3 as in
the case of TNTSW. In a similar pattern to methoxide attack
on 2,4,u-trinitroanisole17, the adduct at (=3 is formed
more rapidly, but is not as stable as the (-1 adduct.
However, in this case the reasons for this behaviour will
be different to those in the anisole case. The greater
inductive withdrawal of the chloromethyl group in TNBC1
compared with the methyl group of TNT is one factor which
will favour alkoxide attack at the 1-position. However,
the major influence is likely to be steric. Relief of
steric strain between the ortho nitro groups and the
T-sub:tituent will be greater in the case of the bulky
CHQCl group than for the legss-strained TNT molecule.

The value of the equilibrium constant for addition at
C-1 is greeter than that for C-3 addition as a rosult of
the considerably louer rate of expulsion of alkoxide
ion from the former adduct, the forward rate constznt for
C-1 addition being smaller than that for C-3.

The ethoxide adduct of 1,3,5-trinitrobenzene is
slightly more stable than the C-3 adduct of TNBI1l, both
adducts invclving addition st an unsubstituted carbon,
Here the inductive effect of the CHQCl group 1s presumably
offset by its steric effect, which will hinder the ability
of the sdjacent nitro groups to accept negative charge.

A comparlson of the values of Kpp the eguilibrium
constant for transfer of a side-chain proton, for TNT and
TNBC1 shows that the electronegative chlorine atocm enhances
the acidity of the adjacent proton. However, the
enhancement here is by & factor of approximately tuenty,

whereas the roportedBO enhancement for 4-nitrovenzyl chloride
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over 4-nitrotoluene is approximately 700. As the NMR
data show, the CHCl-ring carbon bond in the conjugate

base {4.3) has some double bond character, and hence the

chlorine astom will be held to some extent in the plane of
the ring. In this position it will interact unfavourably
with the sdjacent nitro group, and hence its acid-enhancing
properties will be reduced, no such interactione occurring

in the trinitrobenzyl anian.




CHAPTER FIVE

THE INTERACTIONS OF 2,4,6=-TRINITROTOLUENE WITH

S00IUM METHOXIDE, AND THE REACTIONS OF

254,6-TRINITROTOLUENE AND 1,3,5-TRINITROBENZENE

WITH S0DIUM HYPOCHLORITE

B7.
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5,1, Introduction.

The reactions of 2,4;6=trinitrotoluene with sodium
methoxide have been the subject of a number of investigations.
BernascuniSU observed two processes in methanol under
conditions of excess basey; the slower of which uv.s assigned
to proton transfer to give the conjugate base (5.2,

(scheme 5.1)., Measurements on the fast proces: were not

made, houever, because the equilibrium concentr:tion of

the species produced was too small.

CH,
()ﬂ““ -JVC)Z
k oM
CH,q 3 e
= NO
OoN NO, k_= . 2 ucheme 5,1
K
S
NO, -5

A Flow-NMR study® ! in DMSU-rich media identified the

product of tHe fast reaction as the C-3 adduct (5.1).

In the work reported in this chapter use was made of
the stabilisation of the adduct by DMSD to oblain kinetic
and equilibrium data for its formation in OMSG/MceUH
mixtures. These data were then extrapolated to obtain
values in pure methanol.

The intense colours produced in the reaction of TNT
with sodiun hypochlorite to give hexanitrostilbicnc could
be due to species such as (S.1, and (5.2). In urder to

asses: this possibility, and the nucleophilicity of the
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hypochlorite ion, the reaction of sodium hypochlorite with
1,3,5-trinitrobenzene in methanol/water was studied, and
compared with results obtained with TNT under the same

canditions,
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5.2. Experimental.

Visible spectra were recorded on a Unicam SP8000
instrument, or measured point by point on the stopped-flou
spectrophotometer,

Kinetic measurements were made at suitable wavelengths
using the stopped-flow spectrophotometer.

Methanol/dimethylsulphoxide solvent mixtures uwere
made up by mixing measured volumes of each component.

Hypochlorite solutions were buffered at pH 10 using

borax/sodium hydroxide buffer solutions.
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5.3. Results and Discussion.

5.3.1s 254,6=Trinitrotoluene and Sodium Methoxide.

Stopped-flow spectrophotometry revealed the presence
in dilute methoxide solutions of two processes attributable
to 1:1 interaction, in methanol:dimethylsulphoxide mixtures
containing 40,50 and 60% DMSO by volume. The faster of
these gave a species whose spectrum, obtained from
stopped-flouw measurements, showed Amax 430nm and 495nm,
whilst the second gave rise to a species with Amax 370nm,
525nm and 650nm (Figure 5.1). These are attributed to the
formation of the o -adduct (5.1) and the conjuyste base
(5.2) respectively.

Kinetic measurements were made under first urder
conditions with the concentration of sodium methoxide in
large excess over that of the parent. As the rates of the

two processes were well separated, equations 5.1 and 5.2

apply.
Keast = Kz [Med”] + k_q Ege 5e1.
Kelow = Kop * K [ Meo™ ] EQe 5.2,
14 Ky [Me0™]

Measurements an the first process were made at 430nm,
and the rate and equilibrium data are in tables 5.1-5.3,
For each solvent composition plots of kfast Versus
methoxide concentration were linear, as expected from

equation 5.1, and yielded values of k k and Ka(From

3% "L
k3/k-3)° Uptical densities measured at the end of this

process were used to calculate values for Ksp which in each




Figure 5.1,

Visible spectra, obtained by stopped-flou spectrophotometry,
of A, the o -adduct (5.1) and 8, the conjugate base (5.2)

in 60/40 (v/v) DMSO/methanol,
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Figure 5.1.
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Table 5.1,

Kinetic and equilibrium data for the 1:1 interaction

of 2,4,6=-trinitrotoluene and sodium methoxide

(1)

0005
0010
0-015
0-020
0025
0-030
0-040

0-050

in 40:60 (v/v) DMSO-methanol at 25°C.

Keast

(s
122
124
138
142
171
180
207

244

0.D.2

430nm

0-<0126
00241
00355
0-0407

U-0464

b
K3

(1 mole™ )
23
25

28

0.D.

600nm

0-045
U045

U-045

After completion of first process; 4 x 10-5m parent;

2mm pathlength cell.

Calculated fram Q.D.

complete conversion (Benesi-Hildebrand plot)

Calculated from equation 5.3 with kp

and K.

26 1 mole” ',

After completion of second process.

225 1 mole”

values and a value of 0120 for

-1

5
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Table 5.2

Kinetic and equilibrium data for the 1:1 interaction
of 2,4,6-trinitrotoluene and sodium methoxide

in 50:50 (v/v) DMSU-methanol at 25°C.

[VaOMe] k. ., 0.D.° K" Ketow Kearo® 0-0.°

(M) (s>1) 430nm (1L mole™ ') (s”') (s”')  600nm
00024 46 00174 170 0-90 092 0022
0-D048 63 D-0258 197 1244 1244 0021
0-0071 73 00331 173 175 176 G021
0-009S% 86 00363 161 2°02 2°02 0-021
00119 99 0-0415 189 227 217 0022

a. After completion of first process; 2 x 10'5ﬂ parent;
2mm pathlength cell,
b. Calculated from 0.D. values and a value of 0:06C for

complete conversion (Benesi-Hildebrand plot)

c. Colculated from equation 5.3, with k 530 1 mole g™

and K, 160 1 mole” !,

d. After completion of second process.
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Table 5.3,

Kinetic and equilibrium data for the 1:1 interaction
of 2,4y;6-trinitrotoluene and sodium methoxide

in 60:40 (v/v) DMSO-methanol at 25°C.

[NaOMe] k. . 0.0.° K" Kelow Xeapo 0-0.°

(M) (3-1) 430nm (1 mole=1) (8-1) (5-1) 600nm
0002 35 0-0199 990 051 0-60 0-010
0-006 34 00243 1070 0-78 075 0-010
0-008 84 00254 920 0-79 078 0-010
0-010 138 0-0273 1010 0-86 0-84 0-010

a. After completion of first process; 1 x 10-5m parents
2mm pathlength cells,
b. Calculated from 0.D. values and a value of 0°030 for

complete conversion (Benesi-Hildebrand plot)

c. Calculated from equation 5.3, with k 1000 1 mole s~

and‘K3 1100 1 mole=1°

d. After completion of second process.
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case were in good agreement with those obtained from
kinetic measurements. Measurements in media of other
composition were not made due to the unavoidably high
uncertainties in the values of k3 (in media containing less
than 40% DMS0) and k_3(media containing more than 60% DMSO).

Measurements on the second process were made at 600nm,
where there was no optical density change due to the first
process: these data are also in tables 5.1-5.3. The
optical density at completion of this process was
independent of the concentration of methoxide four each
solvent system, indicating a very high value for Kp in
each system used. Consequently, in the analysis of the
kinetic data, k_p was assumed to be negligible, and hence

equation 5.2 reduced to 5.3. Reciprocal plots according

kslou = kp [NeO_] Eqe 5.3,
1+ Ky [Me0™ ]
Vkgiow = Wy [Me07] + Ka/k, Eg. 5.4,

to equation 5.4 were used to obtain values for kpo
Values for the rate coefficients for this process were
calculated from the derived parameters, and are presented
in tables 5.1-5.3.

A third process, which was very slow on the stopped-

flow timescale, was also aobserved, consistent with the

Formation51 of the dianion (5.3). Quantitative measurements
CH,
OyN< NO>
-H
~ OMe
NO,
5.3

29 i
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were not made on this reaction.

Rate and equilibrium parameters for the first two
processes are collected in table S.4. As before (chapter
three), plots of k. and k_, versus the mole fraction of
DMSO allowed extrapolation to pure methanol (see figure 5.2),
and the derived values are also in table 5.4.

An acidity function approach was also used, as an
alternative route to the determination of Kge A I acidity
function, defined by equation 5.5, had previously been
determined in methanol-dimethylsulphoxide mixtures
containing 0+098 M sodium methoxide, using o~ -complex

formation from 1-X—3,5-dinitr0benzenes75.

. = p(K3KMeUH) + log,, [complex] / [parent] £gs. 5.5

This function was appropriate for this case, since; as

with TNT, base addition occurs at an unsubstituted ring
position in these compounds. Stopped-flow spectrophotometry
was used to measure values of optical density at the
completion of the first process, and these were used to
calculate indicator ratios., The data are in table 5.5.

Using the known values of Jm’ values of p(K3K ) were

MeUH

calculated. Subtraction of the value of pK (16-92)

MeOH
of 126 £ 01, leading to a value

2 mole~ 1.

gave a value for pK3

for K, of (5°5 ¢+ 1°5) x 107
These results give an overall value for Ko of

0-07 + 0-03 1 mole~ ', which can be compared with a value

of 20 1 mole“1 for methoxide addition to 1,3,5-trinitro-

benzene at an unsubstituted position. The polar effect

of the methyl group in TNT will be a factor in reducing

complex stability, as will its steric effect. The presence

of the methyl group will introduce steric strain around
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Table 5.4.
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Figure 5.2,

Variation with solvent compositiaon of kKinetic parameters

for the formation of(5.1).
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Figqure 5.7.
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Table 5050

Calculation of the value of K3 using Jm acidity function.

Volume % 0.D.2 log,g [complex] 3, p(KSKMeOH)
DMSO 430nm parent ]
25 0-0048 =073 1746 1819
30 0-0083 =043 1782 18+25
35 0+0150 -0-01 1815 18«16
40 00232 +0-+50 1853 1803
50 0-0281 +107 1935 18-28
60 0«0302
70 0-0307

a. For 1 x 1O°5ﬂ parent, with a 2mm pathlength cell

b. From reference 75
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the 1-position, hindering the planarity of the adjacent
nitro groups and hence reducing their ability to accept
negative charge. The reduced stability of the TNT adduct
compared with that from TNB derives from both a smaller
value for the forward rate'constant (280 1 mole°1s°1 against

15.1) and a higher value for the rate constant

7300 1 mole”
for the reverse reaction (3000 g™ against 330 3'1).

In contrast to 2,4,6=-trinitrobenzyl chloride, where
at equilibrium both the o -adduct and the conjugate base

are present, the thermodynamically stable product of the

reaction of TNT with methoxide is the conjugate base (5.2).

The value for kp of 20 + 5 1 mole 's™' obtained here can

be compared with a previous values0 in methanol of

13+3 1 mole” 's~ ', where the value of K, uas 12+4 1 mole™ .

5.3.2. 1,3,5-Trinitrobenzene and Sodium Hypochlorite in

50:50 (v/v) methanol:water.

The visible spectrum, measured on a conventional
spectrophotometer, of a solution containing 1,3,5-trinitro-
benzene (2 x 1D-€ﬂ) and sodium hypochlorite (0°05 M)
showed two peaks, at A430nm and 480nm, similar to those
of alkoxide complexes. Examination by stopped-flow
spectrophotometry revealed the presesnce of two well-separated
colour forming reactions at 480nm.

The faster of these two was too rapid for measurement
on the stopped-flow timescale, whilst the second had a
half-life of ~0°1s” ', These were followed by a much
slower irreversible fading process. The relevant data
is in table 5.6.

The possible nucleophiles in this system are hydroxide,

methoxide and hypochlorite ions, the data being in accord




Table 5.6,
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Reaction of 1,3,5-Trinitrobenzene with Sodium Hypochlorite

in 50:50 (v/v) methanol:water at 25°C.

[Tne) [vaoc1] @ 0.0.°
() (W 490nm
5x10" % 0025 000524
5x10" % 0-063 0-00877
5x10”% 0+125 00182

a. Buffered at pH 10

0.0.°

490nm

0-00745
0-0132
00292

b. After completion of first process - 2mm pathlength cell

c. After completion of both colour-forming processes - 2mm

pathlength cell

d. Refers to the slower of the two colour-forming processes
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with addition by the first two only. Data published by
Bernasconi and Bergstrom81 on methoxide and hydroxide
additions indicate that, under these conditions, the rate
constant associated with methoxide addition to TNB has a

1, while the corresponding value for

value of ~ 300 s~
hydroxide addition is ~10 s°1. Consequently, the faster
process, too rapid to measure by stopped-flow, was attributed
to methoxide addition, and the second, measured, process

to hydroxide addition. Further evidence for these assig-
nments comes from the fact that the optical densities

at the end of the two processes are in a constant ratio.

This is in accord with addition by nucleophiles present in
solution in a constant ratio, whereas if one of the processes
were due to hypochlorite addition, the relative magnitude

of the change due to that process would be expected to
increase with increasing hypochlorite concentration.

Thus it appears that the hypochlorite ion, the anion of

hypochlorous acid (pKa 7+53), is too weak a nucleophile

to form o -adducts with TNB in this solvent.

De3,3. 2,4)6-Trinitrotoluene and Sodium Hypochlorite in

methanol-water.

4. 10773 M) and

Visible spectra of solutions of TNT (10"
sodium hypochlorite (0¢1 M) in 50:50 (v/v) methanol:water
showed two peaks at 430nm and 510-520nm, the orange-red
colour fading quite rapidly.

In contrast to this, solutions containing TNT and
sodium methoxide in 70:30 (v/v) methanol:water had the
purple coloration typical of the conjugate base (E;z)’
with Amax 365, 510 and 650nm, in agrcement with previous

uork50’51.
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These spectra indicate that the conjugate base (5.2)
is not the major coloured species produced from TNT in
the presence of hypochlorite, although it is probably
an intermediate in the formation of TNBCl from TNT. In
view of the evidence in this chapter which shows TNT to be
less susceptible to addition than TNB, it seems unlikely
that the process occuring is direct addition of hypochlorite
ion to the TNT ring, as this does not occur with TNB,
Another possibility as the source of the colour is the
Janovsky complex formed by attack of the trinitrobenzyl
anion on a neutral TNT molecule, but this too is unlikely
as this complex is reported to absorb at 450nm and 550nm
in alcoholsoo In view of this evidence, it seems probable
that the orange-red colour referred to above derives from
o ~adducts formed by methoxide and/or hydroxide addition
to TNBCl (formed from TNT by the action of hypochlorite);

perhaps together with the conjugate base of TNBCl.
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CHAPTER SIX

THE REACTIONS OF 2,4,6-TRINITROTOLUENE AND

2,4,6-TRINITROBENZYL CHLORIDE WITH

ALIPHATIC AMINES IN DIMETHYLSULPHGXIDE
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6.1.Introduction.

The reaction of 1,3,5-trinitrobenzene with aliphatic
amines has been studied by a ‘number of methodszz’zs’ez,
and kinetic studies of the reactions of amines with other
substrates have provided important evidence in support of
the intermediate complex mechanism in aromatic nucleophilic
substitution reactionssg’az° There has been little work
on the reactions of the title compounds with amines,
although 'H NMR evidence?® indicates that, in liquid
ammonia, TNT forms a 1:1 adduct with amide ion by addition
at the 3-position, and a 1:2 adduct by addition at (-1
and C-3. A study67 has also been reported of proton
abstraction by diethyl- and triethyl-amines from a
closely-related compound, 1,5-dimethyl-2,4,8-trinitro-
naphthalene, in dimethylsulphoxide. In this chapter,
kinetic and equilibrium data are reported for the reactions
of TNT and TNBCl with n-butylamine, isopropylamine,

benzylamine, piperidine and diazabicyclo—[2,2,2]=0ctane

(DABCO) »
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6.2, Experimental.

Visible spectra were recorded using a Unicam SP800O
or Beckman 525 spectrophotometer, or measured pocint by
point using the stopped-flouw spectrophotometer.,
1H NMR measurements were made using Bruker HX20E and
Varian EM360L instruments. Shifts are quoted relative to
internal tetramethylsilane, and the solvent used was

dimethyl=zulphoxide-d Anionic species were generated

6°
by the addition of amine to 0°1 M substrate solution; or
by the addition of amine to soclutions containing the
substrate and sodium methoxide in a 1:1 mole rati083a
Rate measurements were made using the stopped-flouw
spectrophotometer or the Beckman 525 instrument. Optical

density values were obtained from stopped-flouw measurements,

or directly using the Unicam SP500 spectrophotometer,
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6.3, Results.

6.3.1. Spectroscopic Studies.

The addition of 2,4,6-trinitrotoluene to solutions
of various amines (1 x 10=3ﬂ) in DMSO resulted in the
formation of a purple species, whose spectrum (A 377nm,

max

530nm and 640nm) was that of the conjugate base (6.1, X=H)

CHX RRN CH,X CH,X
O,NX NOy  ONSe” “¢*NO, ON% :NO,
H !
1 1 NRR
N02 N02 N02
6.1, 6.2, Doda

When higher concentrations (up to 0°1 M) of the
primary and secondary amines were used, a transient red
colouring was observed, preceding formation of the
conjugate base. Under these conditions; the visible
spectra measured after the attainment of equilibrium
showed only the presence of the conjugate base. Uptical
density measurements using the stopped-flow spectrophoto-
meter showed the red species to have a spectrum with maxima
at 450nm and 510nm, typical of a o -adduct (Figure 6.1%).
The two peaks had an intensity ratio of 1°1, the former
being the more intense.
1H NMR spectra of TNT in DNSU-=d6 containing amines
were not particularly clear, even when sodium methoxide=d3
was added to generate the amide ion. However, spectra
with excess n-butylamine and benzylamine showed bunds at
6554 and 88-2, attributable to the side-chain and ring

protons respectively in the conjugate base. No peaks were

observed due to o -adducts.




111.

Figure 6.1,

Visible spectrum, measured by stopped-flow spectrophotometry,

> m)

of the o -adduct rapidly produced from TNT (1 x 10~
in the presence of piperidine (0°5 M) and piperidine

hydrochloride (01 M).




112.

Fiqure 6.1,

(wu) yzbuatanen
O@m

oov

000-0

—0L0-0

A3Tsusag
Te9T13dQ

—0¢0-0




113,

A more complicated situation was found when TNBCl
was used in place of TNT. With the tertiary amine DABCO,
as expected, the spectrum produced was that of the
conjugate base (6.1, X=Cl), with Apax 373nm, 490nm and
600nm. The three primary amines (n-butylamine, isopropyl-
amine and benzylamine) rapidly gave strong red colours with
TNBCl, the visible spectra showing peaks at 452nm and 540-
550nm characteristic of addition complexes. The values
of the extinction coefficients for these species at these
two wavelengths were in the ratio 17 1+8:1, the lower
wavelength peak again the stronger. As with TNT, these
bands decreased with time, and the intensity in the region
of 370nm and 650nm increased, indicative of the formation
of the conjugate base. However, in these cases both
species were present at equilibrium - figure 6.2 illustrates
this for isopropylamine. The secondary amine piperidine
also gave an immediate red colour with TNBCl. However,
the spectrum of this adduct showed maxima at 450nm and 510nm
(the intensity ratio at these wavelengths being 1°1) and
spectra recorded at equilibrium showed only a small amount
of this species present.

TH NMR spectra of solutions containing TNBCl and
amine were somewhat clearer than those with TNT. The
spectrum of the parent compound in DI'ISO=-d6 showed two
singlets at 89¢1 and §5°0. With one mole equivalent of
n-butylamine, the spectra showed, in addition to the
parent bands, a singlet at §7°10 attributable to the
conjugate base (the side chain proton in the conjugate
base was found at §6+9 in work with methoxide ion reported

in chapter four). Howsver, the ring protons of this

species wvere not observed. With ten equivalents of the
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Figure 6.2,

Visible spectra of TNBCl (4 x 10~ M) with isopropylamine
(022 M) and isopropylammonium perchlorate (01 M) in

DMSO recorded at 2 minute intervals, A - D, showing

the initial formation of o -adduct followed by equilibration

with the conjugate base.
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same amine, the spectrum (Figure 6.3) showed bands at
68°48 and §4+57, corresponding respectively to the ring
protons and side chain protons in the adduct (g;g, X=Cl,
R=n-Bu, R'=H)o In vieu of the evidence®® that clear NMR
spectra of amide adducts can be obtained by the generation
of amide ions from amines using sodium methoxide in DMSO0,
this technigue was used hers. The NaDCD3 solution was
added to that of the parent immediately before the
addition of the amine. As the amount of n-butylamine
added to a2 1:1 mole ratio of TNBCl:NaDCD3 was increased
the bands at §8¢70 and §4+70 due to the methoxide adduct
at C-1 were replaced by bands at §8°48 andd4+57 due to
the amide adduct (Figure 6.4). The appearance of the
bands due to the amide adduct slightly to high field of
those due to the methoxide adduct is in accord with

23,83 on related adducts uwith

previous observations
1s3,5=-trinitrobenzens.

Spectra recorded with isopropylamine as the base showed
similar features. With up to one mole equivalent of
amine, a peak was observed at §7°12, due to the side chain
proton of (6.1, X=Cl). Again the ring protons were not
observed; though here the broad amino proton resocnance
occurred in the area where they would be expected to
appear. With a tenfold excess of amine, the spectrum
showed bands at 08°48 and 84°54, consistent with (6.2, X=Cl,
R=isopropyl, R'=H)o Other bands appeared fairly rapidly
in these solutions, at §8°32, §8:03, §7°5, 85°32 - these
are probably due to decomposition products.

Spectra of TNBCl in the presence of piperidine or

benzylamine gave less clear results. At low amine

concentrations, bands indicating the presence of the




117,

Figure 6ol

NMR spectrum of TNBCl (0°2 M) with 10 equivalents of

n=butylamine in DNSD=d6°
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Fiqure 6.4.

NMR spectrum of TNBCl (0°2 M) with 1 equivalent of sodium

methoxide-dz and 2 equivalents of p-butylamine in DMSU=d6.
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conjugate base were observed, but there was no direct
svidence for adduct formation at higher concentrations.
However, in some solutions a band was observed in the
position reporteda3 for the ring protons of the benzylamide
group in adducts with various polynitro aromatic compounds,
Solutions containing methoxide and amine showed only
bands due to the methoxide adduct. This probably reflects

the lower thermodynamic stabilities of the adducts

formed from these amines,
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6.3.2, Kinetic and Equilib:ium Data.

a. General.

Measurements were made with amine concentrations in
large excess of that of the parent, and with a constant
concentration (usually 0<1 M) of the corresponding
ammonium salt. This had three effects: it buffered the
solutions so that the adverse effects of traces of acid
or base were avoided, it allowed data to be collected
at constant ionic strength, and lastly it simplified the
kinetic analysis.

The two equilibria present in these systems involve
the conversion of the parent compound (P) into either
the o -adduct (P.NRR') or the conjugate base (6.1) and
are described by equations 6.1 and 6.2. The corresponding
equilibrium constants, Kc and Kp respectively, are defined
by equations 6.3 and 6.4. The ratio of the concentrations
of the two products at equilibrium is given by equation
6.5, and in agreement with this expression it was found
experimentally that the fraction of the parent compound
present as the o -adduct at equilibrium increased with
the amine concentration.

In all cases, the formation of the o -adduct was a
much faster process than the removal of the side-chain
proton. In this work, kinetic measurements were not made
on the formation of the o -adduct, but it is likely that
the reaction involves a two step process via a
zwitterionic intermediate, as in the reaction of
1,3,5-trinitrobenzene with amines®2. With the formation
of a o -adduct preceding proton abstraction, the first

order rate coefficient, kobs’ for the latter process is




+

v L 7
P + 2R RNH == P.NRR + R RNH2

1] 1
P+ R RNH = (6.1) + R RNH;

kK, = [P.NR'R™] [RR'NH} ]
[p] [RR'NH ] 2
K, = [(6.1)] [RR'NH} ]

[P ] [RR'NH]

[P.NR'RT] _ K_ [R'RNH]

[(6.1)] K
[}
Kobs = K, [RR NH ]
WY
1+ K_[RRNH]
1
[RRNH3 ]
§ 1
Kobs = Xp [RR NH] + K_p [RR NH

+
2

+ kg [RR'NHT )

]

£q. 6.1

£Eq. 6.2

£Eq. 6.3

Eq. 6.4

Eqs 6.5

Eq. 6.7
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given by equation 6.6, In cases where little o -adduct
is formed initially, or with the tertiary amine DABCO,
this reduces to equation 6.7. Differentiation of
equation 6.6 reveals a turning point, which is a maximum:
the predicted maximum value of kobsuas in fact observed
for a number of amines. Equation 6.6 also predicts that
the rate of formation of the conjugate base should decrease
with decreasing concentration of the ammonium salt. This
too was observed, visible spectra of TNBCl (4 x 10-55)
in DMSO containing a primary or secondary amine but
without added salt indicated that equilibration between
the o -adduct and the conjugate base is a very slow

process.




b. Data for TNT.

The simplest system is that with the tertiary amine
DABCO, where only one process (proton abstraction) uas
observed. Rate and equilibrium data, measured by stopped-
flow spectrophotometry, are in table 6.1. A plot of kobs

versus amine concentration was linear, and yielded valuss

"1, and k_j, 230 1 mole™'s.

of kp, 20+6 1 mole™ s
Combination of these wvalues gave a value for Kp of

(88 + 0°4) «x 1072, in agreement with values calculated
from equilibrium optical densities.

Formation of the conjugate base was the only process
observed with piperidine at amine concentrations less than
01 M (with 0*17 M piperidinium chloride). Above this
concentration, a faster colour-forming process was
observed, giving a species with a spectrum typical of a
o -adduct (figure 6.1). Rate coefficients for the slower
process, and optical densifies at the end of each process,
were measured and the data are in table 6.2. The observed
rate coefficients pass through a maximum value, as
predicted by equation 6.6, and give a good fit to this

equation with kp 20 1 mole°1s-1, k_p 2°0 1 mole°1s=1, and

K, 35 1 mole” .

Similar behaviour to that of piperidine was observed
with benzylamine in the presence of 0°1 M benzylammonium
perchlorate. Above 0<05 M amine, the formation of the
conjugate base was preceded by & -complex formation,
whilst below this value anly the former process uas
observed. Optical density measurements at 450nm at the
end of the more rapid process allowed the calculation

of a value for K_ of 019 1 mole” ', Using this value,

the observed rate data were fitted to eguation 6.6, giving

125,
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1 _=1

=1, and k=p’ 12 1 mole 's .

values of kp, 15 1 mole=1s
The data are in table 6.3,
With n-butylamine, in the presence of 0°1 ﬂ salt,

two processes wers observed at amine concentration greater
than 0°01 M (table 6.4). Optical density values measured
at the end of the fast colour-forming process gave a

value for Kc of 201 mole-1° with KC in this range, the
K, term in equation 6.6 is small for amine concentrations
up to 0°02 M. Hence a plot of kObs versus amine concentra-

1_-1
S

tion was linear, yislding values of kp, 8¢9 + 04 1 mole” ’

and k_p, 033 4 0-05 1 mole 's~'. Combination of these
values gave a value for Kp of 27 + 5, in agreement with
that obtained from optical density measurements.

At isopropylamine concentrations below 0°1 M, with
01 M salt, there was little initial formation of the
0" -adduct, and consequently a plot of kObs versus amine
concentration was linear, as expected from equation 6,.7.

This plot gave values of k , 3+2 1 mols™ 's™' and k__,

0+23 1 mole 's™', and hence by combination Kps 145 which
was in agreement with the value obtained from equilibrium
optical density measurements at 650nm. With higher amine
concentrations; a faster colour-forming process was

observed, and optical density measurements at the end of

this process led to a value of 0°11 1 mole”! for Ko

The data are in table 6.5.
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Table 6.1,

Rate and equilibrium data for the reaction aof

254,6=-trinitrotoluene with DABCO in dimethyl sulphoxide

containing 005 M DABCOH'C10,” at 25°C.
[DaBCO) Kops 0.0.2 K"
(M) (3-1) S00nm

0-005 116 % 02

0-010 1147

0+020 12+0

0040 12+9 0°0143 011
0-200 1549 0-0417 0-08
0-300 18+0 00557 0-08
0+400 19+8 0-0722 0-09

a. At equilibrium: 1 x 10-4ﬂ TNT; 2mm pathlength cell

A Benesi-Hildebrand plot gives a value for complete
conversion of 0+174.,
b, Calculated using:

0.0. (500nm) [DABCO H')/(0+174 - 0.D. (500nm)) [Dasco]




Table 6.2.

Rate and equilibrium data for the reactions of
2,4,6-trinitrotoluene with piperidine in
dimethylsulphoxide containing

0¢1 M piperidinium chloride at 25°C.

Calculated from equation 6.6 with kp 20 1 mole-1s-1,

-1 1

k 20 1 mole 's™', and K, 3¢5 1 mole™ .

-p

After completion of first process: 2mm cells; 1 x 10'5ﬂ
TNT. A Benesi-Hildebrand type plot gives a value for
complete conversion of 0°0305 ( €1°52 «x 104 1 moleé1cm=1)
Calculated using:

0.0.(525nm) [pip H'] /(0-0305-0.0.(525nm)) [pip]?

After completion of second process.

128,

[Piperidine] Kk, cale.  0.0.° K ® 0.0.9
(M) (s (s 525nm (1 mole™') 525nm
0-01 0-40 0-40 0+0114
B+02 058 059 0-0151
0-05 097 1-10 0-0178
0«10 175 170 0-0083 37 0-0202
0-20 2°0 19 0-0178 35 00241
030 18 17 00240 41 0-0250
040 15 14 0-0258 304 00243
0-50 13 12 0-0283 0-0255




254,6=-trinitrotoluene with benzylamine in dimethylsulphoxide

[Benzylamine] kobs kcalca DeD.b ch O.D.d
(M) (s°1) (s°1) 450nm (1 mole-1) 640nm

0-005 011 013
g-010 013 014
0-030 0-18 017
0-050 Q.20 0-20 0-043
0-070 023 023 00017 022 0053
0-090 D26 De26 00026 020 0-061
0-15 0-35 034 0-0070 0-20 0-080
0-20 0-40 040 0-011 G-20 009
0-30 051 051 0022 0-19 010
0+40 060 059 0-036 019 011
0-50 0«61 0-64 0-048 0-19 011
0-70 0-69 D-68 0-069 0-18 012

a. Calculated from equation 6.6 with kp 125 1 mole™ 's™ ),
k_p 1°2 1'mole™'s™" and K  0°19 1 mole” .

b, After completion of first process; 2mm cells; 4 x 1U°5g

Table 6.3,

Rate and equilibrium data for the reactions of

containing 0°1 M benzylammonium perchlorate at 25%¢,

TNT. A Benesi-Hildebrand plot gives a value for

4

complete conversion of 0°15 (g1°9 x 10" 1 moleaqcm’1)

Calculated using:

0.0.(450nm) [Amine H+]/(U°15 - 0.D.(450nm)) [Amine]2

After completion of both processes with 1 x 10°4ﬂ TNT.

129,
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c. Data for TNBCl.

As with TNT, the most straightforward reaction wuas
that involving DABCO, where only proton abstraction occurred.

A linear plot of ko versus amine concentration,

bs

according to equation 6.7, gave values of kp, 164 1 mole°1s-1
and k_p, 4+1 1 mole-1s’1, which, combined, gave a value
for Kp of 40 in agreement with that obtained from
optical density measurements. The data are in table 6.6,

Data for the reaction of piperidinse with TNBCl in
solutions containing 0°1 M piperidinium chloride are in
table 6.7. With piperidine concentrations greater than ’
0<005 M two processes were observed using stopped-flow
spectrophotometry,; the faster of the two corresponding to
formation of an adduct, and the slower to formation of
the conjugate bases Optical density measurements at
600nm indicated that at equilibrium conversion to the
conjugate base was complete with amine concentrations
from 0005 M to 0°2 M. Measurements of the optical
density at the end of the first process at 450nm and
490nm led to values for K_ of 225 1 mole”' and 170 1 mole”

respectively., A plot of the values of k0 which

bs?
passed through a maximum as the base concentration

was increased, versus the parameter [Am]/1 + KC]Am|2 »
MmH+]

using a value of 200 1 mole” ! for K,» was linear and

gave a value for kp of 42 1 mole”'s™'. However, k_

could not be determined accurately from this plot as

the intercept was too small. A series of optical density

measurements (table 6.8) were made on solutions containing

low piperidine concentrations; where the amount of

complex present at equilibrium was assumed to be negligible,
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These gave a value for Kp of 420 ¢ 40, and hence a value

for k_ (=kp/Kp) of 0«1 1 mole” 's™! was obtained.

o}
Optical density measurements at the end of the
complex-forming reaction with n-butylamine gave a valus

41 mole” ", showing the

for K_ of (2°0 ¢ 0°2) x 10
o =complex to have high stability. The subsequent
equilibration reaction was slow enough to be followed
using a conventional spectrophotometer. The observed
rate constants decreased with increasing amine concentration,
approaching the limiting value of k_p[g=8utNH3+]o
Equation 6.6 was well fitted with the above value of Kc’
k 17 1 mole‘-‘ls.1 and k—p 0-02 1 mole°1s=1. Data are in
table 6.9,

Two processes were observed at all isopropylamine
concentrations used (table 6.10).
Optical density measurements at the end of the rapid
colour-forming process gave a value for Ke of
1230 + 100 1 mole”'. Analysis of the rate data
according to equation 6.6 gave a value for kpof

9+5 + 05 1 mole™ 's™ "

s with the contribution to the rate
due to k_p too small to allow the calculation of this
parameter.

Equilibrium optical densities were measured at
450nm and 640nm for a number of solutions (table 6.11).
The extinction coefficients of the o =complex at these
wavelengths were determined from solutions containing no
added salt, whilst those for the conjugate base uere
determined in the presence of DABCO. These extinction
coefficients were used to calculate the relative

concentrations of the anionic species present at

equilibrium, and thus a value for the ratio KC/Kp of
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13 ¢+ 0+1 was calculated from equation 6.5. Using the
value for Kc above, Kp was found to have a value of 950,
and hence k_p (=kp/Kp) had the value 001 1 mole™ 's™ ',

A similar approach was adopted with benzylamine,
both products being present at equilibrium., Here, the
amount of parent present was also calculated, allowing
values for K , 22 # 2, and K , 300 100 1 mole™', to be
obtained (table 6.12). Values for Kc in reasonable
agreement with this were obtained from optical density
measurements, from stopped-flow spectrophotometry , at
the completion of the rapid reaction. The measured rate
coefficients for formation of the conjugate base
(table 6.13) were fitted to equation 6.6, using a value

1

of 300 1 mole ' for Ko» and yielded values for kg s

1

"', and k_» 0055 1 mole™'s”",

125 1 mole” 's




137,

Table 6.6,

Rate and equilibrium data for the reaction of TNBCl with

DABCO in dimethyl sulphoxide in the presence of

0°05 M DABCD perchlorate at 25°C.

[LY:D0) Kobs 0.0.° K,
(M) (s°1) 500nm

0-005 0-°30 0-08 3°6
0-010 036 012 36
0-020 0-18 3-8
0-025 0°61

0-040 0-22 35
0-050 103

a. Measured with [TNBC1] 1 x 10=4ﬂ using a 2mm cell.
For complete conversion to conjugate base, a Benesi-

Hildebrand plot gives a value of 0°295,
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Table 6.8,

Equilibrium data for proton transfer from TNBCl to

piperidine in DMSO containing 0°1 M piperidinium chloride

at 25°¢C.

[Piperidine] 0.D.2
(M) 500nm
0-0005 Q350
000075 0382
0-0010 0+ 405
0-0020 0442

)

a. For [TNBCL] 4 x 1072 M with 1cm cell,

b. Calculated assuming no o -adduct formation with 0.0.

050 for complete conversion.

460

430

430

380
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Table 6.9,

Equilibrium and rate data for the reaction of TNBCl with

n=butylamine in dimethyl sulphoxide containing

0¢1 M n-butylammonium perchlorate at 25°C,

[ n-8unH, ] 0.D.°
(M) 450nm
0002 0031
0005 0058
00075 0065
0+010
0020
0030
0039
0°049

bo

After completion of first process, with 2 x 10°

TNBC1

s 2 mm cell,

0017

0-0096
0-0065
0-0051
0-0041

0-0038

5

kcalc

(s™")

0<016

G-010

0-0063
0-0050
0-0042

0-0037

0

A Benesi=Hildebrand plot gives a

value of 0°071 for complete conversion.

Calculated from equaticn 6.6 with kp

k_p 0°02 1 mole™'s”"

1

and KC 2 x 10

4

17 1 mole™'s

1 mole” ',

-1

2

141,
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Table 6.10.

Rate and equilibrium data for the reaction of TNBCl with
isopropylamine in dimethyl sulphoxide with

01 M isopropylamine perchlorate at 25°¢.

[1sopropylamine]  0.0.2 K, Kobs kcalcb
(M) 450Am (1 mole™ ") (s™1) (s~ M)
0+005 0-019 1100 0037 0037
0-0075 0+038 1300 0:040 0043
0-010 0-050 1300 0-044  0+044
0+015 0.067 1300 0-035  0-039
0+020 0-074 1200 0°032  0°033
0050 0-084 0:014  0<016

a. After completion of rapid colour forming reaction.

TNBCL, 2 x 10=5 M. Measured with 2mm cell. Benesi-

Hildebrand plot gives value of 0°0893 for complete

conversion.

b. Calculated from equation 6.6 with K_ 1230 1 mole™',

kp 9:5 1 mole” 's~ | and k_p negligibly small.
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Table 6.13,

Rate and equilibrium data for the reaction of TNBCl with

benzylamine in dimethyl sulphoxide in the presence of

0°1 M benzylammonium perchlorate at 25°C.

. a
[Benzylamlne] 0.D. | K Kobs Keale

(M) 450nm (1 mole=1) (3-1) (5“1)
001 0-0083 340 0015 0015
002 00224 530 0-020 0017
D04 00284 380 0012 0014
0-06 00297 250 g.012 0012
010 00317 240

a. After completion of first process; 1 x 107> Mm TNBCL ;

2mm cell. 0.D. for complete conversion is U-033,

Calculated from equation 6.6 with kp 125 1 mole-1s-1,

k_p 0°055 1 mole”'s™' and K, 300 1 mole” .

145,
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6.4, Discussion.

6.401. Proton Transfer.

The rate and equilibrium parameters for this process
are summarised in table 6.,14. In view of the high dielectric
constant of DMSO, and the fact that it shows good solvating
properties for polarisable ions, extensive ion association
of the charged species present in these systems would not
be expected. Hence the values of Kp for a given substrate
should give a measure of the basicities of the amines
used in this solvent. These values increase in the order
DABCO <benzylamine < piperidine < isopropylamine , n-butylamine.
This order is similar to that in uwater,; as defined by the
pKa values of the amines; although piperidine is the most
basic of these amines in agueous solution. However, a
recent study85 has shown that in transfer from uwater to
DMSO, the basicity of secondary and tertiary amines is
decreased; whilst that of primary amines is enhanced.
These effects probably account for the different order of
basicity found here,

A comparison of the values of Kp,k and k=p for

P
TNT and TNBCl1 with each amine is presented in table 6,15,
As expected; the chlorine atom in the side-chain of TNBC1l
has én acid=-strengthening effect. Again, the enhancement
is by a smaller factor than that found with 4-nitrobenzyl-
chloride and 4-nitrotoluene, which is 70080° The steric
effect of the tuo adjacent nitro groups, which will
interact unfavourably with the chlorine atom in the
conjugate base, is the probable cause of this reduction

in the acid-strengthening effect.

It can be seen from this table that the greater acidity
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Table 6.15,

Comparison of equilibrium and rate constants for

reactions of TNBCl and TNT with amines in DMSO

KB_(TNBCl) Egi(TNBCl) k_p (TNBCL)

va(TNT) kp (TNT) k_p(TNT)
DABCO 45 0-8 002
Piperidine 4?2 2°1 D05
Benzylamine 18 0-9 005
n=Butylamine 31 1.9 0-06

Isopropylamine 66 3.0 0-04
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of TN3Cl is due largely to the slower rate of protonation
of thc conjugate base (as indicated by k_p), the rate
constants for protonation of the two substreates being
similar in value for a given amine, This may bte
indicative of a transition state which is reactant-like,
in which proton transfer from the parent compound to the
amine has not progressed very far, (reactant-like
transition states have been postulated for complex

. . . . . . 76
formation reactions involving nitro-aromatic compounds )

Further support for this idea comes from the values aof

kp and k_p (table 6.14) ; for a given substrate, the values
of k_ vary much less with the nature of the amine than do
the corresponding k-p values. This point is also
illustrated by Bronsted-type plots (figure 6.5) ; plots of
log kp versus log Kp have small slopes, whilst those of

log k_p versus log Kp have slopes close to unity. The
values for benzylamine, however, did not fit such nlots,
the values of kp and k_p both being well below the line
defined by the other points. This may indicate the
presence of some unfavourable interactionAin the transition
state for proton removal from the parent compounda with
this particular amine. Another possibility is that there
is charge-transfer interaction between the aromstic rings
of the substrate and the amine, which stabilises the initisl

and final states, but not the transition state.

6.4.2. Camplex Formation.

Formation of a o -complex, which involves the
formation uf a covalent bond between the aminc snd 2 ring-
carbon ataom, is more likely to be susceptible to steric

effects than the proton transfer reaction,
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Figqure 6.5,

Bronsted-type plaots for proton abstraction from TNBCIL

by amines,

4+: o0 k_ Vversus log K
9 ¥p 9 %p

: log k rsus log K
0) g -p vers g D

The numbers refer to the different amines as fcllowus :
1 : DABCO

2 : Piperidine

3 : Benzylamine

4 3 n-Butylamine

5 : Isopropylamine
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6.5‘

10~

log k
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0-0
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Addition may occur at the 1-position, to give (6.2),
or at the 3-position to give (6.3). NMR spectra with
TNT as the substrate do not allow the site of addition
to be determined. The 1:1 adducts of TNT which have
been observed up to now (uwith alkoxidessq, sulphite* and
amide ion in liquid ammoniazs) have all resulted from
attack at the 3-position, and so it seems likely that
amine addition occurs at the same position. There is
also a close similarity between the spectrum, obtained
from stopped-flow measurements, of the piperidine adduct
(figure 6.1) and that of the 3-methoxy adduct (chapter five,
figure 5.1) obtained in a similar manner,although this is
not conclusive evidence as isomeric complexes are knoun
to have very similar spectr832’43° The shift of the
peaks in the spectrum to longer wavelengths on changing
from an oxygen to a nitrogen base is expected on the
basis of past resultssz’az. It thus seems probable
that the amine adducts of TNT have the structure
(6e35 X=H)

The values of K_ (in table 6.14) exhibit a similar
order to the values aof Kp, uith the exception of
isopropylamine which has a much lower value of KC than
that expected from the Kp value. This depressed value
may be due to unfavourable steric interactions in the
o ~adduct (6.3, X=H, R=isopropyl, R'=H)o A similar
effect has been observede2 in the adduct formed from
153,5=trinitrobenzene and isopropylamine, although here
the reduction in stability was not as great as that found
with TNT.

3
See chapter three
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In the case of TNBCl, definite NMR evidence was
obtained for the addition of n-butylamine and
isopropylamine at C=1 to give adducts of structure
(6.2, X=Cl). The visible spectra of these adducts, and
that formed with benzylamine, have similar features,with
maxima at 452nm and 540-550nm, the former having much
the higher intensity in each case. This suggests that
the benzylamine adduct has the structure (6.2, X=Cl,
R=Bz, R'=H). In contrast to this, the spectrum of the
adduct formed between TNBCl and piperidine has maxima
at 45Cnm and 510nm, the peaks in this case being of
similar intensity. The spectrum is in fact very similar
to that of the piperidine-TNT adduct. This perhaps
indicates a different mode of interaction in this case,
with piperidine addition occurring at the 3-position to
give an adduct of type (6.3, X=Cl).

The two factors most likely to encourage sitack at
the 1-position in TNBCl relative to TNT are the inductive
effect of the chloromethyl group relative to the methyl
group, and the steric strain at the 1-position caused by
the bulky chloromethyl group which will be relieved on
complex formation as this group is bent out of the ring
plane. The higher ratio of KC to Kp for n-butylamine
and beirylamine can be rationzlised in this way. However,
the presence of two bulky groups at the 1-position in the
adduct will also cause steric strain at this position.

It has already been shoun in chapter three that addition
of the hulky sulphite ion occurs st the 3-position of
TNUCL, ond not at the 1-pouitions Thus this offect may
redunce Lhe KC/Kp ratio for iLooupropylamine , and inhibit

attack of piperidine at the 1-position,
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CHAPTER SEVEN

THE REACTIONS OF 1,3,5-TRINITROBENZENE WITH

SULPHITE, PHENOXIDE, CYANIDE AND

DIETHYLMALONATE IONS
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7.17. Introduction.

The reactions of 1,3,5-trinitrobenzene with a number
of nucleophiles to form 1:1 addition complexes follouw

a simple, one~step equilibrium as in eqgquation 7.1,

k
TNB + Nu~ E%: TNB.Nu™ £EQ. 7.1
Kops = kp * ke [Nu7] Eq. 7.2
The observed rate coefficient; k 9 is given by

obs

equation 7.2 under first order conditions.

The value of the forward rate constant, kF’ is &
measure of the nucleophilicity of the particular base
in guestion, and the value of kr’ the reverse rate
constant, is a measure of its lesaving group ebility.

In an attempt to establish a scale of these two properties
for a number of nucleophiles, the kinetics of their
reactions with TNB in a number of mixed solvents uwere
observed,

The nucleophiles used (sulphite, phenoxide, cyanide
and diethylmalonate ions) are all known to form complexes
with Tu8. Sodium sulphite forms 1;186 and 1:273 complexes
with TNB, the 1:2 complex existing as both cis and trans
isomers° 4796,

The phenoxide ion has been shown to form complexes
with TNB in which bonding occurs via the carbon atom

88

para87 or ortho to the hydroxy group. Bond formation

via the oxygen atom has been observed89 as the kinetically-
favoured process, on the temperature-jump timescale.

Cyanide ion has been known to react with TNB to

EEE
form brightly coloured species for some timej’J, and a
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o -complex structure for the product has been confirmed
by NMR’C.
The reaction of diethylmalonate with TNB has not
previously been studied but the analagous compound

dimethylmalonate forms a o -complex with TNB in the

presence of a base to generate the carbanion91o
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7.2. Experimental.

Visible spectra were recorded using a Unicam SPB0O0O
instrument.

Optical density measurements were made using the
stopped-flouw spectrophotometer or a Unicam SP500
instrument.

Reaction rates were measured using the stopped-flow

spectrophotometer.
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7.3. Results.

7e3«1. 50dium Sulphite.

The reaction between sodium sulphite and TNB was
studied in methanol containing 50% and 25% water by volume.
In both solvents only one colour-forming process was

observed, consistent with the formation of (7.1)

H, SO3
()2“]‘ "“C)z

NO,
(2.1)

Rate and opticsl density data for this reaction are in
table 7.1, In all cases, the sulphite concentration was
in large excess over that of the parent compound; and so
first-order kinetics were observed. The variation of

kObs uith sulphite concentration is given by equation 7.2,

with Nu~ = 5032_, and the appropriate plots were linear.

The values obtained from these plots were: in 50/50

1 =1

(v/v) methanol/uater, k. 2°83 x 10% 1 mole”'s™', and

f.‘
- -1 .
k. 1225 s ', and in 75/25 (v/v) methanol/water,

ke 4234 x 10% 1 mole™'s™" and k_ 215 ™', This last
figure is subject to quite a large error, as the intercept
of the plot was small. The values,and the derived wvalues
of the sguilibrium constant Ky, are in table 7.2, uwhere
they are compared with values Dbtained34 in pure uvater,
The value of kf does not vary a great deal with solvent

composition, the increase in the stability of tte complex

(as measured by K) with incressing methanol contunt being
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due to the decreasing value of kr” This is again
indicative of a reactant-like transition state76, in
which changes in solvation and charge-distribution have
not proceeded very far. The results also show that the
polarisable complex is better soclvated by methanol than

by water and/or that the sulphite ion is poorly solvated

by methanol.




Table 7.1,

Kinetic and equilibrium data for sulphite addition to

1,3,5-trinitrobenzene in methanol-uater mixtures.

% MeOH [sulphite]

(volum:) (M)
75 0-0005
75 0-0010
75 0°0015
75 0-0020
75 00030
50 0-0005
50 00010
5C 00015
50 00020
50 0-0010

obs
(s™h)
20°1
468
651
80 -1

896

1044

Optical density at end of reaction, for a 2mm

pathlength cell,

0.0,

460nm

0025

0-030

0-3030
0-028

0-017

161,
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Table 7.2,

Kinetic and equilibrium parameters for sulphite

addition to 1,3,5-trinitrobenzene.

% MeOH k, k_1 K
-1 =1 -1 -1
(volume) (1L mole 's ') (s ') (1 mole ')
0 3.50 x 10% 125 290
50 2:83 x 10° 12425 2310
75 4034 x 10% 2415 20200
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7.3.2. Sodium Phenoxide.

The addition of aqueous sodium phenoxide (0125 M,
with 0+125 M phenol) to a methanolic solution of
1s3,5-trinitrobenzene (4 x 10-4 M), to give a 53/50 (v/v)
methanol/water mixture, resulted in the production of an
orange colouration with Amax at 425nm and 490nm. This is
in contrast with the results reporteda7 for this reaction
in 80/20 DM50/water, where the spectrum of the complex
formed (bonding occurring via C-4 in the phenoxide
ring) having peaks at 468nm and 570nm. A series of
visible spectra recorded on a conventional spectrophotometer
showed a decrease in the intensities of the pesks as the
amount of free phenol was increased, with the phenoxide
concentration kept constant. This evidence suggests
that the phenoxide ion is not likely to be acting as a
nucleophile in this system, the more likely source of the
colour being attack by methoxide and/or hydroxide ion.

Stopped-flow spectrophotometry revealed the presence
of three processes in this system. The first was a
rapid colour-forming process, with a half-life too small
to allow measurement by this technique. The second was
also caolour-forming, having a half-1life of around 25ms,
and was accompanied by a smaller change in optical
density than the first. The final process was a slou
colour-fading reaction; and was not studied. Kinetic and
optical density values are in table 7.3. The ratioc of
the optical density values at the end of the two colour-
forming processes 1s reasonably constant for sll phenol
cancentration., a similar szituation to that found with
sodium bypochlorite and TN (chapter five). Consequently,

it seppesrs that in this solvent system the attacking
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species are methoxide and hydroxide ions, giving rise to
the two colour-forming processes.

The spectrum of a solution containing sodium
phenoxide (5 x 1073 M), phenol (25 x 1073 M) and TNB
(2 x 107> M) in 90/10 (v/v) DMSO/water showed two peaks,
at 435nm and 510nm. Again, the intensities of these
absorptions decreased as the concentration of the phenol
was increased. The positions of the peaks agree with
those observed for a solution of sodium hydroxide

(1 x 107 M) and TNB (1+8 x 107>

M) in the same solvent.

Two processes were abserved at 480nm when thisg
system was studied by stopped-flow spectrophotometry,
the more rapid being colour-forming and the second

colour-fading. Data are in table 7.4. The phenol-

phencxide equilibrium is described by equation 7.3,

K

PhOH + OH ==Ph0 + H,U £g. 7.3

From this,

[on™) = k [pho”] [H,0]

(PhoH]

As the amount of'uater in the system is in large excess
over the bther species, then the hydroxide concentration
is proportional to the phenoxide/phenol ratio. A plot
of kobs versus this ratio was reascnably linear, with
an intercept (corresponding to kr for hydroxide addition)
of 0°75 s~ ', Thus it seems likely that in this solvent,
hydroxide addition is responsible for the formation of
the observed o -adduct, and that the phenoxide ion is

not sufficiently reactive (in comparison with hydroxide)

for its reaction with TNB to be observed.




Table 7.3,
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Rate and equilibrium data for 1,3,5-trinitrobenzene

and sodium phenoxide in 50/50 (v/v) methanol/uater

[TnB] [PHOH)
(M) (M)
5 x 107°  0e01

-

5 x 10" ° 002

5 x 10°°

[PhO™]
(1)

kobs
=1
(s )
22°8
203

371

u.D.2
1st 2nd
D0117 00141
00088 0«0102
0-0058 0-0066

a. Optical densities (at 480nPm) for 2mm pathlength cell.

1s* and 2nd refer to the ends of the two colour-

forming processes,

Table 7.4,

Rate and equilibrium data for 1,3;5=-trinitrobenzene

and sodium phenoxide in 90/10 (v/v) DMSQ/water,

[TnB] [PhoH]
(M) (M)
65 x 107° 0025
65 x 10°° 0-05
6°5 x 10°° 010

[Pho™)

()

obs

0.D0.2

480nm

0019
0019

0-018

a. Optical density at end of colour-forming process,

for “mn pathlength cell,
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7.3.3. Potassium Cyanide.

The reaction of potassium cyanide with TNB was studied
by stopped-flow spectrophotometry in a number of methanol-
water mixtures. In all cases two processes were observed;
a rapid colour-forming process followed by a slower
fading process. The spectrum of the product of the
colour-forming process, as measured using the stopped-flow
instrument, showed two peaks in all solvent mixtures.

In 50/50 (v/v) methanol/water the peaks were at 420nm and
525nm,; whilst in 80% methanol they were found at 420nm
and 510nm. The wavelength maxima reported for the TNB-
cyanide complex in methanol are 428nm and 540nm92.

A preliminary series of kinetic runs in 50/50 (v/v)
methanol/water indicated that the value of kr would be
small, Accordingly, to obtain the most accurate value
possible, sodium hydroxide (1 x 10™3 M) was added to
suppress the formation of HCN in the solutions. Typical
kinetic runs are in table 7.5, and the rate and equilibrium
data are in tables 7.6-=7.10.

In all cases, the concentration of cyanide was in
large excess over that of TNB, and so equation 7.2

applies, with CN"as Nu~, Plots of kops VETsus cyanide

bs
concentration were reasonably linear in each case;,
although the intercept of the plot for the 30/70 (v/v)
methanol/water mixture was subject to a large uncertainty.
Values derived from the plots and the optical density
data are in table 7,11,

The values of kobs’ and those of the equilibrium
constant K, are not consistent with attack by either

methoxide or hydroxide ions. The values of kfand kr

increase with increasing methanol content up to 604 methanol
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by volume, beyond which point the values appear constant.
The magnitude of the change is somewhat lower than that
observed for the variation of the same parameters for
methoxide and sulphite additions to TNT with the DMSO0
content of the solvent (chapters three and five). These
changes in kf and kr balance in such a way that the complex

has similar stability in each of the solvent systems used.



Table 7.5.

Typical kinetic runs for the reaction of
1,3,5-trinitrobenzene and potassium cyanide

in methanol-water mixtures,

(i) 60/40 [v/v) methanol/water

(ii) 29/20 (v/v) methanol/uater

(1) (ii)
£ Av® kP Av® KD
(s) (s™") (s™)
1 4030 505
2 3055 <19 410 .21
5 2+35 522 330 °77
4 2030 °21 260 e74
5 180 ° 25 205 224
6 145 ) 1960 25
7 110 .28 1420 .75
8 585 <26 090 . 75
Mean T?? T;f
a. AV = Vt - Voo
be k = 1 1n Ay’

168,




Table 7.6,

Kinetic and equilibrium data for the reaction of
1,3,5-trinitrobenzene with potassium cyanide in

50/50 (v/v) methanol/water.

[ken) Kobs 0.0.° kP
(M) (s™") 500nm (1 mole™ ")
0°0023 0055 0-0101 295
00025 0076 00099 264
0-0046 0-088 00123 211
0-0092 0-148 0-0168 221
0010 0167 00193 339
00139 0194 0°0192 238
0-0185 0191 00213 311
0020 00257 00240 1200

a. Optical density at end of colour-forming process,
for 2mm cell, 25 x 10> M TNB.
b. Calculated from 0.D. values and a value of 0°025

(Benesi-Hildebrand plot) for complete conversion.
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Table

77,

Kinetic and equilibrium data for the reaction of

1,3,5-trinitrobenzene with potassium cyanide in

[Ken)
(M)

0+0025
0-005
0-010
0°015

0020

a. Optical density at end of colour~forming process, for
2mm cell, S5 x 10°

bs Calculated from 0.D.

70/30 (v/v) methanol/water,

222

26°9

360

M TNB.

0.D.2

500nm

00155
0+0224
0-0297
C-0370

0-0407

(1

mole-1)

218
207
208
352

617

values and a value of 0-°044

(Benzsi-Hildebrand plot) for complete conversion.
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Table 7.8,

Rate deta for the reaction of 1,3,5=trinitrobenzene with

potassium cyanide in 30/70 (v/v) methanol/uater.,

[kcn] k

obs
(m) (s™h)
00025 0-039
0005 0040
0-010 0073
0-015 0122
0020 0158
Table 7.9,

Rate and equilibrium data for the reaction of
1,3,5-trinitrobenzene with potassium cyanide in

60/40 (v/v) methanol/water.

[kcy Kobs 0.0.°2 kP

(M) (s=1) 500nm (1 wole™ ")
0-0025 10+5 0-0124 170
0005 139 0-0186 155
0-010 226 0-0254 140
0-015 299 0+0304 150
0°020 3107 0-0336 160

a. Uptical density at end of colour-forming rv::ction, for

I

2mm colly, 5 x 10 M THNB.
be Culculated from 0.0. volues :nd a value of 1,053

(Bengsi-Hildebrand plot) for complete convorsion.




Table 7.10,

Rate and equilibrium data for the reaction of
1,3,5-trinitrobenzene with paotassium cyanide in

80/20 (v/v) methancl/water.

[ken ] Kobs 0.0.° K"

(M) (s™h 500nm (1 mole™ M)
00025 1107 00192 227
0005 156 0-0272 211
0010 2444 00363 217
0015 3001 00407 221
0074 2909 0°0473 415

a. Optical density at end of colour-forming reaction, for

2mm cell, § x 1077

M TNB.
bhe Calculated from 0.D. values and a value of 0eN4L7

(Benesi-Hildebrand plot) for complete conversion.
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Table 7¢11,

Variation of kinetic and equilibrium parameters uith
solvent composition, for the reaction of

1,3,5=trinitrobenzene and potassium cyanide,

MeOH:H?O K

(v/v) (L mole”'s™") (s7') (1 mole™!) (1 more™T)

30:70 75 4+ 10 15 £ 07 500 + 250

50:50 107 % 05 46 t 0-7 233 + 26 268 + 48

60:40 157 & 08 64 & 07 245 ¢ 13 155 £ 11

70:30 152 « 08 5°8 & 1°4 262 + 50 246 t 71

80:20 156 £ 1°0 78 % 0°4 200 ¢ 3 219 = 7
a., K = kf/kr

be K from eguilibrium measurements
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703.4, Diethylmalonate.

The visible spectrum of a solution containing TNB

> M), diethylmalonate (0+1 M) and sodium methoxide

(4 x 107
(001 M) in methanol showed two peaks, at 453nm and 540nm,
the former being the more intense., The intensities of
the two peaks increased with increasing diethylmalonate
or methoxide concentration. The methylmalonate adduct of

TNB has Amax 455nm and 555nm91, whereas the methoxide

adduct has Amax 425nm and 495nmg3. Thus these spectra
indicate the formation of a diethylmalonate-TNB adduct.

The diethylmalonate ion (DEM™) is produced from the
parent compound (DEM) by proton abstraction, according
to the equilibrium in equation 7.4,

K

Oile” + DEM 2= DEM~ + MeOH £q. 7o4
Before any useful kinetic work could be done;, the value
of K, was needed so that the concentration of DEM™ in the
solutiorns could he calculated, Measurements of the
optical density at 260nm (the absorbance maximum of the
diethylmalonate ion) were made on a series of solutions
containing diethylmalonate and sodium methoxide at
various concentrations. The data are in table 7.12.
Values for Ka were calculated assuming that conversion
to anion was complete at the highest methoxide concentra-
tion used.

Variation in the velue of Ka, in lipe with an
acidity function dependence, would be expected at high
methoxide concentrations. However, the variationn observed
here is too great, and occurs at too louw concentrations,
to be accounted for solely in this way. The probable

cause is association between the diethylmalonate ions




Optical densities at 260nm of diethylmalonate-methoxide

mixtures in methanol at 250C.

NaOMe DEM
(M) (1)
0-0218 20x10°
0-0545 1.0x10°
0105 3+8x10°
0160 2°0x10°
0214 2°0x10"
0495 1.0x10"
0694 7+9x10°
0-971 2°9x10°
1941 2¢9x10°
2°913 2.9x10°
3690 2.9x10°

a. As measured

b. For [DEM] i ich

3

3

4

4

4

4

5

5

5

5

5

=1 x 10~

Table 7.12

Optical density

a

0-217

0297

0+361

0+310

0484

0-850

1310

0-438

0+613

0+590

0632

4

i

b

0011
0030
0+094
0158
0247
0-858
1650
1498
2°106
2027

2172

(1 mole-1)

0230

0254

0+431

U«490

U=601

1319

[@N]
°
N
wn
)]

2289

1644

4+80
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and soaodium icns,; a chelation effect which has been shoun
to occur with a number of B-dicarbonyl compoundsga’gs°
That this was the case here was demonstrated by the
addition of solid sodium bromide to one of the solutions -
this caused an increase in the optical density by a factor
of tuwo, showing the increased formation of the ion-pair.

In an attempt to remove this interaction,
tetramethylammonium methoxide was used to generate the
anion. However, here the formation of the anion appeared
to take place at a reduced rate - with 0°1 M methoxide

and 4 X 10_4

M DEM, the absorbance at 260nm took

65 minutes to reach a maximum value, and then decreased
slowly. Accordingly,; it was felt that this system

would not be suitable for kinetic measurementc on the
TNB-msicnate reaction,

A number of kinetic runs were performed using sodium
methoxide to generate the diethylmalonate ion, In one
series; the methoxide znd disthylmalonate solutions were
mixed together immediately before measurements and this
solution put in one syringo with the TNB solution in the
other, In the other series; one solution contained both
TNB and OEM, with the methoxicde solution kept separate
until the solutions were mixed. In both case: only one
(colour-forming) reaction was ohserved.

Where the methoxide and diethylmalonate vere mixed
before the rezction was started, the value of the observed
rate coefficient, kobs’ increased with the length of time
that the methoxide-DEM solution had been made up, until
it reached o limiting value. An example is given in table
7.13. 1In the other case, where the methoxide was added

to the other tuo reactants, the rite coefficiont choued

17¢€
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Table 7,13

Variation of rate coefficient with time after mixing

of methoxide® and diethylmalonate solutions in the

reaction of this mixture with TNBb.

Time Rate Coefficient®
(min) (5"1)
5 152
7 188
B-5 222
10 197
12 208
14 240
16 256
20 255
25 270
30 254
35 250
40 260
45 245
a. OMe = 001 M, DEM = 02 M, together in one syringe

b. TNB = 2 x 1072 M.

c. Taken from only one oscilloscope trace.




no tendency to vary with time. The value obtained for

the same concentrations as the above example was

128 + 6 s~ 1, too low a value to be due to methoxide

attack.
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APPENDIX ONE

Derivation of Rate Expressions

i. Formation of 1:1 complex

Hence

glde v [91,08) - «, [cIB) - x_, [c] (1)

At Lquilibriun

_J;]— 0 = k,[P)g 8] - w_,[c] (8] - w_,[c], (2)

Subtracting (2) from (1)

slele (8] + x_p ([c), -[c])

dt
Observed ratc = d 0D = (0D - 0OD)
I ob

To rel-*c thiz to the change in concentration

0D = &« {3)
C ——

At equilibrium

Hence

vo_ - oo = e ([c], - [ch
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Differentiating (3)

d 00 . . dfc]
dgt c dt

Hence

d GD

e - g%g]. !
dt (2D, - 0D) d ([;Je - 1c])
Hence

Kobs = k1[B] kg

ii. Formstion of & 1:2 complex

[

£2 =, [C]F] - «_,[0)

For the pro-eguilibrium

Subistituting

elol_ < 31 ([p], - o) - x_, (o]
TEE)

At Ecuilibrium

~
-
N~

d[0] <K, [8]°

at = 0 = Trs) (Plo - (o)) - x50l

N
fro
S




Subtracting (2) from (1)

2
C B I PRI O OF

By a similar method to that above it can be shouwn that

d 0D . 1 _ d[o]. 1
gt ' (oo, - oo) ot  T[O], - o)

Hence

2
k2K1[B]

Kobs = Koo ¥ T = k.18

iii. Proton abstraction by alkoxide ion follouwing complex
formation.

K
P +8 B pPT + 8B

k‘P

B here is the solvent, and does not therefore sppear in

the rate expression.

LR (A7) - ko7 (2)
[Plg = [P} + [c] + [P7] (2)
For the pre-equilibrium

[c]
“e = [

Substituting in (2)

[ely =) + k [PAET]+ (7]
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and hence in (1)

ale-- %]dplo -[pD) - ko [e7] (2

At equilibrium

ko [87] - i
T et c——c——— p - n} - 4
’ 14 K, 87 (Pl - ]8) k=p[p ]e (4)
Subtracting

gl&:]: (x + EELEZJ__=f ([p’]e - [p])

1+ K_[8B

a[p”]. 1 _d oo . 1

gt ([p-]e _ [p=}) dt (DDe - 0D)

Hence
k_[87]
k = + -—E-——g-
obs P+ k [87)

ive. Proton abstraction by amine following complex

formatiaon.

k
P + Am Eéf P~ + Amn*

“-p
alele i [anle] - <o [P Namk*) (1)
[p)y = [P] + [c] + [P7] (2)

For the pre-eqguilibrium

K =[C"AmH+]
° [P)lan)?




Substituting in (2)

[p]n = [p] + KC[P]EEJE + [P7]

And baonce  in (l)

-k Tam]([P], - [P7]) +
ofo7). o q]+[K]D[Am]2[ SR @
[AmH+]
At equilibrium
LSS LUl A Y S Y (4)
1+ KC[Am]‘ P €
[AmH+]

Subtracting

RO s R () IS RNy R O §

dfP ], 1 ‘ _dp . 1
at " ([P7T,- TP~ ~dt (oo, - D)
Hence
- k [Am]
knbs = k_ﬁ[RmHk] 4+ =2

1 + KP [Am ];

MmH+]




APPENDIX TWO

8. Lectures and Seminars organised by the Department of

Chemistry during the period 1978-1981,

(¥ denotes those attended)

15 September 1978

Professor W. Siebert (University of Marburg, West Germany)

"Boron Heterocycles as Ligands in Transition fetal

Chemistry",

22 September 1978

Professor T. Fehlner (University of Notre Dame, 1i5a),

"Ferraboranes ¢ Syntheses and Photochemistry".

12 December 1978

Professor C.2.M. Stirling (University of Bangor)
"1Ppsrting is such sweet sorrow' - the Leaving Group in

Organic Reactions".

14 fFebruary 1979

Professor 8. Dunnell (University of British Columbia),
"The Application of NMR to the study of Motions in

Molecules",

16 February 1979

Or. J. Tomkinson (Institute of Laue-Langevin,Grenoble),

"Properties of hdsorbed Species".

14 March 1379

Dro 2.C. talton (University of Lt. Andrews),

"onbtadicnyl itodieals™,

185,
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20 March 1979

Dr. A. Reiser (Kodak Ltd.),
"polymer Photography and Mechanism of Cross-link

Formation in S0lid Polymer Matrices",

25 March 1979

Dr. S. Larsson (University of Uppssla),
"Some Aspects of Photoionisation Phenomena in lnorganic

Systems".,

25 April 1579

Dr. C.R. Patrick (University of Birmingham),
"Chlorofluorocarbons and Stratospheric Ozone : ~n Appraicsal

of the Environmental Problem®,

1 May 1879

Or. G. Wyman (furopean Research Office, US Army),

"Excited State Chemistry in Indigoid Dyes".

2 May 1979

Dr. 2J.0. Hobson (University of Birmingham),

"Nitrogun-centred Reactive Intermediates”.

8 May 1979

Professor A, Schmidpeter (Institute of Inorganic Chemistry,
Jniversity of Munich),
"Five-membered Phosphorus Hetercocycles Contasining

Dicoordinate Phosnhorus".

9 May 1979
Dr. A4.J. ¥icby (University of Canmbridge),
"otrucire ond feactivity in Intramolcecular and (nzywic

Catalyniot,
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9 May 1979

Professor G, Maier (Lahn-Giessen),

"Tetra-tert-butyltetrahedrane”,

10 May 1979

Professor G. Allen; F.R.S. (Science Research Council),

"Neutron Scattering Studies of Polymers",

16 May 1979

Or. J.F. Nixan (University nf Sussex),
"Spectroscopic Studies on Phosphines and their

Coordination Complexes™,

23 May 1979

Or. B. Wnkefield (University of Salford),
"fClectron Trancsfer in Reactions of Metals and Uresno-

metallic Compounds with Polychlnropyridine Derivatives".

13 June 1979

Dr. G. Heath (University of Edinburgh),
"putting Electrochemistry into Mothballs - (Redox Processec

of Metal Porphyrins and Phthalocyanines)".

14 June 1979

Professor ', Ugi (University of Munich),

"Synthetic Uses of Super Nucleophiles'.

20 June 1379

Professer 1.0. Corbett (lowas Stzte University, Ames, Iowa, USA),
"Z2intl Ians : Synthesic and Structure of Homo-palystouwic
Anions of the Poct-Transition tlements™,

27 June 1979

Dr. H. Fuess (University of Frankfurt),
"Study of Electron Distributicn in Crystalline 3clids by

X=ray and Noutropn Diffraction.
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21 November 1979

Dr. J. Muller (University of Bergen),

"photochemical Reactions of Ammonia.

28 November 1978

Or. B. Cox (University of Stirling),

"Macrobicyclic Cryptate Complexes, Dynamics and Selectivity'.

5 Decemher 197S

Dr. G.C. Lastmond (University of Liverpool),

"Synthesis and Properties of some Multicomponent Polymers".

12 December 1978

Dr. C.I. Ratcliffe (University of London),

"pRotor Motions in Solids".

19 December 1979

Dr. K.E2. Newman (University of Lausanne),
"High Pressure Multinuclear NMR in the Elucidation of the

Mechanisms of Fast, Simple Reactions."

30 January 1980

Dr. M.J. Barrow (University of Edinburgh),
"The Structures of some Simple Inorganic Compounds of
Silicon and Germanium - Pointers to Structural Trunds in

Group Iv",

6 February 1980

Or. J.M.E. Yuirke (University of Durham),

"Degradation of Chlorophyll-a in Sediments".

23 April 1980

B. Griewvson H.5%C., (University of Durham)

"Halogen tudiopharmaceuticals™.
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14 May 1980

Dr. R. Hutton (Waters Associates, USA),
"Recent Developments in Multi-milligram and Multi-qram

Scale Preparative High Performance Liguid Chromatography".

21 May 1980

Dr. T.u. Bentley (University of Swansea),

"Medium and Structural Effects in Solvolytic Rs~ctions'.

10 July 1980

Professor P, des Marteau (University of Heidelburg),

"New Developments in Organonitrogen Fluorine Chemistry”.

7 October 1980

Professor T. Felhner (Notre-Dame University, USA),

"Metallocboranes - Cages or Coordination Compounds 2 Y,

15 October 1980

Dr. R. Adler (University of Bristol),
"Doing Chemistry Inside Cages =~ Medium Ring Bicyclic

Molecules™,

12 November 1980

Dr. M. Gerloch (University of Cambridge),

"Magnetochemistry is about Chemistry".

19 November 1983

Dr. T. Gilchrist (University of Liverpool),

"Nitroso 0lefins as Synthetic Intermediates".

3 Decazmber 1980

Dr. J.A. Connor (University of Manchester),

v

"Thermochemistry of Transition Metal Complexsc'.




¥ 18 Descembesr 1980

Dr. R. Tv~ns (University of Brisbane, Australiz),
"Some Recent Communications to the Editor of the

australinn Journsl of Failed Chemistry".

¥ 18 Fehbruary 1981

Prefessor 3.F.A. Kettle (University of East Anglia),

"yariations in the !Molecular Dance at the Cry.tal Ball'".

* 25 Feorusty 1987

Dre K. "oudern [University of Sussex),

"The Tranomicsisn of Polar £ffects of SubstituentsV,

4 Flarch 19H1

Dr. 5. Crordock (University of Edinburgh),

"ODgeudo-linear Pseudohalides

11 March 1937

Dr, J.0. Stoddart (I.C.I. Ltd./University of theffield),

"Sterecrchemical Principles in the Design and Function of

\

an

cn

to

i

Synthetic Folecular Rece

17 March 1981

Profecce s W. Jencks (Brendoic I'miversity, Me: o @ husctts),

Wiimen 1o an Intermediate not an Intermediate 7 ',

18 March 19831

Dr. P.J. Omith (Internmation=] Tin Research Inutitute),
"Oryonatin Compounds - A Versatile Class of {r.g:nc-

metallic Compounds',

9 April 1981

e, w.t. Meyer (RCA Zurich),

" Propovticon of pAlignoed Polyacebylone,




¥ 6 flay 1381

Profassar M, Szwares; F.R.S5.y

"Ions snd 1on Pairs"

10 June 1931

Dr. J. Rose (I.C.1. Plastics Division),

"New Engineering Plastics".

17 June 18981

Dr. P. Moreau (University of Montpellier),

"Recent Results in Perfluoroorganometallic Chemistry",

b. Conferences attended during the period 1978-1981

i. Annual Congress of the Chemical Society and the Royal

Institute of Chemicstry, Durham University, April 1980.

Ce First year induction course (October-November 1978)

A serivs of one hour presentations on the servicnoc

availlabhle in the department.

i. Departmental organisation

ii, Sefety matters

iii, tlectrical appliances

iv, Chromatography and microanalysis

Ve lLibrary facilities

vi. htomic absorption and inorganic analysisg
vii. Fess spectrometry

viii. Tuclenr agnetic resonance snectroscopy

iz, Llhosablouing buchndgua
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