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CHAPTER 1

INTRODUCT ION

(1) HISTORICAL
(a) General

This thesis describes an investigation of the behaviour of acids
and bases in solution by means of nuclear magnetic resonance spectroscopy.
This technique can be used particularly to study the rates of proton
exchange between acids and bases, and the nature and relative amounts of
the species present in acid-base equilibria.

In nuclear magnetic resonance spectroscopy, a nucleus is used as
a magnetic probe to investigate local magnetic effects inside a molecular
systems The local magnetic field near a particular nucleus depends on
its chemical environment and is determined by a number of factors including
the polarisation of remote parts of the sample, magnetic moments of
neighbouring nuclei, and intramolecular effects due to other nuclei and
electrons in the same molecule, This form of spectroscopy is therefore
of great value in the investigation of molecular structure and environ-
mental effects and its application to many chemical problems has followgd

rapidly upon the development and refinement of experimental techniques.

(b) The Nuclear Magnetic Resonance Experiment.

If a nucleus with a magnetic moment is placed in a uniform magnetic
field Hé in the = direction, its energy is 1/€zH;’ where 44, is the

component of the nuclear moment in the = direction, For a nucleus of
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spin I there are 2I + 1 allowed orientations of the magnetic moment with

/

energies -uHy, -;%%;;/LHJ,......., ;_%_;uﬂo,/JHg (1.1)
These energy levels are equally spaced and separated by'/fgé. The basis
of the n.m.r. experiment is to induce transitions between %hese levels,
This is done by irradiating the nuclear magnet situated in a magnetie
field, with electromagnetic radiation of the appropriate frequency.

Only transitions between neighbouring levels are allowed by the selection

rules, hence the frequency v~ that will cause transitions is given by

/
hv = wH (1.2)
I

where h is Plancks constant, Equation (1.2) is known as the resonance
condition and is often written in the fom

v = YH (1.3)
217

where ¥ is the gyromagnetic ratio, Thus for a given magnetic field Hé,

and provided that all environmental effects are ignored, transitions are
observed at a characteristic frequency for each species of nucleus, that

is proportional to both Hy and ¥

(c) The Chemical Shift

The nuclear magnetic resonance frequency of a particular nucleus
actually occurs at different values of a given applied magnetic field,
according to the nature of the chemical environment of the nucleus. This
arises from the fact that when an atom or molecule is placed in a magnetic
field, of strength Hé, it acquires a diamagnetic moment by virtue of the
induced orbital motions of its electrons. These moving electrons

constitute effective currents within the molecule thereby producing a
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secondary megnetic field which acts in opposition tc¢ the applied field:
the magnitude of this secondary field is proporticnal to the applied
field, Thus the magnetic field at the site of the nucleus is given by

HeH (1-o) (1.14)
where & is the screening constant, The value of & devends on the
chemical emvironment of the nucleus under consideration.

Nuclei of the same kind in chemically non-equivalent positions
in a molecule i,e, with different screening constants, resonate at
different applied fields, hence they give signals in different parts of
the spectrum. The displacement between these signals is referred tc as
a chemical shift. Such shifts are measured from some reference signals
proton resonances are generally quoted with respect to the single
tetramethylsilane resonance. Since the chemical shift, measured in
cycles per sec (c.p.s.), is proportional to the applied field, it is
convenient to use the nondimensional unit, cf s defined by

d =H-H x1° (1.5)
i

where Cf is in parts per million (p.p.m.), and H and Hr are the rescnance
fields of the sample being measured and that of a reference substance,
Since the resonance frequency and applied field are proportional (1.3),
an equivalent expression for the chemical shift is
d=v-v, x1 (1.6)
Vr

which can be replaced by

S = vr-v, x106
oscillator frequency in Mc.p.s. (L.7)

since U and V'r differ only very slightly from the oscillator frequency.

The spectrum of ethyl alcohol, under conditions of low resolution,



b
consists of three separate signals corresponding to the three different
types of hydrogen atoms present, As a consequence of the fact that the
area of a peak depends only upon the number of nuclei from which the
signal originates, and since the peaks have relative areas of 1: 2: 3,
it is possible to assign the three peaks in ethyl alcohol to the OH, CH,
and CH3 groups.

Different functional groups have chemical shifts which are
characteristic of the group and which vary only over a limited range for
each group., Thus the positions of resonance lines used in conjunction
with area measurements can be used to identify the presence of functional
groups and the relative numbers of nuclei in each environment in a liguid
or gaseous system,

(d) Spin=-Spin Interactions

Under high resolution conditions the spectrum of ethyl alcohol,
containing a small amount of acid, contains more lines than can be
accounted for on the basis of chemical shift considerations, This is
because the nuclei in one position can affect the nuclei at another
position by electron-coupled spin-spin interaction, The spins of the
two protons of the methylene group may be combined in four possible ways

as shown in Fig, 1.
Total spin

11 +1
T 0
V1 0
y 4 -1

Fige 1 SPIN ARRANGEMENTS OF METHYLENE GROUP PROTONS



Each possible value of the total spin produces a gifferent
magnetic field at the methyl protons, and consequently the methyl proton
resonance is split into a triplet whose components have the relative
intensities 13 23 1 (there is twice the probability for the total spin
to be zero), In a similar manner the spins of the methyl group can

combine to give a total spin of + %, + - 1, or = 3 with relative
2

1

7 2
probabilities of 1l: 33 3s 1, hence the signal from the methylene group

is a quartet with these relative intensities. The separation (in c.p.s.)
between the components of a multiplet is a measure of the spin-spin
coupling constant J, which is independent of the appiied magnetic field.

(e) Exchange Effects

The n.m.r. spectrum may be modified if the nuclei being examined
are taking part in a rate process e.g. exchange between different chemical
positions., If the exchange is rapid a coal escence of some signals will
be observed in accordance with the equation,

TA v =& 5'7-_—[ (1.8)
where T-is the smallest time for which the two separate states can be
distinguished and AV is the separation of the corresponding resonance
lines, Thus when the exchange is sufficiently rapid, the lifetimes of
the states become less than this critical value, and the signals coalesce.
The simplest exchange process is that in which a particular type of
nucleus is moving from site A to site B: if the exchange rate is slow
two signals are observed; if it is rapid, only one signal is observed
in an appropriately averaged position., The theory for such an exchange

2 3
process has been given by Gutowsky et al, and by McConnell



6
The Bloch equations apply to the macroscopic moment M when all the nuclei
are acted upon by the same field Ho., Consider two non-equivalent nuclei

A and B with a chemical shift given by Wy - Wy c¢.p.s. where
2

4 @ 271w = ¥ Ho is the Larmor frequency. Under conditions
of no exchange between the positions A and B; there will be iwo independant

macroscopic moments, with comr iex G components obeying equations

d [ s
E%é + ES AG A= = 3 i Hl MOA (109)
:i%% + O(BGB R K H1Mop (1.10)

wheres Hy is the rotating field perpendicular to Ho, Mo is equilibrium
value of the macroscopic moment, which is given by Mo = )(oHo ()(o being

the volume magnetic susceptibility), and X, and X g are complex quantities

defined by
e, = ﬁ':“— { (“-’A“‘ w) (1.11)
. _
R PP L(wB w) (1.12)

Top and Tpp being the transverse relaxation times of nuclei in the two
positions in the absence of exchange.

By allowing for the exchange of nuclei between positions A and B
the following expression for the total complex moment is obtained
G=Ty +dg =~ cYHMM, Pu* Pt Ty W g (XyP) + XgPp) (1.13)

(1 +Xy Ty N1+ My ) -1
where 7y and g are the mean lifetimes for the nucleus on sites A and B,

and Py and Pg ar= the fractional populations of sites A and B, These are
related by the equations
o= Ty s Bo= T (1.14)
Ty T TA + 7’B
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The intensity of absorption at frequency & is then proportional to the
imaginary part of G in equation (l.13). Simplified versions of these
equations can be used, to calculate rates of exchange, under certain
special conditions, such as those of very slow or very rapid exchange.

Collapse of spin-spin multiplets can also be caused by exchange.
The OH resonance of ethyl alcohol, containing a trace of acid, is
observed as a single line, instead of the triplet that might be expected
as a result of spin-spin coupling with the methylene protons, because
the acid catalysed exchange of protons between OH groups causes the
triplet to collapse,

The rates of proton exchange can be followed by calculation of
theoretical line shapes and comparing these with shapes obtained experi-
mentally. This was first developed by Arnoldh for exchange between water
and alcohols in the presence of small amounts of acid or base, Meiboom
and cct--x'rol-'ken:“ss’6 have studied the exchange processes occurring in water
at different pH values as well as the processes involved in aqueous
alcohol systems, The barrier and rate of rotation about the C-N bond
in amides, has been calculated from the collapse of the I(CH3)2 doublet
with increasing temperature, by application of the eguation for inter-
mediate exchange rates T

(£) Applications of Nuclear Magnetic Resonance to Acid-Base

Equilibria and Rates of Proton Exchange

Equilibria between acids and bases in solution can be studied
conveniently by n.m.r., particularly with regard to the site from which
a proton is removed or to which it becomes attached, and the rate of

proton exchange, For example, the rate of proton extraction from



substituted acetylenes in basic solution has been studied by nem.r,

8
techniques . By observing the changes in the n.m.r, spectrum of aqueous
solutions of methylammonium chloride with pH, Grunwald, Loewenstein, and

9
Meiboom were able to obtain quantitative information about the protolysis

rate and mechanism, These workerslo also studied the protolysis of di-
and trimethylamine in agueous solution. Loewenstein and Meiboom have
studied di-and trimethylamine solutions and find that the rate of exchange
via the solvent increases with increasing methyl substitution, Activation
energies of proton transfer reactions in solutions of NHﬁ and HeNH; have
also been obtained 12. Japanese wc;rkerslB’l).l have studied the protonation
of anilines and pyridine in acetic acid solution. Rapid proton exchange
between the base and acid was observed at room temperature. Exchange
rates and activation energies for the exchange of N,N=-dimethylanilinium
ion in trifluoracetic acid solutions have been calculat.ed15 from the
collapse, with increasing temperaturs, of the methyl doublet due to
;;N-CH3 spin=spin coupling. Protonation of pyridine in trifluoracetic
acid has been studied by other workers 16.

A slow proton exchange was postulated to account for the broadness
of the B and ¥ protons in the ring. Danyluk and Sc:hneicler17 found that

the n.m.r. spectra of solutions of azulene in CCl) and CF3COOH differed
considerably in that the CFBCOOH solution comtained an extra peak, This
peak, at much higher field than the signal from the aromatic protons of
azulene, must be due to a "methylene" group resulting from protonation of
the azulene, The site of protonation was deduced from a consideration
of the other features of the spectrum,

18-20
Maclean and co-workers have also observed the appearance of



a "methylene® peak in the spectra of protonated polyeyclic aromatic
hydrocarbons and polymethyl benzenes. Strongly acidic solvents and in

gome cases low temperatures were necessary for the observation of the
1 19
amethylenewpeak. These workers corrected the observed chemical shifts

obtained for the conjugate acids for the effect of ring currents, and
compared the shifts with localised charge densities predicted on the

basis of molecular orbital theories. From their work on methylbenzenes
20
in HF/BF3 solution, Maclean and Mackor have proposed mechanisms for

proton exchange, These will be discussed in detail in Chapter IV,
20
These workers have also shown that anisole is protonated on a ring

carbon atom rather than the oxygen atom,

The question of O= or N= protonation in amides has been an open
21
one for many years. Jones and Katritzky have recently reviewed the

evidence, including the results of n.m.r, studies, that show that

protonation occurs predominantly on oxygen. It has been pointed out
22
however that the n.,m.r. evidence is rather indirect as no signal from

the proton supposedly captured by the oxygen atom on the O~ protonated

form had been observed in any case., It is shown in this thesis that a
+

separate signal for the OH peak of protonated amides can be obtained by
cooling fluorosulphuric acid solutions to low temperatures so that the

lifetime of the captured proton becomes long enough for it to give rise
23
to a separate peak in the n.m.r. spectrum . These results are

discussed in Chapter III, A low temperature n.m.r. study in HF/BF3

2l
solution of water, ethyl alcohol, and acetone enabled Maclean and Mackor

to obtain the n.m.r. spectra of their protonated forms, ILuz and
25
Silver have followed the rate and mechanism of proton exchange for the
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Me3P§ ion in agueous solution by observation of the F-H and CH3~-H spin-
spin coupling patterns and have calculated a pKpil of 8480 for MeBPﬁ.

Edward et al.26 have attempted to use n.m.r., to measure the extent

of protonation of oxygen bases having ethyl groups attached to the site
of protonation. Maclean and Mackor20 were able to observe peaks due to
both the protonated and unprotonated forms of some methylbenzenes in
solutions of HF/BFB under suitable conditions., By measuring the areas

of these peaks the extent of protonation was estimated,

(g) The Hammett Acidity Function Ho

The extent of ionisation of acids and bases demends on the solvent.
In any protonic solvent the sirongest acid and base that can exist in that
solvent ars the characteristic cation and anion produced in the
autoprotolysis of the solvent, In water acids such as HCl, HNOj,
H,»50j,,and CH3COO0H ionise completeiy to give HBS. Thus it is not possible
to detzct any differences in the intrinsic strengths of these acids,
Indeed the strongest acid that can exist in agqueous solution is the
hydronium ion H3;. In order to differentiate between the relative
strengths of acids such as HCl, HNO; and HC10y it is necessary to use a
less basic solvent than water, If sulphuric acid is used as the solvent
only HC10), of the acids mentioned above shows any acid properties. It
ionises according to equation (1.15)

HC10), + HpS0) =>- H;SOh + 010y, (1.15)
Sulphuric acid undergoes autoprotolysis according to

2H,50), <= HyS0), + HSO] (1.16)

+
and an acid may be defined as any compound that produces HBSOh ions and



11

3 base as one which produces HSO;. HSOBF and HB(HSOh)h are two substances
which ionise to produce H3SOE jons in sulphuric acid sclution,

in a similar way HSO4F undergcees autoprotelysis to give2$;SOBF

- +
end SOBF and substances which produce HQSOBF ions, such as SbFS s are
acids, and those which produce 803§ ions are bases e.g, KSOBF. By
Lrgsuring the extents of iondsation in a suitable acidic or basic
aolvent an estimate of the relative strengths of acids and bases can be
obtained, However it is difficult to compare the resulis of an
irnvestization in one sclvent system with those in another solvent system.
The best method for comparing acid strengths in an absclute manner would
be o meszure the hydrogen ggn activities, ag+. This is not possible
but it waz shown by Hammettm that a relsted quantity can be conveniently
nged,

The slammett acidity function, He, it a messure of the tendancy of
3 medium to trensfer a proten to a Lase,

rrom the squation

BH* == B + H' {(1.17)

the dissociation constant of the ccnjugate acid BH® is given by

KBh"" & GB . CH* . iE 3 £H+

CBH+ fBH+
= IH* . GB . .fB (1018)
oyt fpyt
whers @ i+ the sclavaty, C ir the molar concentratior aud £ is the =sctivity

[
o]
3
ros
-
o

Loiwnt,  The assumphbicn is then made that the ratio fp is

Tyt

ivdeyendant of B ard ibs nencentration, which is slways small,



Hence
hO = KBH"' . CBH+ = lH+ . fB (1.19)
Cp fpyt

is a property of the solution and
H, = =log ho = pKpy* -log Cpy* (1.20)
EB

The measurement of Ho then resolves itself into the measurement of the
ratio of the concentration of the protonated form to the concentration of
the unprotonated form of a base of known pKpy+ dissolved in the sclvent
being studieds The amount? of BH' and B have generally been measured

by means of absorpﬁion spectra using bases (indicators) that have
unprotonated forms, If the extinction coefficients of the fully ionised
base & ion, and of the unionised form £ B are known at a particular wave-

length, then for a solution in which the base is incompletely ionised

CBH-I- = Eion - £ (1’21)
Cp & - EZB

where é:is the molar extinction coefficient of the base at the same

wavelength.

A plot of log Cpy* against acid composition of the medium, for

Cp
each base, gives a series of curves which overlap and are roughly parallel

cver a limited acid concentration range. By choosing an scid concentration
where the overlap betwsen two bases is gcod, and knowing the pKpp+ of cue
base, the pKpy+ of the other base can be calculsted from (1.,22).

HO = pKB gt =log CB 'H+ = pKB"H+ =~log CB"H+ (1.22)
Cp'f Cg"

In this manner it is possible to measure the acidity of solutions of
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progressively higher acidity by the use of a series of suitable
indicators of decreasing basicity.

(h) Acidity Functions and Nuclear Magnetic Resonance

Values of pKpy+ for weak bases have generally been determined

by Hammett 'z spectrophotometric method ?% Edward et al?6 have used

the chemical shift difference between the CH3 and CHy protons in ethyl

compounds to estimate the relative amounts of BH' and B (section (e)).

A plot of this chemical shift difference against the acidity function

Ho, of the solvent, gave a sigmoid type curve, The steepest portion

of this curve was assumed to give the solvent composition at which

Cpy* = Cg. Equation (1.20) then reduces to

Ho = pKpy+ (1.23)

30

and hence the pKpy+ of the base was obtained., Taft and Levins have

used the relatively large chemical shift between the resonances of the

protonated and unprotonated forms of fluorcbenzene derivatives in the

Fl? NeMer, Spectrum as a means of quantitative pKpy+ determination. By

plotting Fi9 chemical shifts vs. the acidity function (Ho) they obtained

sigmoid curves and from the point of inflection they obtained pKgy+ as

described above, These workers have stated that they intend to use this

method to determine acidity functions. Utyanskaya et al.31 have

estimated the acidity function of HF solutions from 9 n.m.r. datag the

results agree with Ho values obtained by the more usual spectrophotometric

method but doubt has been cast32 on their interpretation of the chemical

shifts,

(1) Acid Dissociation, Solvation,and Hydrogen Bonding

Because the rate of proton exchange is rapid in aqueous solutions
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of electrolytes the chemical shift of an exchanging proton appears as a
weighted average of the chemical shifts of all the species present.,
This fact has been used to calculate dissociation ccnstants for strong

33 3L 35
acids, Gubtowsky and Saika , Masuda and Kanda , Hood et al,

Gillespie and WhiteBé, and other837,38 have all examined the dissociation
of acids by nem.r. techniques, Agreement with other physical methods
is not always goodl’sh. In studying the dissociation of water in
sulphuric acid attempts have been madeBS"36 to cbtain absolute chemical
shifts for H30+ and HSOE, but different values have been obtained for
H36 and HSOZ in two independent investigations as a consequence of

different assumptions made in the interpretation of the results, Hood
and Reilly assumed that the chemical shifts of the various species are
independent of the composition of the solution over the whole range from
water to sulphuric acid, whereas Gillespie and White assume constancy of
the chemical shifts over a limited composition range only. In view of
the large body of experimental data on the effect of electrolytes upon
the chemical shift of ions in solution the assumption of the constancy
of chemical shifts is probably not justified and these results probably
need some reinterpretation,

It is well recognised that in protonic solvents such as water,
ammonia and sulphuric acid intermolecular hydrogen bonding occurs to a
greater or lesser extent. It is also known that when ions are present
in soluvtion they are generally solvated i.e., associated with a number of
solvent molecules, When ions that have a tendancy to solvate are present

in a hyﬂrogen-bbnded solvent it is clear that they will in general have an

effect on the structure of the solvent, Such changes in the solvent
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srrusture will affect the environment zround any magnetic nuclei present
and hence affect the chemical shifts in their n.m.r. spectra. A
comprehensive review of the study of the hydration of ions in aqueous
sclution by n.m.r. techniques has appeared39 recently which critically
discusses the literature up to 1961. Chemical shifts produced by
addition of electrolytes are interpreted in terms of solvation,
polarisation and structure breaking effects. Attempts have been wmade
to separate effects such as polarisation and solvation for individual
ions, Hindmanho in a recent paper has analysed the chemical shifts
produced by salts in water in terms of bond breaking, structural,
polarisation, and nonelectrostatic effects., Gillespie and Whit936 have
studied the effect of added metal hydrogen sulphates to the proton

resonance of sulphuric acid:  they obtained an order for the extent of

solvation of cations which is in agreemen® with other measursments,
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(2) OBJECTS OF THE PRESENT WORK

One of the objects of the present work was to study the
protonation of very weak bases in strong acid solvents. In view of its
high acidity and low freezing point, and because a general study of the
fluorosulphuric acid solvent system was being carried out in our
laboratoriss, fluorosulphuric acid was chesen as a solvent that appeared
to be very suitable for the elucidation of the structures of the
protonated forms of weak bases, It was also hoped that by comparison
of the extent of protonation of a variety of weak bases in several acid
solvents such as HF, HSOBF and Hy30) it would be possible to obtain
information on the relative acidity of these solvents, their mixtures
with each other and with water, In particular it was hoped.to devise
an n.m.r. method for measuring the acidity function for these systems,

In order to provide some background information that might prove
ugeful in the interpretation of chemical shifts in the n.m.r. spectra of
bases in acid solvents, it was alsc decided to extend the work of
Gillespie and WhiteBé, on the effect of metal hydrogen sulphates on the
proton magnetic resonance spectra of sulphuric acid, to include the effect
of metal {luorosulphates and other bases on the HSO3F proton and fluorine

resonances,



CHAPTER II
EXPERIMENTAL

(1) FREPARATION AND PURIFICATION OF MATERIALS

Sulphuric Acid

100% sulphuric acid was prepared by mixing C.P, Reagent grade
sulphuric acid and Reagent grade fuming sulphuric acid (30% free 503) i
until a product having a maximum freezing point of 10.37° was obtained
Oleuns

Oleums of known composition were cobtained by distilling sulphur
trioxide from stabilised liquid sulphur trioxide ("Sulphan B"), into a
weighed amount of 100% sulphuric acid.

Fluorosulphuric Acid

Technical grade fluorosulphuric acid was distilled twice at
atmespheric pressure in the apparstus shown in Fig, 1. Before use the
still was dried out by passing dry air through it and at the same time
warming with a Bunsen flame. The pure acid had a boiling point of
163 - 184°,

Tetirahydrogensulphato boric acid

The stoichiometric amount of boric acid, twice recrystallised
from water and dried at 120°, was dissclved in oleum of known sulphur
trioxide concentration to give the required composition of tetrahydrogen-
suiphato boric acid in sulphuric acid h2°

Triflvoracetic acid

17
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Reagent grade trifluoracetic acid was distilled using a 20"
fractionating columm packed with glass helices. The fraction boiling
at 72° (1it. b.p. 72.4°) was collected.
Sulpbates

Except for those listed below all the sulphates were "Analar"
salts dried at 120° and stored over phosphoric oxide until required.
Lithium sulphate

The "Analar' monohydrate was heated at 190° to constant weight,
then stored over phosphoric oxide.

Rubidium sulphate

"Analar* rubidium carbonate was dissolved in water and titrated
with 0.2N sulphuric acid to neutrality. The neutral aqueous solution
was evaporated until the rubidium sulphate began to crystallise, then
cooled, filtered, washed with acetone, then ether; finally dried at
120° and stored over phosphoric oxide,

Calcium sulphate

Calcium sulphate dihydrate was dissolved in 100% sulphuric acid,
the solution filtered through a sintered glass filter and the dihydrate
precipitated by pouring the solution into distilled water. The
precipitate was filtered, washed free of soh'-, dried and ignited at% red
heat in a platinum crucible to constant weight. The calcium sulphat
was stored over phosphoric oxide.

Tetraethylammonium sulphate

To a solution of tetraethylammonium bromide in water was added
an excess of freshly prepared silver oxide and the mixture shaken to

ensure thorough mixing, The excess silver oxide and the precipitated
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silver bromide were filtered off. A portion of the filtrate was tested
for the presence of bromide ion with silver nitrate; all of the bromide
ion had been removed, The filtrate was titrated to pH7 with 0.2N
Hy50),, evaporated until crystallisation occurred, cooled, filtered in a
dry atmosphere and washed with dry ether, The pale yellow crystals
obtained were redissolved in distilled water, the solution treated with
active charcoal and filtered after standing for a few minutes; the
filtrate was clear and colourless. Evaporation to dryness was effected
by heating at 110° on an oil bath while a current of dry, filtered air
was blown over the surface. This stream of dry air over the heated
crystals was continued for several hours with frequent stirring to ensure
that all the moisture was removeds Finally the salt was allowed to cool,
under vacuum over phosphoric oxide. The crystals were very hygroscopic

Analysis
% 50, = 26,11 (Calculated 26.95)

Tetraphenylarsonium sulphate

30 gms. of anhydrous aluminium chloride, 30 gms., of triphenyl
arsine and 15.6 gms. of bromobenzene were heated at 200° under reflux
(air condenser) for one hour, A vigorous reaction occurred which later
subsided. The temperature was then raised to 280° over a period of half
an hour and maintained at this temperature for a further half hour, The
mixture was poured into 1200 mls., water, boiled with active charcoal,
filtered and when cold, the filtrate was treated with 30 gms. KI
dissolved in a few mls, of water, Crude PhhAsIB was obtained ag yellow
crystals which were filtered off and recrystallised from hot water

containing KI and 10 gms. Nay503 to yield pure Ph)AsIj.
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This iodide was dissolved in ethyl alcohol water mixture and the
solution treated with freshly precipitated silver oxide. After shaking,
the mixture was filtered to remove the precipitated Agl and excess
Ago0, then neutralised with 0.2N H350), The solution was evaporated to
dryness and purified in the same wa& as described for tetraethylammonium
sulphate. The white solid was stored over phosphoric oxide,

Analysis
% 80), = 10.86, 10.91 (Calculated 11.1h)

Fluorosulphates

Metal fluorosulphates were prepared by distillation of excess
fluorosulphuric acid on to the anhydrous metal chlorides, then removing
the hydrogen chloride formed and the excess fluorosulphuric acid by
heating on a water bath under high vacuum hh. The fluorosulphates were

used within a few days of their preparation.

Antimony Pentafluoride

Commercial antimony pentafluoride was distilled twice in a dry
atmosphere, a low boiling fraction being rejected both times. The
fraction boiling between 11,2 = lhho was collected for use,

Organic Solvents

Carbon tetrachloride and chloroform of "Spectrochemical" grade
were used without further purification.

Purification was effected by refluxing over sodium, followed by
fractional distillation through a 20" column packed with glass helices,
The fraction boiling between 101 ~ 102° (1it. b.p. 101-5°) was collected

for use.
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Acetone
Commercial acetone was refluxed with successive small quantities
of potassium permanganate until the violet colour persisted. It was
then dried with anhydrous calcium sulphate, filtered from the desiccant,
and fractionally distilled: care was taken to exclude moisture. The

fraction boiling between 56 = 56,5° (1lit. b.p. 56°) was collected.

Nitromethane

Commercial nitromethane was dried over calcium chloride then
distilled using a 20" column packed with glass helices, The fraction
boiling between 100 - 101° (1it. b.p. 101°) was collected for use.

Organic Bases

The organic bases used were generally obtained commerciallys;
solids were recrystallised from suitable solvents and stored over
phosphoric oxide, liquids were used without further purification except
those listed belows 1In all cases the n.m.r. spectra, run at high gain,
showed no peaks which could be attributed to impurities,

Acetophenone

Acetophenone was distilled from a flask fitted with an air
condenser and take off, The fraction boiling between 201 = 202° was
collected (1lit. b.p. 202°),

N-Methyl=2,h-dinitroaniline

To a solution of l-chloro-2,li=dinitrobenzene in n-butanol was
added the stoichiometric amount of methylamine., On standing yellow
crystals of N-methyle2,)i-dinitroaniline were formed which were filtered,
washed with butanol, recrystallised from butanol, dried and stored over

phosphoric oxide. m.p. 85° (1it, m.p. 85 - 86°).



N, N-Dimethyl=2,li=dinitroaniline

Dimethylamine was added, in stoichiometric quantity, to a
solution of I-chloro=2,l-dinitrobenzene in n-butanol when a yellow
solution resultede This solution was treated with NaOH, until excess
base was present, then shaken vigorously until yellow crystals formed,
These were filtered, recrystallised from aqueous ethanol, dried and
stored over phosphoric oxide m.p. 79° (lit. m.p. 80°).
N—Methyl-2=chloro~h-nitroanilinehg

8,2 gms, of 2-chloro-li-nitroaniline were mixed with L5 mls.
of MeQSOh and the mixture heated on a waterbath for one hour, Aqueocus
NaOH solution was added, the mixture cooled;, the solid filtered off,
washed well with water and finally recrystallised from aqueous ethanol.
The yellow crystals were dried and stored over phosphoric oxide.
m.po 116° (lit. m.p. 116 - 1179),

N-Methyl=l-chloro-2-nitroaniline

This was prepared from l-chloro-Z-nitroaniline by the same

procedure as above. The orange crystalline product had a m.p. of 105°

{1ite mMepe 106 = 106,5°),

L6
N,N-Dimethyl=2,);,6-trinitroaniline

Dimethylamine was added to a hot solution of l-chloro=2,k,6-
trinitrobenzene in 95% ethanol when crystals were rapidly precipitated,
These were filtered off, recrystallised from benzene, dried and the
melting point determined. m.p. 138-139° (1it. m.p, 138°),

N-Methyl-p-toluenesulphonamide

To 1 gm. of methylamine was added 20 mls. of a 10% sodium

hydroxide solution and 1 gm. of p-toluenesulphonyl chloride., The mixture
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was shaken vigorously then filtered. The filtrate was acidified with
concentrated HC1l and cooled: the solid produced was filtered off,
washed well with water, recrystallised from 95% ethyl alcohol, dried and
stored over phosphoric oxide. m.p. 78° (1it. m.p. 78 - 79°).

N, N~Dimethyl-p-toluenesulphonamide

This was prepared from dimethylamine by the same procedure as
above., In this case acidification was not necessary since the product
is insoluble in NaOH solution., The product was recrystallised from 95%
ethyl alcohol, dried and stored over phosphoric oxide. me.pe 86 - 87°
(1ite mep. 86 = 87°),

Urea

The gift of a sample of N15 urea from Dr, K. Yates is gratefully
acknowledged,
Air
Air was dried by passing it successively through tubes containing
anhydrous calcium chloride and anhydrous magnesium perchlorate, Dust
from the drying agents was removed from the gas stream by plugs of glass

wool.



Fig. 2 FLUOROSULPHURIC ACID DISTILLATION APPARATUS

i t4
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(2) NUCLEAR MAGNETIC RESONANCE SPECTRA

The n.m.r. Spectra were recorded with a Varian H,R-60 N.M.R.
spectrometer equipped with a field homogeneity contrel unit, an
integrator, and a variable temperature probe. Proton spectra were

19

recorded at 60 Mc.pr.s., except where stated, and Fluorine™ spectra at
564l Mcepess

Samples were contained in 5 m.m. G.D. "Pyrex" tubes made from
carefully selected tubing, Except where the solvent was an organic one
external references were used throughout. The reference liquid was
contained in a thin walled capillary tube held central in the sample tube
by a tightly fitting teflon cap. Signal separations were measured by
the side-band technique due to Arnold and Packardh7, The magnetic field
is modulated with a low-amplitude audio-frequency signal which produces
side bands on either side of the resonance signals in the spectrum. The
separation of these side bands from the resonance signal is equal to the
modulation frequency. By judicious choice of one, or more, modulation
frequencies, the separation of all the peaks in the spectrum, from the
reference signal, are accurately determined,

The separations of the peaks in a spectrum found by the above
method is a measure of the chemical shift between the species present,
These separations may be expressed in frequency or magnetic field units,
and the two uniis may be interconverted by the equation for the resonance
condition (1.2), However it is more usual to express chemical shifts in

a nondimensional unit defined by (1.7).

Diamagnetic susceptibility corrections

Due to the difference between the bulk diamagnetic susceptibilities



26
of the sample and the reference compound contained in a thin walled
capillary, a correction must be applied to the observed chemical shift.
For a cylinder of length large compared with the radius the field is given
by (2.1).

H = Hypg (1 - _2_§1r__}<v) (2.1)

where Xv is the volume susceptibility of the liquide Hence

§ =1 -}-irHr + 2;7 (Xv"f—xv)

-6obs + g_B__ (Xv-ref‘ Xv) (2.2)

The volume susceptibility Xvis related to the molar magnetic
susceptibility Xy by (2.3)

Ky =Xy (2.3)

d
where M is the molecular weight and d the density., For a mixture of
diamagnetic substances the molar susceptibility of the mixture is given

by Wiedemann's additivity law,

m X X e (2.1
M mixt 1M1 2

whereX) and X2 are the mole fractions andxﬂ and XMQ the molar
susceptibilities of the pure components.,
Where bulk diamagnetic susceptibility corrections were applied,

XM was calculated from Pascal constants for the constitutive elements .
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(3) ULTRA-VIOLET AND VISIBLE SPECTRA

Ultra=-violet and visible spectra were recorded on a Bausch and
Lomb "Spectronic 505" spectrometer; quartz 1 cm, cells were used
throughout. The pure, dry base was weighed directly into a 25 mls,
volumetric flask and the solvent added to the graduation mark, After
thorough mixing 1 ml. of this solution was pipetted into a 50 mls.

volumetric flask and diluted to the mark. The spectrum of this solution

was recorded.



CHAPTER TII
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PROTONATION OF AMIDES, THIOAMIDES, URFAS AND SULPHONAMIDES,

(1) INTRODUCTION

The basic nature of amides has long been recognised, but the
structure of the ion formed when they are protonated has been the subject
of discussion since Hantzschh9 first presented evidence for O=protonation
of benzamide in concentrated sulphuric acid from ultra-violet abscrption
spectra studies. A variety of other evidence has since been put ferward

by other workers in support of O-protonation I, but much evidence has

also been adduced in favour of N-protonation II,

+ i
H-0\‘0' N/R2 O‘\c +1|\1/R2
~ 7 T P N
Ry Ry Ry R,
I IT

Support for N-protonation has been obtained from vibrational spectra.
It has been suggested that the frequency of the CO stretching vibration
should be lower for the O-protonated cation than the value for the narent
amide, Strong bands, assumed to be carbonyl bands, have been found for
several amide ca'bionssonSh at frequencies higher than those in the parentg(
amide and hence it was argued that there is N-protonation. TUrea nitrate’js
and the hydrochlorides of urea, thiourea and acetamideSh give bands in their
infra-red spectra which hav=s been considered diagnostic of -NH; and hence of
N-protonation., Edward and coworkers have used ultra-=violet absorption

spectra to study the basicities of substituted benzamides and concluded

28



that their results were best explained on the basis of N-protonation
although O-protonation was not completely excluded. N-protonation has
also been reported56 for the protonation of thiocacetamide on the basis
of an ultra-violet absorption spectra study,

One might expect that O-protonation would be favoured from a
consideration of the resonance forms possible for the amide IIT, and
indeed Pauling57has calculated on this basis that O=protonation is

much favoured,

Ng L2 o =

~C - N‘R £ B N\R

R7y 3 1 3
III

However he assumed,without justification,that the resonance energy of

an amide and its O-protonated form are the same. Some infra-red and
ultra=violet abscrption spectra s’c,udiessem63 indicate O-py S~ protonation
for amides, thicamides and urea's. However in these investigations the
agsignment of the bands is not always unambiguous. Sﬁewart and Muenster59
have prepared 018 labelled dicyclohexyl urea and its p-toluenesulphonate
and found that the carbonyl band in the labelled urea shows the expected
shift to lower frequency but the band at 1669emL in the salt is unaffected
by isotopic substitution and is therefore not a carbonyl stretching
frequency as other workers have assumed. The crystal structures of

acet mide hemihydrochlori;ie611 and Nemethylurea nitrate65 have been
determined by X-ray diffraction. In both cases the distances between

the anions and the carbonyl oxygen is short strongly suggesting that this
is a hydrogen tond with the proton located on cxygen.

By far the strongest evidence for O-protonation has come from

proton magnetic resonance studies. For example, the spectrum of pure
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liquid dimethylformamide shows two peaks of equal area for the Nemethyl
groupsg’éé. It was concluded that the two methyl groups have different
environments because of restricted rotation about the OC-NMe2 bond, due 67
to its partial double bond character (III above)s Fraerkel and Niemann
have shown that these itwo peaks remain unchanged in solution in aqueous
strong acids and in 100% Hésoh and Dzsoh. They concluded that in the O-
protonated form (I) rotation around the OC-NMe2 bond would still be
restricted while in the N-protonated form (II) the NH&GQ group would be
free to rotate; and therefore that the O-protonated form predominates
in these strong acid solutions. For N-methyl formamide the signal from
the N~methyl protons is a doublet attributed to spin-spin coupling with
the single hydrogen attached directly to nitrogen. This doublet collapses
to a single pegk in basic or weakly acidic solutions but reappears again
as a doublet, and not a triplet, in strongly acidic media which rules out
the possibility oéSan NﬁzMe group. Similar results hgge been obtained for
N-methylacetamide , and for N,N-dimethylthiobenzamide . Fraenkel and
Franconié9 have shown that there is an increase in the activation energy
for the barrier to rotation about the OC-N bond when amides are protonated,
This can only be explad ned by protonation on oxygen. If protonation had
occurred on nitrogen, as in I, then the nitrogen lone pair could not be
used to give double bond character to the C-N bond as in IIIb and rotation
about the C=N bond would be increased i.e. the barrier to rotation decreased,
Protonation on oxygen on the other hand would be a favoured by structure
IT1b and the barrier to rotation thereby increased, Fraenkel and

Franconi conclude that there is O-protonation., They also found that a

solution of acetamide in 100% sulphuric acid gives a spectrum consisting
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of two signals of relative areas 3:2 which they interpreted as being dug te
the CHy and NHp peaks of an O-protonated cation. Bunton and coworkers(o
measurad the areas of peaks due to protons on nitrogen for formamide,
acetamide, benzamide and their N-methyl and N,N-di-methyl derivatives and
found that there is noc increase in area on going from neutral solution to
a solution in 98% sulphuric acide The results of a wideline n.m.r.
study65 of crystalline salts of urea, thiourea and their derivatives are
consistent with protonation on O or S,

Spinner, who obtained infra-red evidenceSh for N-protonation has
suggested, however, that the n.m.r. results can a so be explained‘on this
basis, For example, he attributes the doublet N—méthyl group signal
observed in the spectrum of protonated N-methyl acetamide to the non-
equivalent hydrogen atoms Hy and Hp resulting from restricted rotation

about the C-N hond in the N-protonated form IV, However this would give

components of the methyl group signal of relative areas 1:2 and not 1:1
as observeds It must also be assumed that the expected spin-spin coupling
between the N-methyl group and the two hydrogens directly attached to
nitrogen is too weak to be observed,

All of the work up to 1961 was critically reviewed by Jones and
Katritzky21 who concluded that amides are predominantly protonated on
oxygen, or sulphur in the case of thioamides. However, Spinner22 points

out that all the n.m.r. evidence is rather indirect as in no case hag a

signal been observed in the spectrum from the proton supposedly captured
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by the oxygen atom in the O-protonated form. This has been attributed by
other workers to rapid exchange of this proton with the solvent,

It was evident that the site of protonation could bhe determined
unambiguously if the rate of exchange of the captured proton with the
solvent could be slowed down sufficiently so that a separate signal for
this proton could be observed in the spectrum, Fluorosulphuric acid is
a stronger acid and a weaker base than 100% sulphuric acid71 and has the
added advantage of a low freezing point ol -89,0° 72. By recording the
spectra of fluorosulphuric acid solutions of amides at sufficiently low
temperatures it has been possible to observe for the first time the
signal from the captured proton and thus to determine unambiguocusly the
site of protonation. The solutions which were approximately 6 mole %
with respect to the amide, were prepared at the temperature of an
acetone - solid carbon dioxide mixture (c.a. - 85°) and stored at this
temperature until their n.m.r. spectra were recorded. Spectra were
recorded at the lowest temperature first and then at successively higher
temperatures. This procedure ensured that reactions between the amides

and the solvent were minimised,
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(2} AMIDES

Table I summarizes the chemical shifts and spine-spin coupling
constants for the protonated forms of acetamide, formamide, benzandde,
and their N-methyl and N,N-dimethyl derivatives.
Acetamide

The proton magnetic resonance spectrum of a 6 mole ¥ solution
of acetamide in fluorosulphuric acid at 25° consists of two peaks, B and
C, of relative areas 2,0433,00 in addition to a signal due to the solvent
(Fige 3)s [Essentially the same spectrum has been obtained previously
for an aqueous solution of pH7 and for a solution in 100% sulphurié acid ,
and the peaks have been assigned to the NHp and CH3 groups. The NHp peak
B is approximately 70-80 c.p.S. wide due to Nlh-H coupling and quadrupole
relaxation of the Nlh nucleus. As the temperature is lowered the NHp
peak becomes sharper and eventually splits into a doublet. At -80° another
peak, A, becomes visible on the high field side of the solvent peak (Fig.h)
which shifts to higher field as the temperature is further decreased until

at =92° it was recorded as a separate well resolved peak (Fige 5). This

new peak can only be assigned to a proton on the carbonyl oxygen, and in
agreement with this conclusion the relative areas of the three peaks were
found to be A3B:C:: 1,07: 2.10: 3,00, confirming their assignment to the
OH, NH, and CH3 groups respectively. Protonation on nitrogen with no
exchange would give a spectrum consisting of two peaks of equal area,

The splitting of the NH, resonance may be attributed to non-
equivalence of the two hydrogens as a consequence of restricted rotation
about the C=N boni due to its partial double-bond character, The loss

of resolution in the NH, doublet at =92° can probably be attributed to



the incceased viscosity of the solution, which is very cleoss " the
freezing point or possibly slightly supercooleds Even at =327 the QH
peak has a width of 23,2 c.pes. and although some of this broadening
is perhaps due to the increased viscosity of the solutions much of it
can probably be attributed to slow OH -solvent proton exchange,

h=Methylacetamide

The nroton magnetic resonance svectrum of a solubion ¢f W
methylacetamide in fluorssulphuric acid at 259 consists of three neaks
of relative areas 0.83: 3.05: 3,00, in addition to that of the solvent,
which can be attributed to the NH, N-CH3 and C-CH3 groups respectively.
The NH, peak is 52=65 cepeS. wide due %o Mg coupling and guadruncle
relaxation of the NY' nucleus. Spin-spin coupling (J = 5.03 Cepes.) is
also sbserved between the NH and the NuCHB pretons resalting in the
latter peak having a doublet structure. At -SSG an additional peiak
appears, with a chemical shift of approximately =10 pepem, which 13
assigned to the probtonated carbonyl oxygen atom, In agreement with bthis
assignment the relative areas of the four peaks were found to be
1.173 1.05¢ 3.,11: 3,0, The width of the OH peak is 12,5 c.p.5. suggesting
that exchange is still occurring with the solvent., Addition of antimenv
pentafliuoriie to the solution has the effect of reducing the basicity of
the solvent and the C=5-H line width decreases indicating a further
reduction in the rate of proton exchange.

N, N-Dimethylacetamide

The spectrum of a solution of N,N-dimethylacetamide in fluoro-
sulphuric acid at 25° contains only two signals, due tc the N(CH3)2 and

C.CH3 groups respectively. On decreasing the temperature a new peak, A,
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appears with a chemical shift of approximately =10 p.pems which is at first
broad and then gradually narrows until it has a width of only 2.8 c.p.s. at
-79° (Fige 6)e This peak may be assigned to the protonated cxygen atom by
comparison with the similar peak which occurs in the spectrum of acetamide
at low temperatures. No further change occurs below -79°, indicating that
exchange of the captured proton with the solvent has become very slew. The
relative areas of the three peaks at =79° were found to be A:B:C:: 0.96:
5.912 3,00 and they are assigned to the OH, N(CH3)p,and C.CHy groups
respectively, If N-protonation occurred three peaks of relative area

1: 6: 3 would be expected as for O-protonation. However the new peak
dues to the captured proton has a chemical shift of -9,80 p.p.m., which

is close to the chemical shifts of =10.40 p.pem. and =10,15 p.p.m. for the
analogous peaks in the acetamide and N-methylacetamide spectra which can
be unambiguously assigned to the =8H group, Moreover, A is a single

sharp line showing no evidence of fine structure, although if N-protonation
occurred spin-spin coupling between the NH and N(CH3)2 proions would be
expected, since in a solution of N-methylacetamide in fluorosulphuric

acid J H.N.CH3 = 5,03 CepeSe At all temperatures the N(GH3)2 signal is
essentially a single peak, although its width (2.l “.pes. at 25% and 5,6
Cepes. at -79%), its unsymmetrical shape, and the presence of several ill-
defined shoulders strongly indicate that it has an unresolved fine
structure., This can presumably be attributed to a very small chemical
shift between the two methyl groups, their non-equivalence being due to
restricted rotation about the central C~N bond, and mutual spin-spin

coupling. There is possibly also some coupling with the OH ané*C.CH3
protens.  The greater width of the N(CH3)p signal at ~79°C can perhaps
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be avtributed tc a small increase in the chemical shift between the twc
methyl groups with decreasing temperature. In the pure liquid, and in
scolution in various organic solvents, the signals from the twe N-methyl
groups are clsarly separated at room temperature73. However, in 100%
sulphuric acid Fraenkel and Franconi69 were unable to resolve the two
separate methyl groups. They attributed this to the brcadening of the
peaks caused by the high viscesity of sulphuric acid. Howeverg‘as the
viscosity of fluorosulphuric is only 1/10 that of sulphuric acidig, this
cannot be the only factor involved, Presumably the chemical shift
between the N~-methyl groups is smaller in the protonated than in the
neutral amide, It is interesting to note that a recent study of the
spectra of solutions of dimethylacetamide in a variety of crganic sclvents
has shown that the chemical shift between the two methyl grouns is sclvent
and concentration dependent and can become zero or even change sign in
suitabie solvents73.

Formamide

The spectrum of pure liquid formamide at room temperature is shown
in Fig. 7a. The broad peak C can be attributed to the NH, protons and
the7£eak B te the formyl proton Hy split by coupling with the H3 proton

(v)J o+ The chemical shifts between the three protons are relatively

small and they will nct therefore give rise to a simple first-order
~
By

spectrum, which is the reason for the unsymmetrical nature of the formyl

proton doublet, In solution in fluorosulphuric acid the spectrum changes
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to that shown in Fig, 7b. It seems clear that the broad NH, vpeak has
now split into the triplet expected as a result of Nlh-H counling and
that the middle peak of this triplet lies beneath the sharper doublet that
can be attributed to Hj. Unresolved splitting due to coupling with Hp,
in addition to H3, is evident in the form of shoulders on the centre peak.
The observed separation of the outer components of the NH, triplet gives
INE = 62 + 5 CepeSe, which is in good agreement with the value of 60 * L
CePeSe Obtained by Roberts75 for pure liquid formamide at temperatures
above 50%°  An integrated spectrum gave relative areas for the three
peaks of 0.7h: 1,553 0,71, which is in reasonable agreement with the
expected values of C,67: 1.66: 0,67 in view of the extensive overlap of
the broad peaks,

With decreasing temperature the NH, signal collapses to a single
peak that is coincident with the peak due to the formyl proton (Fig. 7c¢).
At =80° a new peak, A, appears at low field which may be attributed toc the

¢ = OH group. At =5€° the A peak has a chemical shift of =10.69 p.p.m,
and integration of the spectrum gave relative peak areas A: B + Cs:

1.00: 3.03, in agreement with their assignment to the C = SH and NH2 plus
CH groups rospectively., The width of the C = SH peak (4.9 c.p.s.)
presumably indicates that exchange of this proton with the solvent is
still occurring at -98°, although some of the broadening could be due to

the increased viscosity of the solvent at this temperature,

N-Methylformamide

The nem.rs spectrum of N-methylformamide in fluorosulphuric acid
solution at 25° consists of two well defined peaks due to the formyl proton

and the N-CH3 protons in addition there is a broad peak with the same
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chemical shift as the formyl proton. This peak is attributed to the
proton attached to nitrogen., 1In agreement with this assignment the
relative areas of the combined formyl +NH protons to the NhCHB peak is
2.18: 3,00, The N-CH; peak has a doublet structure due to spin-spin
coupling with the N-H proton (JH2, cHy = Lok cop.s.) VI,

+

G =N

B by
VI

In addition the formyl proton further splits each peak of the CH3 doublet

into a smaller doublet (JHI’ CH = ] Cepes.) and it is also coupled to H

(JHl, H, ™ lie5 cepsss)e These results are consistent with protonation on

oxygen with rapid exchange. Upon lowering the temperature a new peak
appears at =10.48 p,pem, which can be attributed to the captured proton
attached to the carbonyl oxygen., Area measurements confirm this
conclusion (H-6=C s By + Ky e NCH3 g2 1,0hs 1.90: 3.,0). However the
H-S=C peak is quite broad at -85° indicating that exchange is still
occcurring, In a solution containing ~ 3 mole % SbFS the rate of proton
exchange can be slowed down sufficiently so that a doublet structure for
the HS&C peak can be observed: this is attributed to spin-spin coupling
with Hy.

N N-Dimethylformamide

The spectrum of a solution of dimethylformamide in fluorcsulphuric
acid at 25° consists of the peak B, due to the formyl proton, and the
doublet C, due to the two N-methyl groups (Fig. 8). For the pure liquid
dimethylformamide and for solutions in a large number of organic solvents,

it has been found that two peaks are obtained for the N-methyl groups,
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O

and it has been shown that this is because they are non-equivalent as a
consequence of hindered rotation about the OC-N bond 5’66’73. The veszk
at higher field is split into a doublet of sevaration l.1 c.p.s. and the
peak at lower field is split into a doublet of 0.7 cepese These
splittings are almost exactly twice as large as those found by Hatton and
Richards73 for the pure liquid (0,65 and 0.3 c.p.se. respectively). The
splitting is abtributed to coupling of the N-methyl groups with the formyl
proton, and the high-field peak is assigned to the CHBa group trans to the
formyl hydrogen and the low-field peak CH3b group cis te the formyl
protoen (VII),

a

0\\ /CH3

el N\0H3b
VII

he greater coupling between the formyl proton and the N-methyl groups in
the protenated form than in the neutral amide may reasonably be associated
with a greater double-bond character of the central C-N bond in the
protonated form, In solutions of dimethylformamide in 100% sulnhuric
acid Fraenkel and Franconi69 found rather larger splittings of the N
methyl rescnances of 1,2 and 1.7 c.p.s. respectively., The reason for the
difference between their results and those reported here is not clsar,
The resonance of the formyl proton is somewhat broad (2.9 c.p.s.) and a
number of shoulders on the line strongly indicate unresolved fine
structure. This must arise from spin-spin coupling between the formyl
protcn and the N-methyl groupse At low temperatures a new peak, 4,
appears in the spectrum at low field (=9.98 p.pem.), vhich can evidently
be attributed to the OH group of the O-protonated form. At ~80° (Fig.9)

the relative areas of the peaks were found to be A:BsC:: 1,0Li: 0.56° 6,00
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ir agreement with the suggested assignment, The OH and CH peaks are beth
doublets due to mutual spin-spin coupling, JCH,OH = h,7 ceves, That the
resoluticn of the CH doubletis poorer than that of the OH doublet is
presumably due to weak spin-spin coupling of the CH proton with the two
N-methyl groups. The reason for the loss of the fine structure in the
doublet C due to the N-methyl groups is, however, not clear,

Benzamide, N-methyl benzamide, and N,N-dimethylbenzamide

In fluorosulphuri¢ acid solution these bases give n.,m.r., spectra
at 259 which are very similar to those observed in a neutral medium,
Thus benzamide gives a spectrum which consists of two peaks due to NH2
and phenyl protons; N-methylbenzamide gives three peaks of relative area
1.01: 5.225 3.00 corresponding to the NH, C¢Hg, and N-CHy protons.  The
N-CH3 peak is observed as a doublet (J = 5,37 c.p.s.) due to spin-spin
coupling with the N-H proton indicating that the N-H proton is noct
exchanging, Only two peaks are observed for N,N-dimethylbenzamide of
relative area 5.09: 6.00 which are assigned to the Cglg and N(CHj)s
protons, Restricted rotation about the C-N bond results in the methyl
groups having different chemical shifts and a separation of 9,18 c.p.s.
is observed.

Upon lowering the temperature a new peak appears at ~ -10 p.p.m.
which by comparison with the other amides studied is assigned to a proton
attached to the carbonyl oxygen. Area measurements confirm this
assignment; for benzamide at -85° the relative areas of Oﬁs NH, + Céﬂg
were found to be 0.83: 7.,00; for N-methylbenzamide at -86°, Oﬁs NH:

CeHg s N.CHy 33 1.01: 1.07: 5.18: 3.,00; and for N,N-dimethylbenzamide at

-72°, Offs CgHg2 N(CH3)2 23 0.89: h.98: 6,00, In each case (except



L1
’ o
N,N-dimethylbenzamide) the OH peak is somewhat broad at =85, indicating
that even at this low temperature there is slow proton exchange hetween
the solvent and the conjugate acid of the amide, It is found that the
doublet separation of the N-methyl peak of N,N-dimethylbenzamide in

fluorosulphuric acid solution changes from 9,16 c¢.p.s. at 25° to 6.7L c.p.s.

73
at ~85°, Hatton and Richards have attributed the changes in chemical

shifts of the methyl groups of N,N-dimethylamides, in aromatic solvents,

to the association of the amide with a solvent molecule: this association
producing an effect which is different for each methyl group hence the
change in separation of the doublet,s If in a similar way lowering the

temperature of a solution of N,N-dimethylbenzamide in HSO4F, in addition

to slowing down the proton exchange, also increases the extent of hydrogen
bonding between the carbonyl oxygen and solvent molecules then this may in
turn effect the chemical shift of on: methyl group more than the other:

the result being a decrease in the chemical shift between these groups.
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TABIE I

CHEMICAL SHIFTS OF AMIDES IN FLUOROSULPHURIC ACID

H=-0 Ry

AN /
C-N

7~ \

By Ry

Amide Temp. (Pepeme) from Ext., T.M.S. J
(°c) "%g C-R; N-R2 N-Rq (Copes.)
Acetamide +25 - 2.76 8.28 8.28

~80 10,72 2,67 8.2h4 8.36
=92 10,40 2,67 8.26 8436

N-Methylacetamide 25 - 2.69 8,31 3436 JRZ’ Ry 5.0
-85 10,15 2,58 8.27  3.25
M,N-Dimethylacetamide +25 = 2,73  3.55  3.55
~79 9.80 2.6k 3.45 3.5
Formsmide 25 - 8.55 8.68  8.68 N,Ry 3 62 + 5
Jhl,RB 8.5
~8h.5 10,81 8.60 8.60  8.60
-98 10.69 B8.60 8.60 8.60
N-Methylformamide 25 - 8.50 ~B8.58  3.hL JRz,R3 Lok
JRI’RB 1.0
JRI’R2 L.S

-85 10.49 8.L8 8466 3633

#*  Solution in 10 mole ¢ SbFy in flucrosulphuric acid.



TABIE I (Contd.)

L3

Avide Tempe = & (p.p.m.) from Ext., T.M.S. J
(°c) O=H C-Ry W=k,  N-Rg (copas.)
N, N-Dimethylformasade  +25 - 8.38  3.49 3.59 JRTL’ R 1.1
3
"80 9098 8.38 30b3 3053 JRl’OH )-1-07
Benzaside 25 - 8.08 8.59 8.59
-85 10.20 8.03 8.72 8.72
H-MethyLbe:anami da 25 - 7493 8.61 3.5k TRpRy 5ebs
=71 10.37 7.97 8.72 3.50
=86 10.3h 793 8.73 30117
N N-Dimethyibenzamide 25 - 7.85 3.72 3.56
'72 [ 9.91 708h 3.61 30h9
-85 9.95 7.85 3.63 3.51
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Fig. 6 N.m.r. SPECTRUM OF A SOLUTION OF N,N-DIMETHYLACETAMIDE IN FLUOROSULPHURIC ACID.
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Fig. 7 N.m.r. SPECTRA OF (a) LIQUID FORMAMIDE AND (b,c,d) A
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Fig. 9 N.m.r. SPECTRUM OF A SOLUTION OF N,N-DIMETHYLFORMAMIDE IN FLUOROSULPHURIC ACID AT -80°.
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) THIOAMIDES

As with O-amides some workers have presented evidence for

£8,60,62,63

protonation on the sulphur atom of thicamides while others
51,56

have concluded tvhat protonation occurs on nitrogen o The results

for thicacetamide and thicacetanilide presented in Table Il clsarly
egtablish that protonation occurs on sulphur,

Thicacetamide

The spectrum of a solution of thicacetamide in fluorosulphuric
acid at 25° contained in addition to the solvent and tetramethylsilane
peaks, three peaks A, B and C of relative areas 1.98: 0.90: 3,00 which
may be assigned to the NH,, CeSH and EHB groups respectively (Fig,10).
It is interesting %o note that the C=SH peak (B) is quite sharp
indisating that proten exchange with the solvent is slow even at 25°,
The NH, peak (A) is a broad triplet due tc N'-H coupling,  Reducing
the temperature causes this triplet to collapse to a single line as has
also been found to occur in the case of acetamide and formaride.

Thicacetanilide

A so0lution of thicacetanilide in acetone gives a spectrum with
three peaks, in addition to the solvent and reference peaks, that msy be
attributed to the NH, C6HS and CH3 protons, In fluorosulphuric acid at
250 an additional peak appears that may be agsigned to the C=§H group.
The spectrum at -40° (Fig. 11) is essentially the same except thszt the
NH peak is sharper and is mcre clearly resolved from the solvent peaks:
the four peaks A, B, C and D may be attributed to the NH, Cgig, C=SH

+
anu CH, groups respectively. The C=SH resonance occurs at approximately

=725 PePelme from tetramethylsilane which is at considerably higher field
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than the C=Of resonance (v =10 PePets)s The chemical shifts for the
S=H group in thiophenol and thiolacetic acid are =3.2 and =4.73 pP.p.m.
respective1y76,77, whereas the chemical shifts for the OH group in
phenol and acetic acid are fv'-7.51 and -11.3777 P.Pem. Trespectively.
The sharpness of the C=S§ resonance at 25° indicates that proton exchange
is wvery much slower than for the C=0§ group under the same conditions,

A rough comparison of the lifetimes of the conjugate acids of
acetamide and thioacetamide was made as follows.

The width of the Oﬁ peak of protonated acetamide is still some-
what broad at =92° indicating that exchange is still occurring., Since
there are distinct signals for the solvent and 0+H the conditions for
slow exchange may be applied to equation (1.13) which reduces to

¢G> G~ -1 ¥ HM P P, (3.1)

1+vo, Ty
The imaginary part is '
R e Pa ToA
1+ (1,)%w, -w)2  (3.2)

i.e. there will be & broadened signal centred at &)A with width given

by the parameter

1 =1 -1 -1
B "Ty * T (3.3)

Thus if T,, is known 7“A can be found from the width of the broadened

signal 7' =1, IfT is taken 88 T . 6.0 sec"'l (estimated from

-1
2A 24
linewidths of 0'H of protonated ketones at c.a. -90° Chapter V) then
7"1 will have a value of ( 7T 2342 = 77 .6.0) sec™t = T 17.2 sec L
and this is equal to k, the rate constant for proton loss by the

conjugate acids The dependence of the rate of proton exchange on the
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temperature can be expressed by the Arrhenius equation
k = koo /BT (3.1)
From this equation an estimate of the rate of proton exchange for the
conjugate acid of acetamide at 25° can be calculated, This was found
to be 1.5 x 107 sec™t (appropriate value for E of 11.5 K cals was
estimated from data on the conjugate acids of ketones Chapter V), Since
the S+H peak of protonated thioacetamide is quite sharp and has a chemical
shift from the solvent of approximately 5.8 p.p.m. the lifetime of the
captured proton on the sulphur atom at 250 must be greater than 1
. ; T21.350
sec. or k = 2,2 x 10 sec™",

Thus the lifetime of the conjugate acid of thicacetanide is
considerably greater than that of the conjugate acid of acetamide, This
might appear toc suggest that thisacetamide is a stronger base than acetamide,
However the value of pKp,+ for thioacetam%ge78 of ul.gg indicates that it is
a weaker base than acetamide pKpy+ +0.37 and -0.51 . In agreement
with this it has also been found that thiolactam581 are weaker bases than
lactamsBQ.ff If thioacetamide is indeed a weaker base than acetamide then

one must conclude that the rate of proton exchange of amides and thioamides

is influenced by several other factors in addition to their basic strengths,
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TABLR IT

CHEFICAL SHIFTS FOR SOLUTIONS OF THIOAMIDES

3
N\
C-N
H3C R2
Amde Temp. Solvent ~& (popem.) from Ixt. TS, o
(Yc) S-1 C-CHy N-R, N-iig (24pe50)
Tnigacataride 25 acetone - 235 8.7 347
" water - 2.9h 9.48  9.48 il n 502
" fluorosulphuric
acid 5.75 3,00 9,25 9,25
"50 H 5069 ?089 9. 21 9. 21
-31 " 572 2,92 9.29 9,29
Ticacetanilide o5 acetone - 2,47 106.55 7.19
" fluorosulphuric
acid 50’45 3017 ~10o5* 70 72
=10 5.39 3,09 10.6L4 7.68

#* NN oeak broad and very close to solvent,

o0
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%) UREAS

The results for thiourea;, N-methylthiourea, urea and NyN-dimethyl-
vrsa are given in Tabls JTIT,

Thiourea and N-methylthiourea

The spactrum of thiocurea in water or trifluoracetic acid contains
only one line due to the NHy, group in addition to the solvent peak. The
fact that the triflucracetic acid peak is quite broad suggests that
although protonation cccurs in this medium proton exchange is rapid at
25%, In the more acidic (and less basic) medium sulphuric acid,a new
peak appears in the spectrum at approximately =5 p.p.m. that can be

o

attributed to the C=5H group and the NH, peak disappears. In fluoro-
sulphuric acid the spectrum is essentially the same except that the C=;H
peak is scmewhat narrower indicating that proton exchange with the solvent
is slower than in sulphuric acid, Decreasing the temperature causes a
further narrowing of this line, as expected. At the same time the solvent
peak increases in width with decreasing temperature. This observation and
the disappearance of the NH, peak can only be reasonsbly interpreted as
being due to diprotonation, the first proton being attached to sulphur
and sxchanging only very slowly with the solvent and the second proton
being attached to nitrogen and exchanging rather rapidly with the solvent,
The behaviour of N-methylthiourea is similar, In water and tri-
fluoracetic acid the spectrum consists of three peaks A; B and C; due to
the NH, NH, and N-CH; groups respectively (Fig. 12). The latter peak is
a doublet due to spin-spin coupling with the NH proton (J = L c.p.s.)

Area measurements gave a ratio A + Bs C = 2,8: 3.0, Fig. 13a shows the

+
spectrum of a fluorosulphuric acid solution at =47.5° . A C=SH peak (B)



58
has appeared, the NH peak has disappeared and the N-CHy peak (C) has
ccllapsed to a single line, The relative areas were found to be AsB:C =
1.812 0.95¢ 3.00. It must be concluded that a second protonation occurs
on the nitrogen of the NH.CH; group but proton exchange between the
NEQ.CH3 group and the solvent is quite rapid even at -800. By using a
less basic SbFS/HSOBF mixture as solvent it was found possible to reduce
the rate of this exchange sufficiently, so that at =67°, a new peak D is
observed in the spectrum at =8.19 p.p.m. (Fig. 13b) which can vresumably
be attributed to the two protons on the methylatgd nitrogen atom. The
N~CH3 peak was found to have a width of 15 c.p.s. which must be at least
partly due to slow proton exchange: in the absence of exchange this peak
would be expected to be a triplet due to coupling with the Nﬁz protons,
At low temperatures these solutions become very viscous and this is also
partly responsible for the broadness of the signals.

The conclusion that protonation of thiourea and its N-methyl
derivatives occurs first on sulphur is in agreement with ultra-violet and
infra=-red spectroscopic studiessa’éo and wide line n.m.r.63 studies on
thiourea salts, It appears that a second protonation occurs on the

nitrogen atom in very strong acid solution.

Urea and N,Nl-dimethylurea

In dilute agueous solution the spectrum of urea consists of an
NHy peak. 1In sulphuric and fluorosulphuric acids this peak disapnears
and no peak was observed for urea even at -86° or in fluorosulovhuric
acid containing 10% SbFg at -88°, However in both these latter cases
the solvent peak is quite broad indicating that, contrary to the behaviour

of other amides, proton exchange is fairly slow but not slow enough for a
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separate peak from the conjugate acid of urea to be observed, That the
disappearance of the N-H resonance is not due to quadrupole relaxation
was demonstrated by the use of le urea (le has spin %4 and hence no
quadrupole moment)s as before no peaks were observed.

Only a single peak was observed due to NCH3 group in the spectrum
of a 6 mole # solution of N,jt-dimethyiurea in water. Thus it appears
that in this case the NH protons exchange with the solvent even in dilute
agueous solution. Redpath and Smith63 however observed both an NH peak
(width = 23 c.p.s.) and an unsymetrical methyl doublet (J = h.3 c.p.s.)
in a solution containing 0.6 weight fraction of N Nt-dimethylurea in water.

This doublet collapses in sulphuric acid solution. ' Although, as in the
case of urea, the solvent peak became very broad at low temperatures it

was not possible to slow down exchange sufficiently, even at -88° in

HSOBF containing 10% SbFS, to observe peaks due to Nﬁz or C=5H. Unfortunately
these results do not enable any definite conclusions to be drawn concerning
the site of protonation in urea and N,N-dimethylurea. In the case of
simple amides, by decreasing the basicity of the solvent,the rate of
proton exchange with the solvent can be decreased sufficiently so that a
separate n.m.r. signal from the conjugate acid can be observed., However
in the case of urea and its derivatives decreasing the basicity (and
therefore increasing the acidity) of the solvent probably leads to a

gecond protonation of the amide and the diprotonated species exchanges .
more rapidly with the solvent than the conjugate acids of simple amides,
Evidence for the diprotonation of tetraethylurea has been obtained from
freezing-point measurements in 100% sulphuric acid83. Evidence that

the site of the first protonation is on the oxygen atom is given by the
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results of an X-ray diffraction study of the crystal structure of N-
methyiurea nitrate in which a short hydrogen bond was found betwsen thf
carbonyl oxygen and an oxygen of the nitrate ion., Rednath and SmithéJ
have also cbtained evidence from the line-widths in the n.m.r. svectra
of variouas crystalline urea salts that the conjugate acid of urea has a
proton or: the carbonyl oxygen, The infra-=red agd ultra-viclet spectra
of urea hydrochloride have also been interpreted>8 on the basis of

protonation on the carbonyl oxygen.



TABLE III

CHEMICAL SHIFTS FOR SOLUTIONS OF UREAS AND THIQUREAS

Urea Temp Solvent - & (p.p.m.) from Ext. T.M.S. J
(°c) Solvent X-H N-H N-CH; (c.p.s.)
Thiourea 25 water 5.12 - 7.66 -
n trifluoracetic 11.95(22)+ - 7.83 -
aclid
" sulphuric acid 10.89(29) 5.25(kk) - -
" fluorosulphuric 10.30(15) L.87(21) - -
acid
-50 " 10.63(k6) h.81(~5) - -
-73 " 11.05(69) L.Bu(~5) - -
N-Methylthiourea 25  water - - 8.07,7.59 3.33 JH,CH3 3.8
" trifluoracetic 11.45(21) - 8.02,7.55 3.16 Jgcp, L.2
acid 73
" sulphuric acid 11.21(29) 65.21(broad) 7.84 3.56; No coupling
~47.5 fluorosulphuric 11.11(33) L.79(sharp) 7.29 3.2ly) observed
acid .
-67.5 fluorosulphuric 10.81(29) L.86 8.19,7.32 3.35
acidx

+ Values in brackets denote line width

»* E}ﬂergg&%pgugggsacid solution contains

19



TABIE III (Contd.)

Urea Temp Solvent - & (p.p.m.) from Ext. T.M.S. J
(“c) Solvent X-H N-H N-CH3 (c.p.s.)
Urea 25 water 5.13 - 6.08 -
" trifluoracetic  10.11(13) - - -
" sulphuric acid 10.81(~ L) - - -
" fluorosulphuric 9.10(~5) - - -
acidw
=60 " 90 38(16) - - -
-80 " 9.52(34) - - -
N,N'-dimethyl urea 25 water 5.32 - - 3,08
" trifluoracetic 11.09(8) - - 2.97
acid
" sulphuric acid 10.5k - - 3.143
=86 fluorosulphuric 11.67(6L) = - 3.33(31)
acid
25 fluorosulphuric 9,97 - - 3.3L
acids#
-88 " 1109’-3(93) - - 3059(~120)

+

3*

Values in brackets denote line width

Fluorosulphuric acid solution contains L.L7 mole % SbFg

29
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(5) SULPHONAMIDES

e

The results are summarised in Table IV, The conjugate acids of
these bases undergo extremely slow proton exchange with the solvent even
at room temperature., Fige. 1ll; shows the spectrum of Nemethyl-p-
toluenesulphonamide at =-5°: A is assigned to the CéHL and Nﬁg protons, B
to the N-CHB group and C to the E'GH3 group, This assignment is confirmed
by the relative areas of the peaks which were found to be Az B: C =
6.132 3.05: 3.00 and the fact that B is a noorly resolved trinlet dues to
spin-spin coupling with the NHo protons. Fig. 15 shows the spectrum of
N,N-dimethyl-p-toluenesulphonamide at 25%, A is assigned to the CeHy,
and N; protons, B to the N-CH3 group and C to the £7CH3 group. This
assignment is confirmed by the relative areas of the peaks which were
found to be A2 B: C = [;.872 64303 3.00 and the fact that B is a doublet
due to spin=spin coupling with the Nﬁ proton. It is clear that in both
theze cases protonation is on nitrogen.

Sulphanide

A solution of sulphamide in fluorosulphuric acid at 25° gave the
spectrum in Fig. 16, consisting of a moderately broad pesk superimposed
on a very brecad peak. The former is assigned to the NEB group and thi
latter to the NHo group in the conjugate acid of sulphamide O=S(NH?)(Nﬁ3).
No peaks other than the sclvent pesk were visible in the spectrum cf =&
svlphuric acid sclution at room temperasture presumably becsuse of
relatively rapid proton exchange between the conjugate acid of sulphamide

and the solvent,



TABLE IV

CHEMICAL SHIFTS OF SULPHAMIDE AND SOME SULPUHONAMIDES

IN FLUOROSULPHURIC ACID

H
I+
CHy ﬁ - N- By
0
Sulphenamide Temp. =& (popem.) from Bxt. T.M.S. o
(°c) Thenyl W-H W-CF3 C-CHy coves.
N=Methyl-p~toluenesulphonsmide 25 8,06 ~7,79 3,30 2.77
-5 8.06 N7o79 3029 207h JHS,CHBS'h
-70 8,06V 7.79 3.26  2.68
N N=Dimethylep-tcluercsulphonamide 25 8,06 A7,56 3,32 2,76 Jyg e St
$ NV
-50 800).]. NT-Sé 3.29 2072}
+
NH3 NH2
Salphamide 25 8621  T7.58
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CHAFPTER IV

PROTONATION OF METHYL BENZENES AND ANISOLE IN FLUOROSULPHURIC ACID

(1) INTRODUCTION

The prctonation and relative basicities of the various methyl-
benzeres has been discussed in a number of papers8ha88. Mackor et a1.88
have measured the basicity constants for a large number of aromatic
hydrccarbons in HF solution. The electronic absorption spectra of aromatic
carbonium ions of type AH have been studied87 snd TT=electron resonance
energies calculated, It has been assumed that the proton adds to one
carbon atom thereby forming an “aliphatic® CHr group as first suggested
by Gold and Tye85 in the case of anthracene, Definite evidence in
.support of this assumption has been cbiained from the n.m.r, spectra of
the conjugate acids of a number of aromatic hydrocarbons obtained by
dissolving the hydrocarbon in astrongly acid medium such as BFB.HQO/CF3COOH
or EFB/HF19. Although for pentamethylbenzene in BF3/HF a rather broad
line due to the CH, group was observed at room temperature, in the case of
hexamethylbenzene, mesitylene and other weaker bases it was necessary to
make measurements at low temperatures in order to observe the resonance
of the CH, protons. This has been atiributed to the exchange of the CHo
protons by one or more of three processes.

( i) Exchange with the solvent HS
AHY + 5= = A + HS (ho1)

et
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{ 41) Intermolecular exchange between the aromatic
hydrocarbon and its conjugate acid

A + AaHY = aH' o+ A (ho2)
(3i1) Intramclecular exchange of the proton between

positions of equal proton affinity on the
same carbonium ion; €.g.

CH; CHy

CH3 H 3 CH3 CH3
i

CHB" H3 CH3" 4 ‘CHB

7/

cy H Oy 1e3)
From the results of their studies of the protonation of aromatic
20

hydrocarbonsinlﬁvﬁﬁb MaclLaan and Mackor have concluded that for hexa-
methylbenzene, durene and prehnitene exchange proceeds by (L.3) for
mesitylene by (L.2) and (L.1) and for m -xylene by process (L.2) while
for pentamethylbenzene they observed nc exchangs,

Fluorosulphuric acid has a somewhat greater acid strength than HF
and a similar low freezing point, but unlike HF can be handled in
conventicnal glass apparatus. It was hoped that useful information on
the exchange of protons between aromatic hydrocarbon and acid solvents
would be cbtained by a parallel study to that carried out by MacLasan and
coworkers using HSOBF rather than HF as a solvent, One particular aim
was to ascertain if the novel mechanism (4.3) also operates in HSO4F

solutions,.
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(2) SPECTRA OF HYDROCARBON CONJUGATE ACIDS

For each of the hydrocarbons studied it was found that at
sufficiently low temperatures and under sufficiently acid conditions
the lifetime of the hydrocarbon conjugate acid is long enocugh for its
nJtere spestrum to be observed, Table V ccntains chemical shift
data for these basss,

Mesitylene

The spectrum of a 6,16 mcle % (1.2 molar) solution of mesitylsne
in fluercsulphuric acid at =79° is shown in Fige 17. It consists of
three peaks A, B and C of relative areas 2,02: 1,96: 9,08, These
three pesks must arise from the two aromatic protons A, the two
"methylene” protons B, and the three methyl groups C respectively,
indicsting that protonation has occurred on one of the ring carbon
atoms, Since the three methyl groups are no longer equivalent the
methyl resonance actuslly consists of two overlapning peaks of relative
area 1:2, The spectrz of other solutions with concentrations in the
range 2-£ mele 4 are all quite similar. No signals were observed for
any of the solutions that could be attributed to the unvrotonated
mesitylens indicating that, under the experimental conditions, the
protonaticn of mesitylene is essentially complete, This is of somse
interest since Macl=zan and Mackor‘seo n.n.re. spectrum of a 3.5 molar
solution in anhydrous hydrogen fluoride saturated with boron triflucride
indicated that only 60% of the mesitylene was present in the protcnated
form, the remainder being present as the free base.

No fine structure due to spin-spin coupling was observed,

although in HF solution Maclean and Mackor found that the paramethyl
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group was & triplet, They attributed this to svin-spin coupling with
the "methylene" group although the expected quartet splitting of the
methylene signal was not observed,

Durene

Four peaks, A, B, C, and D are observed in the spectrum of durene
in fluorcsulphuric acid at low temperature (Fige. 18). These may be
attributed to the CH, and CH2 groups and two nonequivalent methyl grcups
respectively. The relative areas were found to be As B: C: D = 0,87
1,793 6,0 in agreement with the proposed assignment,

Pentamethylbenzene

Protonation of pentamethylbenzene occurs st the only unsubstituted
ring position., The spectrum of a fluorosulphuric acid solution at =1,9°
is shown in Fig. 19: it consists of four peaks A, B, C, and D of
relative areas Az Bs C: D = 1,772 3.1z 6.09: 6,00 which may be
attributed to the CHy, p-CH3, 0-CH3, and m-CHj groups respectively,

Hexamethylbenzens

A solution of hexamethylbenzene (2.7 mole %) in fluorosulphuric
acid was found to give at -850, a spectrum consisting of five peaks of
relative areas As B: C: D: E = 0,99: 3.06: 6,133 64353 3.00 (Fig, 20a),
Under favourable conditions E was observed as a poorly resolved doublet
due tc coupling with the single proton A (J=5.8 c.p.s.) but no
corresponding splitting of peak A was observed, In HF/BFB solution
MacLean and Mackor found Jyg = Gu7 Cepes. and also Jyg = 3.5 CePesSe

19,20
and J,, = 1 cepes. . No fine structure, other than the doublet E,

was observed in this investigation,
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Fig. 21 shows the spectrum of a sclution of m-xylene in 1.2
nele % Sng/HSO3F at =50°,  The relative areas of ths neaks were found
to be A:B3C: = 2,91: 1.80: 6,00, The spectrum is best sxnlained by
assuming protonation ortho to one methyl and para to the other methyl
group. The "doublet!" C is due to the nonequivalent methyl groups and
B arises from the "methylene" protons. The phenyl part cf the spectrum
A consists of a peak B due to the proton ortho to both methyl groups
superimposed on an AB quartet arising from the other two ring protons,
The unequal heights of the methyl peaks may be attributed to unresolved
spin-spin coupling causing a greater broadening of one peak than the
other,
p-Xylene

The much weaker base p-Xylene was examined in a 13 mole % SbFS/
HSO5F solution. At =63°, which was the lowest temperature at which a
reascnable spectrum could be recorded due to the high viscosity of the
solution, only two very broad lines were visible in the s»nectrumg one
due to the ring protons and the other to the methyl groups. From an
integrated spectrum the relative areas of the two peaks were found to
be L.77¢ 6.00 indicating that ring protonation had taken place,
Anisole

The spectrum of a solution of anisole in fluorosulphuric acid
shown in Fig. 22a closely resembles that obtained in an organic solvent
except that the spectrum is shifted 0.6 p.p.m. to lower field, Figs., 22b
and 22¢ show the effect of temperature. At low temperatures a new

peak appears at L.l p.pem. below the tetramethylsilane referance; this
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can be attributed to a "methylene” group formed by ring protonation.
At 0° the lack of resclution in the phenyl spectrum indicates that
exchange of the CH, protons with the sclvent is still occurring, bub
at =61,° fine structure can be cbserved in the phenyl spectrum and as
this does not change further at lower temoeratures it is reasonable
to suppose that exchange has become very slow, The spectrum is beat
explained by pestulating orotonation at the ring nositicn para to the
methoxy group as MacLean and Mackor have previously done in order to
explain the results of their studies of HF solutionszo, and not on the
oxygen as has been assumed to explain the results of ultra-violet
spectroscopic measurcment589. Evidence for ring protonation has also
been obtained recently in the cases of dimathoxybenzeneQO from n.m.r.

90
studies and for trimethoxybenzene from reaction rate studies .
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CHEMICAL SHIFTS QOF METHYLBENZENES AND ANISOLE IN FLUOROSULPHURIC ACID

Bage Temp. Chemical Shifts & (p.p.m.) fromFxt. T.M,S.
(°c) SoIvent CH 0CH, CHy
Masitylene ~77 10,99  7.67 hL.56 2,93 2,77
{conen.1,93
mOlQ %) "‘35 10.81]. 7068 hoS? 2083
-25 10.61 TeT2 La59 2.85
Dursne -88 11.19 8.75 5.02 2,85 2,58
(concnel.19 ~69+5 11,09 8.69 11499 2,69
mole & +
(9.0L mole % ~60  11.06 8465 5.02 2,68
SbFs)
Hexamethyl -85  11.60  L.19 2,85 2,71 2.1 1.71
~benzene -73 11.59 he23 2,68 2,53 1,61
(concn.8,21) 62 11,56 .20 2.58 1,89
46 11,49 he21 2.51
Pentamethyl =49 0.0 6,52 8.L43 8,59 8.88
-banzene X
(concne2.82

mole %+3,39

mole % KSOgF)

The chemical shifts of these bases were referenced with respect

to the solvent,



TABLE V (Contd.)

Bsse Temp, Chemical shifts & (p.p.m.) from Ext. T.M.S.
("¢) Solvent Phenyl CH, CHy
m-Xylene =80 0.0 1.91 2,0Lh 2,77 2.89 5.97 7.70 7.81
(conen,7.82 =50 0.0 1.7 1.88 2,62 2.77 5.85 7.55 7.67
mole % +
11,35 moled
SbFS) -31.5 0.0 1.72 1.85 2,57 2.7k 5,78 7.58
OCH,
Anisole <6 11.1h 8.92 8,76 8.59 8.42 L34 L1465
(concn.h.l2 7.76 7.60 7.147 7028
mole %)
0 10.95 8.81 8.L46 8426 7.69 L0 477
7457
25 10.79 8066 8.31 8.15 7058 - h.3h
Tolily

# The chemical shifts of these bases were referenced with respect

to the solvent,
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(3 RATES OF PROTON EXCHANGE

On raising the temperature of the solution the lifetime of the
conjugate acid decreases and the spectrum changes accordingly, The
methyl spectrum collapses to a single line in all cases except penta-
methylbenzene, which is the only case for which proton exchange does not
lead to equivalence of the o-, m-, and _'ngH3 groups, the "methylene"

(or CH.CHB) and phenyl peaks broaden and eventually merge into the base-
line and finally the solvent line broadens somewhat, The collapse of

the methyl peaks of the conjugate acid of hexamethylbenzene with increas-
ing rate of proton exchange is illustrated in Fig, 20, The _q-CH3 group
is the first to collapse since it has the smallest chemical shift, and
the methyl group on the site of protonation is the last since it has

the largest chemical shift from the other methyl peaks, These observa-
tions may be attributed to proton exchange by one or more of the
processes (4,1), (4.,2), and (4.3),

The lifetime of the proton in the CH2 or GH.CH3 group of the
conjugate acid can be obtained from the widths of the CH and CH, (or
CH.CHB) signals, Under conditions where these signals can be observed
the lifetime of the conjugate acid is large compared with the inverse
of the separation of exchangeable sites and the condition for slow

exchange may be applied, The broadened signal arising from protons at

a site A has a width (l/T'ZA) given by the equation (3.3)
:L/T°2A = l/TaA + l/?’A (3.3)

where TA is the lifetime of the proton on site A and 1/TZA is the
natural line width in the absence of exchange,

The relation between the lifetime of any particular proton in
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a hydrocarbon conjugate acid and the lifetime of the conjugate acid T
depends on the conditions under which exchange occurs and on the partic-
ular hydrocarbon under consideration, For example, for mesitylene
when the concentration of free base is negligibly small the necessary
relation may be derived in the following manner, Exchange between the
two proton sites a and b occurs by a slow rate determining proton loss
to a solvent molecule S followed by rapid addition of another proton

from the solvent.

a a c
CH CH CH CH
3 3
? ? + 8 —> + HS
b b [ c
CH CH
03 b 3
CH CH CH CH .
> 3 + gt - ° > 4+ 8
a
¢ c b a
CH3 c 5

Then if 1/7;5 and l/TAc are the probabilities of an a proton becoming
an s proton or a ¢ proton respectively
Yr,s = Var , T, =1/2T
Since 2/3rds of the ¢ protons are rapidly reconverted to b protons
VT, = 23T, = 1/37

Hence 1/‘7~CH = 1/'r~a.n + 1/7T . = 5/6T
2

Now 1/T%c =T and since 1/3 of the ¢ protons are rapidly reconverted
to a protons

W = V30, = V3T
Hence l/TbH = l/Ti)a = 1/37T

Thus for mesitylene
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YTo = V3T, Vg, = 5/6T CXLY

The corresponding relations for the other hydrocarbons under the same

conditions are

Durene 1/"(;H = 1/27, I/TCHZ = 3/4T (4, 4b)

Hexamethylbenzene 1/‘!"cH CH. = 14 (4, 4¢c)
3

Pentamethylbenzene mCHZ = 1/27 (4.44)

m~-Xylene 1/"!’CH2 = 3/4T (4, be)

The first order rate constant for proton loss by the conjugate acid
is given by (3.4),
k =1/r (3.4
In order to obtain a value for T from the measured line widths

it is necessary to know 1/T2. The CH and CH, line widths for mesitylene

2
are plotted against the temperature in Fig, 23, They decrease with

decreasing temperature and eventually reach a constant limiting value,
At very low temperatures the CH2 but not the CH line widths increase

again somewhat, This may possibly be attributed to a decrease in the
relaxation time as a consequence of an increase in 7/T where 7‘ is the
viscosity and T is the absolute temperature, The theory of relaxation

mechanisms indicates that 1/T., the inverse of the spin-lattice relaxa-

1’
tion time, should be proportional to ’(/T and Bloembergen et al.gl have
shown this to be true for ethyl alcohol, The equations relating the

intra- and intermolecular contributions to the spin-lattice relaxation

time are given below, (4,53 4&,6),

) - om p3820" (4.5)
(%)) intra bokT
w - w27 noh2v (4.6)

(T 1) inter kT
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Under conditions where the molecules are rotating rapidly, as in liquids,
the spin-lattice relaxation time Tj becomes equal to the spin-spin
relaxation time T,3 hence l/T2 is proportional to ’7/T. The effect
of temperature upcon the viscosity of fluorosulphuric acid is not known
sc that a correction to the inverse of the relaxation time l/Tg due to
change in ’7/T with tempersture could not be made, However a partial
correction for the effect of tempmerature alone was made according te
()1a7)

1 =1 , Ta

where Tny 1s the relaxation time at the lowest temperature T,, when no
further changes in the spectrum are produced; Top is the relaxation
time at the higher temverature Ty, at which the exchange rate is being
measured. The calculated relaxation times, together with the measursd
linez-widths and log of the calculated lifetimes of the conjugste acid
are given in Tables VI-X,

The line width of the CHp peak is in 21l cases considerably
greater than that of the CH peak. This may be due to unresolved spin-
spin coupling in the CHp signal or to the protons of the methylene
group having a shorter relaxation time which might possibly be
attributed to these protons being involved in rather strong hydrogen
bonding with the solvent, The line widths of the CH and CH, peaks in
SbF5 /HS03F solutions are greater than for solutions in HSOF alone
which is consistent with the greater viscosity of these solutions,

t is clear from Fig. 23 that the line widths are dependant

cn the concentration of the hydrocarbon base, An increase in the
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concentration of hydrocarbon results in an increase in the CH and CHp
line widths and a decrease in the temperature at which broadening is
first observed. Evidently the rate of proton exchangs increases with
increasing concentration of the hydrocarbon base, As the icnisation
of the hydrocarbon produces fluorosulphate ion which increases the
basicity of the solvent, the increase in exchange rate is attributed
to this increase in solvent basicity. A detailed comparison of the
rates of proton exchange at ~20% of the compounds studied is given in
Table XI. In the case of pentamethylbenzens and m-xylene this rate
was calculated only from the broadening of the CH, pesk; for hexa-

methylberzene from the broadening of the CH.,CH, peak and for mesitylene

3
from both the CH and CHy, peaks: the rate in the case of durene was
calculated only from the CHy signal, The reason why the CH pesak was

not used will be explained later,

The rate increases in every case with increase in the concentration
cf the hydrocarbon., The suggestion that this may be attributed to the
effect of the increased concentration of fluorosulphate icn, resulting
from the protonation of the hydrocarbon, is confirmed by the effect of
added fluorosulphate ion in increasing the rste in the case of penta-
methylienzene and the effect of added SbFg in reducing the rate in the
cases of mesitylene, durene, hexamethylbenzene, and m- xyiene72. In
this respect these results differ substantially from those of Maclsan
and Mackor?o who claim that the rate of proton exchange for hexamethyl-
benizene, durene, and prehnitene are independent cf the concentration of

the BF3 in the HF/BF3 solvent snd conclude that in these cases exchange

occurs by the intramolecular process (L.3), It was found in fact that
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the addition of SbFS to 2 solution of hexamethylbenzene in fluorosulvhuric
acid increases the lifetime of the conjugate acid to such an extent that
the CH peak does not broaden sufficiently, even at 250, to enable 2
lifetime tc be measured,

For the compounds studied in this investigation these results
clearly exclude the possibility that (L.3) is the only process by which
exchange occurse The solvent line broadens somewhat as the CH and CH2
lines broaden with increasing temperature, especially when the con-
centration of base is appreciable. Results shown in Table XII
illustrate this fact. Because of the high concentration of the =clvent
in the sclutiocns the amount of brcadening of the solvent peak is not
great enough to enable exchange rates to be calculated, but nevertheless
thess results clearly indicate that exchange cannot occur only by orocess
(Le2) because this does not involve the solvent, In addition the
concentration of free base was very small (not detected by n.m.r,
technioues) which mskes it unlikely that exchangs via process (1:,2)
could be fast enough to compete to any appreciable extent with (L.1l).

It is therefore concluded that proton exchange occurs mainly via the
solvent a'though one cannot entirely rule out the possibility that there

might be some exchange by (L.2) and (L.3) under suitable conditions,



TABLE VI

LINE WIDTHS, RELAXATION TIMES, AND RATE CONSTANTS
FOR SOLUTIONS OF MESITYLENE IN FLUOROSULPHURIC ACID

-]
Temp, C CH CH2
/17, /1, log.1/T /1, 1/T, log.1/7
=1 -1 =1 -1
sec s5ec secC gsecC

Conc, of mesitylene 1,93 mole %

-36,5 17,6 13,2 1.123 L2 L 34,8 0.962
=35 2l,2 13.1 1,386 k6.3 34,6 1.150
=30 25.7 12.8 1,587 56.8 33.9 1,440
=25 34,3 12,6 1.815 77.0 33.2 1,720
-21.5 42,0 12,4 1,949 87.9 32,7 1.821

Conc, of mesitylene 3,59 mole %

=40 21.8 12.6 1,441 52.6 33.0 1,372
=33.5 25.1 12,3 1.800 72.1 32.1 1,780
-28,5 48,2 12,0 2,026 101.8 314 1.927
-24,5 65.1 11.8 2.203 141,1 30.9 2,120

Conc, of mesitylene 3,71 mole %

-50 - - - 42,1 37.1 0,778
=40 27.0 14,2 1,585 Sh b 35.5 1,356
-a5 83.2 13,3 1,322 - - -



TABLE VI (Cont‘d,)

91

Temp, C CH CH2
VT, YT,  legl/T VT, 1T,  logl/*
Secnl sec=1 SeC=l sec_l
Conc, of mesitylene 6,16 mole %
=57 16,0 11.6 1,126 L4o,5 37.8 0.511
=45 26,4 11,0 1,665 66,6 35,8 1,567
=35 65.3 10.5 2,216 149,5 34,3 2,1
=20,5 153.3 9.9 2,634 - - -
«12 262,0 9,6 2,879 = - -
Conc, of mesitylene 5,79 mole % (SbF5 4,29 mole %)
=33 23,2 17.8 1.212 50,3 k2,7 0,960
=26 26,4 17.3 1,435 62,2 41,5 1,396
=13 58.7 16,4 2,103 120.7 39.4 2,0ho
-8 95.2 16,1 2,375 170,6 28,6 2,200
b 185,3 15,4 2,707 - - -



LINE WIDTHS, RELAXATION TIMES AND RATE CONSTANTS
FOR SOLUTIONS OF DURENE IN FLUOROSULPHURIC ACID

TABLE VII
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Temp, C CH CH,,
VT, VT, log. 1A 1/ Té /T, log L/T
secﬂl secnl secml sec-l
Conc, of durene 1,12 mole %
-87.5 34,6 30.7 0.888 - - -
-82 48,1 29,8 1,562 64,7 60.1 0.789
-77.8 64,7 29.2 1,852 69,4 58.9 1,151
=74 97.4 28,6 2,139 86,4 57.7 1,583
=72 88.0 28,3 2,077 9.8 57.1 1,652
-68,5 - - - 129.4 56.5 1,986
-64,5 - - - 171,2 55.1 2,190
Conc, of durene 1,74 mole % (SbF5 4,42 mole %)
-80 58,4 29.3 1,743 - - -
-77.5 62,2 29.0 1,798 68,2 62.5 0,921
=75 76,0 28.6 1.957 71.0 61.1 1,119
=70.5 105,6 28.0 2,175 85.1 59.8 1,529
-64,5  134,5 27,2 2,318 101,8 58.0 1,766
-61 185.3 26,7 2.490 126.6 57.1 1,967
-58.5 - - - 156,5 56.4 2,125
-56 - - - 166,5 55.8 2,169



TABLE VII (Cont‘d,)
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Temp,OC CH CH2
Vv, YT, legdA VT, VT,  log/T
secl secgl secul sec-l
Conc, of durene 1,49 mole % (SbF5 9.04 mole %)
-75 49,8 38.0 1.370 - - -
-69.5 72,4 37.0 1.850 70.3 64,1 0,914
-65 115,6 36,2 2,201 80.0 62,7 1.361
-60.4  209.5 35.4 2,542 102.3 61,3 1,737
-57 - - - 129.0 60,4 1,961
-54,5 - - - 153.7 59.7 2,098



TABLE VIII

LINE WIDTHS, RELAXATION TIMES AND RATE CONSTANIS FOR
SOLUTIONS OF HEXAMETHYLBENZENE IN FLUOROSULPHURIC ACID

oL

Temp.oc CH.CHB
1/13 1/1, log.1/ ™
sec'l sec‘l

Conc, of hexamethylbenzene 2,7. mole %
-50 16,2 L0 0.342
"25 h?ol 39.6 O. 879

0 122,8 35.9 1.939
Conc. of hexamethylbenzene l;,73 mole %
"22 6’-]-0 7 hlo 2 10 371
-17 79.8 110.5 1,59
-13 93.3 39.9 1,728
~10 123.5 39.3 1.925
-1 175.0 3865 2,135
Conc. of hexamethylbenzene 5,67 mole %
-30 51,8 L1.6 1.010
~25 63.8 1,0.8 1.362
"1805 81.7 3908 1.622
-11 153,6 38,6 2,061
Conc, of hexamethylbenzene 8,21 mole %
=l3 4S.7 40.5 0.715
-36.5 55.8 39.5 1,212
~3Le5 63.6 39.1 1.389
"31 76.2 3805 1-577
-2705 98.6 3800 lo 783
=25 111,38 37.6 1.871



TABLE IX

LINE WIDTHS, RELAXATION TIMES AND RATE CONSTANTS FOR
SOLUTIONS OF PENTAMETHYLBENZENE IN FLUOROSULPHURIC ACID

95

¢

Temp, C /T, /T, log.l/T
sec + sec™t

Conc, of pentamethylbenzene 4,01 mole %

-40 47.1 36,9 1,312

~30 61.6 36,1 1,692

=25 72.9 35.2 1,877

-16 106.2 34,0 2,159

Conc, of pentamethylbenzene 2,82 mole % (KSOBF 3,39 mole %)

=35 65.6 38.4 1,736

=30.5 78.9 37.7 1,905

=25 102.7 36,9 2,110

-18 15900 3509 20391



TABLE X

LINE WIDTHS, RELAXATION TIMES AND RATE CONSTANTS
FOR SOLUTIONS OF m=XYLENE IN FLUOROSULPHURIC ACID
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Temp, C /T, /T, log.1/T
sec™T sec T

Conc, of m-xylene 7.82 mole % (SbF5 11,35 mole %)

-31,5 1,5 35,8 0,882
-23 50,6 34,3 1,332
-20 57.8 34,1 1,500
~13 82,6 33,1 1,819
-9 100,5 32,7 1,957
-7 119.4 32,4 2,076



TABLE XI

RATE CONSTANTS FOR PROTON EXCHANGE AT -20°

97

Base SbF5 k
(Mole %) (Mole %) (sec™t)
Mesitylene 1,93 - 9.9
3.59 - 2h3,1
3.7 - 276.5
6.16 - 843,0
5.79 k.29 53.7
Durene 1.12 - 1.06 x 107
1.48 9.0k 1.04 x 10*
1.74 b, b2 3.4 x 10"
Pentamethylbenzene 2.82* - 200,0
4,01 - 108.0
Hexamethylbenzene 2.73 - 9,8
L.73 - 27.5
5.67 - 38.9
8.21 - 154.9
2.85 4,42 1
m-xylene 7.82 11,55 28,0

* This solution also contained 3,39 mole % potassium

fluorosulphate,

+ The rate of exchange was too slow to measure,



TABLE XIY
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BROADENING OF THE SOLVENT LINE WITH INCREASING TEMPRRATURE

Base Conc. Temp. Sclvent line width
mole % G CoPoSo
Mesitylene 3458 =77 202
=2le5 bels
5.79 =26 Le6
(Le29 SPF) b 902
Durene 1.3h -89 k.0
(loLi2 SbFg) ~56 6.6
Hexamethyl~ Le73 =Ll 3.2
benzene =1 5elt
8.21 =695 1,8
-25 L5
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(L) ACTIVATION ENERGIES

The dependence of the rate of proton exchangs on the temperature

"can be expressed by the Arrhenius equation

K=k, o E/RT (148)

Plots of log k against 1/T sre shown in Figs. 24=27 for sclutions of
mesitylene, durene, hexamethylbenzene, pentamethylibenzenes and
m-xylene in fluorosulphuric acid, For mesitylene (Fig. 2Li) it can be
seen that the rates obtained from the broadening of the CH and from the
CHp lines are the same within experimental error. This provides some
confirmation of the values chosen for 1/T2.

Fige 25 shows a similar plot for the base durens., Except in
one case the lines are reasonably parallel, For durene it was found
that the rate constant calculated from the CH line broadening was much
greater than that obtained from the CH2 line breadening. This greater
rate of exchange may not be due solely to the exchange of the "methylene®
protons but could be partly due to the rearrangement of the methyl groups.
Durene and prehnitene are both known to rearrange to the more stable 1,2,
3,S-tetramethylbenzener.

The results obtained from Figs, 2L~27 are summarised in Table
XIII, It can be seen that, except for pentamethylbenzene, the
activation energies fall in the range 13-15 kcals, and are much higher
than the values obtained by Maclean and Mackor for HF/BFB solutions
which are in the range 7-8,5 kcals. This is possibly a reflection

of the smaller basicity of the fluorosulphuric acid solvent system,



ACTIVATION ENERGIES (E) AND FREQUENCY FACTORS (ko)

TABLE XIIT

FOR METHYLBENZENES IN FLUOROSULPHURIC ACID

101

Base SbF Log ke E
(Mole %) (Mole %) (K cals/mole)
Mesitylene 1,93 - 13,72 13,6
3.59 - 13,91 13,3
3.71 - 13,82 13,2
6,16 - 14,38 13,8
5.79 k.29 13,89 14,1
Durene 1.12 - 17.92 14,9
1,48 9.04 17.23 15.3
1,74 4 42 16,20 13.5
Pentamethylbenzene L,01 - 10,65 9.9
2,82+ - 11,52 10,4
Hexamethylbenzene 2.73 - 12,95 13,7
L, 73 - 13,42 13.9
5.67 - 14,51 15,0
8.21 - 15,60 15,5
m-xylene 7.82 11,55 13,72 14,2

* This solution also contained 3,39 mole % potassium

fluorosulphate,
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(5) DISCUSSION

Since there are scme noctable differences between the results of
Maclean and Mackor on solutions in HF and the results of this
anvestigation on flucrcsulphuric acid solutions, scme comments are made
on their worke.

20

Maclean and Mscker have calculsted the rate of proton exchange
for hexamethylbenzene by ccomparing experimentally cbtained spectra with
thecretical line shapes calculated from the Bloch eguaticns including
exchange, The assumption was made that the proton cnly jumps betweer
adjacent carbon atoms:  this presupposes the mechanism propcsed, No
reason was given for the choice of 2,2 c.p.s. for the line width ¢f the
methyl signals and the ortho methyl signal was assigned a width cf Lokt
CePeSe in order to account for the spin-spin coupling Jpg =2 I cop.s.
This value for the ortho methyl signsl sppears to be too large for two
peaks separated by onlyic.p.s.; nor is the assumption that 211 methyl
peaks have the same width necessarily a good one,

The Dutch workerszo also state that "whether a prdton exchange
reaction is intra or intermolecular can in general not be conclusively
determined from the shape of the spectra", yet later they say that the
spectrum of a solution of hexamethylbenzene in HF/BF3 at -30° provides
conclusive evidence that the exchange is intramclecular, It is
remarkable that this spectrum recorded under conditions of rapid
exchange shows spine-spin splittings which are better resolved than the
supposed quartet for the C§.0H3 peak when exchange is extremely sldw19.

They claim that the exchange processes for hexamethylbenzene, durene,

and prehnitine are independent of concentration ¢f base and of BF3 and
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therefore exchange intramclecularly., However results are aucted for
only two different concentrations of hexamethylbenzene, and only one
cencentration for each of the other two bases. In additicn durene is
reported as exchanging at nearly the same rate as hexamethylbenzene
even though it is a much weaker baseBh. In the flucrosulphuric acid
system, the exchange rate for durene is much faster than it is for
hexamethylbenzene, In fact the rates calculated at -20° (Table XI)
increase roughly in the same order as the basicities of the bases
decrease,

20

A noticeable feature of the spectra of MacLz2an and Mackor is
that in the cases where an intermolecular prccess is prcpesed, free
base is present, but in the cases where an intramclecular exchange is
postulated there iz no free base present, It seeme surprising that the
bases were not examined under similar conditions., 1In the experiments
with HSOBF under no conditions was there any free base present suggesting
once again that HSOBF is much more acidic than HF/BFB. The calculations
by Maclean and Mackor based on the acid line width must alsc be regarded
with suspicion since the large #® . rl spin-spin coupling constant may
have a considerable effect on the acid line width cver the temperature
range studied, In the presence of appreciable quantities of free base
it is conceivable that exchange process (L.2) may contribute to some
extent but in the flucrcsulphuric acid system where the ccncentraticn
of base was very small all of the exchange must occur via process (L.1),

In conclusicn it was found that for a&ll the methylbenzenex in
fluorosulphuric acid the predominant exchange process is an inter-

molecular one between the conjugate acid and the sclvent, The high
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activation energies found for the proton transfer nrebuily reflect the
low basicity of the solvent rather than being tynicai of the CHy group
as suggested by Mackean and Mackor, It is quite likely that scme of
the differences between the two systems are due to differences in the
solvents, but the methylbenzeneaHE/BFB systenm needs t¢ be reinvestigated

under more uaniform conditions.



CHAPTER V
PROTONATION OF OXYGEN BASES

(1) INTRODUCT ION

Many organic oxygen bases are known to be fully ionised in strong
acid solution. Gillespie and Ieisten92 have reviewed the literature up
to 1951 which shows that ketones and most carboxylic acids behave as
simple bases

B + HpS0), — BH' + HSO), (5.1)
in 100%¢ sulphuric acid. It has been shown however that alcohols are
esterified by sulphuric acid and that certain carboxylic acid ionise
according to the equation

RCOOH + 2H,50, —> RC = 0 + 2Hsol + H35 (5.2)

A review by Paul and Iong93, on Hammett acidity function determinations,
lists the pKBH+ values for a number of organic oxygen bases., Fdward and
coworker526 have used the changes produced in the n.m.r, spectra cf
alcohols and ethers upon protonation to measure pKBH+ for these bases,

In no case did they observe an n.m.r. spectrum due to the captured
proton, Maclean and Mackorzu were the first to observe the spectra

of the conjugate acids of acetone, ethyl alcohol and water in solution

in anhydrous hydrogen fluoride saturated with boron triflucride at -75%,

109



(2) NUCLEAR MAGNETIC RESONANCE SPECTRA OF OXYGEN BASES 1IN

FLUOROSULPHURIC ACID

In view of the successful observation of the n.m.r. spectra c¢f the
conjugate acids of amides and methylbenzenes in fiuorcsulphuric acid solution,
a study of some oxygen bases was carried out in this solvent,

Ketones

A series of para-substituted acetophencnes were dissclved in flucre-
sulphuric acid and the n.m.,r. spectra of these soluticns recorded at various
temperatures, In all cases it was possible to observe the spectrum of the
conjugate acid, although in the case of p-nitroacetophenone at -88% the =0H*
peak had a width of 12.l c.p.s. indicating that exchange was still occurring.
For the other acetophenones the =O0H" line width resched a minimum value above
~38° indicating that exchange was extremely sicw. The chemical shifts of
the peaks in the n.m.r. spectra cof the conjugate acids of these bases are
recorded in Table XIV, A notable feature of these lcw temperabure spectra
15 the very large chemical shift of the captured proton from T.M.S.
indicating a very smali shielding at this proton. No spin~spin coupling
was cbserved between the captured proton and the methyl protcns cf the
ketone,

The n.m.r, spectra of the phenyl region cf these bases is showm in
Fige 28. This would be expected to be of the A,B,or ABCD type, but
except for acetophencne and p-fluoroacetophencne it apparently approximates
to an AB quartet and shows a typical change in shape as thé ratic &/J
changes, One would expect that protonation of the carbonyl cxygen would

lead to an increased contribution from II with the result that the

HO.C.CHB groug weuld beccome coplanar with the ring and an ABCD spextrum
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would be expected, The apparent AB spectrum must be due ts negligible
cross ring spin-spin coupling with the result that there are two AB

quartets with the same chemical shiftss. Acetophencne would be expected

+ +
H—O\C _CH 5 H-O\C /CH3 H-OQ /0}13
+ i + +
Hy iy Hy B d Hy G Al $
> - o~
g Ty Hy H, d Hy 3, &
X X <o
N
CHy
I II III

to give a complicated pattern for the ring part of the spectrum since there
are three different groups of protons all of which can spin-spin interact
(Fige 28a)s The ring portion of the spectrum of the ccnjugate acid of
p~fluorcacetophenons (Fig, 28b) is complicated due to spin-spin coupling

of the ring protons with the para-fluorine which has a spin of 2.

Fig. 28 and Table XIV illustrate the effect a change cf substituent
can have on the n.m.r. pattern produced by the arcmatic protons and on the
positicn of the resonance due to the captured protoen. The Ha.C.CHg would
be expected to be strongly electron withdrawing at the ortho-positicns,
whereas the OCH3 group is electron donating at ortho-nositions:  thus in
the corjugate acid of p-methoxyacetophencne (III) the A protons have gmite
a differsnt chemical shift from the B protons. As the substituent para
to the ketone group is made less electron donating and becomes more alactren
withdrawing, it competes more and more with the ketune group for the
electren density of the ring, with the result that the two A and the tw»> B
protons become more and more equivalent, In p-nitroacetcphencne the

chemical shifts of the A and B protons are almost the same, irdicating
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+
that the electron withdrawing powers of the NO, and HD.C.CHé groups are
comparable.
When the para substituent is strongly electron donating, eg.
OCHs, the =0H" peak is at higher field than when there is a strongly X
9

electron attracting group in the para position eg. NO2. Stewart and Yates

have measured the pKpy+ values for a number of substituted acetophenones

and attempted to correlate pKpyt+ with & , the Harmett substituent
constant, The substituents which gave negative deviations from their plot
were all para substituents which can donate electrons by resonance, A

& " value has been developed for these substituents where a positive
charge is developed in conjugation with the groupgs. A plot of pKpy+
againstcy+ gave a good correlation for the substituted acetophenones except
for E!£2f°GH3‘ It is thought that although the B:E:TOCHj group is strongly
electron donating by resonance, it is not quite as strong as the s value
predicts presumably because of strong hydrogen bonding with the solwvent,

In Table XV and Figs. 29, 30 the chemical shifts obtained for the captured
proton of the conjugate acids are compared with the pKBH"' and 6+ values
given by Stewart and Yates , Fige 29 shows that there is a good
correlation between c hemical shift and the pKBH* for the conjugate acids:s

likewise there is a good correlation between the chemical shift and the

CS+ value (Fig. 30) for the p-substituent except for the E?OCHj group,

Nem.r, spectra of the conjugate acids of acetone and benzophenone
have also been obtained and the chemical shifts are given in Tables XVI and
XViI, The spectra of the conjugate acid of acetone will be discus=ed in

Chapter VII, . In a solution of benzophenone in an Sbg /HSOBF mixture the
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resonance due to the captured probon is clearly wisikle at 259 aithough
exchange is still occurring (the =O§ peak becomes sharper cn lowering the
temperature), The chemical shifts repcrted in Table XVII are relative
to the solvent., An attempt was made to use methanesulphonylfluoride as
an internal reference, but as the temperature was lowered an sdditional
methyl doublet appeared which moved away from the original CH?SOQF doublet,
It seems likely that szome of the ®reference" is coordinating with the Sng
thus giving rise to two doublets, It was therefore felt that CHBSOQF was
prcbably not a reliable reference,

Ethyl Alcohol and Water

The chemical shifts obttained for solutions cof ethyl alcohol and
water are given in Table XVI,

It can be seen that protonation of ethyl alcohol results in & shift
of all the peaks to lower field: this is caused by withdraswal of electron
density from the mclecule to counteract the positive charge p aced at the
site of prctonation. By cocling the solution tec low temperaiure the
spectrum of the conjugate acid was obtaired. The areas of the three peals
cbserved at =95° were in the ratic 1.75: 1.89: 3.00 indicating that the
extra proton was attached to the oxyger atom, There was no evidence which
suggested that any ethyl fluoride had been formed by the resction

CHyCH,0H + HSOJF ~——> CHCH,F + H.S0) (5.3)
Formation of ethyl fluoride would result in a spectrum centaining enly
two peaks i.e. CH3 and CH2 in sddition to the solvent line HSOBF + H?SOh.
It was not possible to observe any fine structure im the OH; ¢ in HF/BF3
solution it hss been observed as a triplet.221 due to coupling with the

methylene protons., The chemical shift between the CH, and CH3 peaks is
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found to be increased considerably in the conjugate acid spectrum compared
to the unprctonated forme This fact has been used by Edward and co-
workerseé to measure the pKBH+ for this and other bases containing ethyl
groups attached to the basic atom,.
In a solution of water in HSO4F, or in SbFg/HSO,F, it was not

possible to detect a peak due to H36. A possible reason for this could

be hydrolysis according to (5.4)

Hy0 + HSO5F <=- HF + HyS0O) (5.L)
and rapid exchange of the HF and HQSOh protons with the asolveni, However
96
Senior has shown that the equilibrium (5.l) lies far to the left and

2L

that protonation is the only significant resction. Maclean and Mackor
cbserved a peak which they attributed to H30+ which occurs at slightly
lower field (0,57 p.p.m.) than the peak due to OHy in protonated ethyl
alcohol, Addition of this shift (0.57 p.p.m.) to the value found for OH;
in HSOBF solutions at =95° gives a value for the expected chemical shift
of H30+ in HSO3F solutions of about =105 pepems which is very close to
the cbserved value for the chemical shift of the HSOBF protons at -95%

In viewcf the fact that the sclvent peak is inveriably brcad at these
temperatures it seems reasonable to suppose that the peak due to HBO+ is

overlapped by the solvent line and is therefore not cbserved,

Other Oxygen Bases

Solutions of dimethylsulphexide in fluorosulphuric acid have only
cne pesk in their n.m.r. spectra at 25°, Upon lowering the temperature
a new peak appesrs, at -7,08 p.p.m. from T.M.S. (Table XVI), which is
quite sharp at -98° indicating that at this temperature exchange is slow,

The relative areas of the two pesks were found to be 0,67: 6,002 the
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reason for the unexpectedly high ratio is unknown, The absence of any
spin-spin coupling in the methyl signal and the chemical shift of the
captured proton, indicates that protonation occurs on oxygen rather than
on sulphur. A proton on sulphur would be expected to give a signal at

d € -5.5 p.p.m. from T.M.S. (see Chapter III) which would have a
quartet structure as a consequence of spin-spin coupling with the CH3
protons since they would be separated by only‘three bonds,

The resonance due to the proton captured by benzoic acid in an

Sng/HSOBF solution was observed at low temperatures. In addition to

the peaks arising from the phenyl protons only one other peak was visible
in the spectrum, apart from the solvent. This peak was located in the
same region of the spectrum as the =0H* peaks in the spectra of protonated
ketones (Tables XV-XVII) and can therefore be.attributed to a proton
attached to the carbonyl oxygen, rather than to protonation of the OH
oxygen to -g-OH; o« This latter structure might be expected to give a

+
signal in the same region of the spectrum as the OHé of protonated ethyl

alcohol i.e. =10 p.p.m. from T.M.S. or +1l.5 p.p.m, from HSOBF. Protonation
of the carbonyl oxygen would give rise to an ion with the resonance

structures IV-VII in which the two OH groups are equivalent,

L



116
97

Stewart and Yates have found a close correlation between the basicities
of a number of benzoic acids and their acetophenone analogues which also
indicates that the carbonyl oxygen is the site of protonation in benzoic
acids. It was confirmed that protonation is on oxygen by measuring the
relative areas of the peaks which were found to be in the ratio 2,03
L,96, Only the chemical shifts of the more prowminent phenyl peaks are
given in Table XVII since the patterns are complex.

The spectrum of nitromesitylene in CClh consists of a single
line A due to the phenyl and two overlapping lines B, C due tc the oriho
and para rmethyl groups. In a streongly acidic sclution, at low
temperatures, a new peak D appears at =lio07 pepeM. from the solvent:
the relative areas were found to be D: A: B + C:: 0.95: 1,81l: 9,00,
The chemical shift between the ncnequivalent methyl groups increases from
3.2 CoDeS. in CClh to 13,2 c.p.s. in the acid soluticn, The absence of
any peaks in the “methylene” region of the spectrum, which would be
produced by protonation of the aromatic ring (Chapter IV), the area
measurements and the fact that the new peak appears in the position now
well established for an =0H+ proton (Tables XV-XVII), jindicate that

protonation takes place on cne of the oxygen atcems of the nitro group.
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CHEMICAL SHIFTS QOF THE CONJUGATE ACIDS OF PARA-SUBSTITUTED ACETOPHENONES

p-subst. Temp. - & (popom.) from exte, T.M.S.
g oH"  TS05F Fhenyl, 0C.CHj3 X
N0, =8l 15,33 11.32 8087 3.66
Cl -79 13.52 11.16 8467 8453 7«95 7082 30442
H =82 13.L6
F -7 13.3h 11,1k 877 7.76 Te63 T.51 3elily
CH, =16 12.85 11.04 8,63 84L9 7.83 7.70 3037 2,Th
OCHy =81 12.46 11,26 8,85 8,72 T.61 7.48 303l h.38
IABLE XV
CHEMICAL SHIFTS OF OH', pKgy*, AND S * VALURS FOR
PARA~SUBSTITUTED ACETOPHENONES
p=subst, ;fé-gﬁg.m. -pKgy* C5+
NOo 15.33 7ok 40,79
cl 13.52 6652 +0,11L
H 13.L6 6015 2,00
F 13,3k 6,06 -0.073
CHg 12,85 5el7 -0.371
OCH 12,46 Lo81 =0,778

3
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CHEMICAL SHIFTS OF THE CONJUGATE ACIDS OF SOME OXYGEN BASES
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Base Solvent Tempe = éﬂb.p.md from ext, T.M.S.
°C  OH  HSO4F CH, CH
3 3
Acetone CDC13 25 - - - 2417
SbFg/HSO3F 25  1h.L5 - 325
Ethyl CDC14 25 2,58 - 3.70 1.22
aleohol
=82 10,35 11,65 14,83 1.72
-9t 9.89 11.78 (32) L.85 1.7h
Dimsthyl CDC14 25 - - - 2.62
sulphoxide
HSO4F 98 7.08 11.37 - 3.31
Water 25 5.20 = - -
SbFy/HSOgF =80 - 11.24 (1h) - -
-90 1.3 (136) = -

The figures in (

) denote the line width,



TABLE XVII

CHEMICAL SHIFTS OF THE CONJUGATE ACIDS OF SOME OXYGEN BASES
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Base Sclvent Temp. cg_ (pepoms from the solvent
S OH phenyl CHj
Benzo~ SbFg/HSO5F 25 ~1.80 2,09 2,20 2.33 2.L6
phenone
O -1:75 2.20 2.31 2.&6 2.57
-26 «1.72 2430 2,41 2,55 2.67
Benzoic Sng/HSO3F 9 -1.56  1.59 2,04 2.h2
acid -
"ll "1059 201)4 20’47
=75.5  =1.39 2.42 2,82
Nitro- SbF/HSO4F -9 <h.07  3.21 7.92 8.1

mesitylene
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(3) RATES OF PROTON EXCHANGE AND ACTIVATION ENERGIES

Raising the temperature of soiutions of thesz oxygen bases in
HSO3F results in a broadening of the =0H" peak due to a decrease in the
lifetime of the conjugate acid. Since there is no overlapping of the
=0H' and the solvent peaks the conditions for slow exchange may be
applied and equatiom (3.3) may be used to calculate the rate of proton
exchange. Values for 1/T5, the line width in the absence of exchange,
were obtained for benzophenone and benzoic acid by the same method as
uged in Chapter IV for the methylbenzene exchange studies. For solutions
of acetophenones in HSO3F the following method was used to cbtain l/T2
which eliminates the uncertainty of the 47/T correction applied in
Chapter IV, Charman, Vinard, and Kreevoya, during the course of a study
on the rates of proton abstraction from monosubstituted acetylenes,
developed s from the Bloch equations as generalised by McConnell , an
expression which relates the rate of proton exchange to peak heights (5.5)

1 = VoY (5.5)

[ o —

‘r, VoT2

where V™° is the height of the peak in the absence of exchange and V the
height at an exchange rate 1/ . Since l/Té in equation (3.3) and T*°
and V in equation (5.5) are all measurable quantities there are only two
unknowns, 1/ and 1/T,, for any particular temperature:; since there
are twc equations (3.3) and (5.5) relating these quantities, the
relaxation time for a particular temperature can be calculated and hence
the rate of exchange at that temperature, From the results of these
studies activation energies were calculated by means of the Arrhenius

equation (Le6).
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Table XVIII gives the measured line widths at various temperatures,
as well as the calculated rate of proton loss from the conjugate acids of
benzophenone and benzoic acid. In Fig. 31 a plot of log k against 1/T
gives a straight line for the conjugate acid of benzophenone, but a similar
plot for the conjugate acid of benzoic acid shows deviations from a straight
line which are much greater than the experimental error. The reason for
this is unknown. The plot suggests that there are two exchange processes
operating, but protonation at either the C=0 oxygen or the COH oxygen would
result in equivalence of the two protons and only one exchange process
should be observed.

Data for the acetophenones is given in Table XIX, The values
obtained for 1/T2 for p-nitroacetophenone could not be obtained using
equations (3.3) and (5.5) because it was not possible to stop the exchange
process completely for this base and hence'V°° was not obtainable, The

value for 1/T, at the lowest temperature at which a line width was

recorded (-88%) was taken from an experiment in which p-methylacetophensne
was used as the base and where exchange at -88° was negligible and
therefore (3.3) reduces to l/Té = 1/T2. Plots of log k against 1/T

(Fig. 32) for these scetophenones give reasonable straight lines from
which the activation energies and frequency factors were obtained, These
values are given in Table XX, Jt is seen that the activation energies
fall in the range 11-12 k.cals. except for p-nitroacetcphenone which was
7.7 kocals, Whether or not this large difference between p-nitro-
acetophenone and the other ketones studied is real, or is due to the

choice ¢f an incorrect wvalue for Ty, could perhaps be answered by carrying

out a comparable investigation in a solvent which is mcre acidic than
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HSOBF so that proton exchange by the conjugate acid of p-nitrcacetcphenone
could be stopped completely. The small differences in the activaticn
energies for the other bases are not considered tc be significant,

It was hoped to obtain a correlation between the rates of proton
loss and pKBH* and o * valuss for these bases. However it can be seen
(Fige 32 and Table XX) that although there is a general trend of increasing
rate of proton exchange with decreasing basicity, the conjugate acids of
acetophenone and p-methoxyacetophenone exchange faster than would be
expected from their published basicities . Differences in the con-
centrations of the bases may partly account for this, In the case of
p-methoxyacetophencne the calculated rate may not be correct since the
conditions for slow exchange may not apply as the =0H™ peak is much closer
to the solvent peak than it is for the other bases studied (Table XV), and
when exchange becomes appreciable some merging cf the =OH* and the solvent
lires is apparent, Under these conditicns the assumption of the slow
exchange conditicn (3.3) may not strictly apply and a more detailed
calculation may be necessary., Use of another acidic solvent, where the
acid protons are further removed from the =0H' resonance to ensure that
conditions for slow exchange applied in all cases, might give a better

correlation between the rate of exchange and pKggt.
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TABLE XVIII

LINE WIDTHS AND EXCHANGE RATES FOR BENZOPHENONE AND BENZQIC ACID SOLUTIOQNS

1/1, sec™d log 1/ 1/Tx 103
Berzophenone
17.6 0.539 3.854
27.6 1.016 34663
39.0 1.395 3.5L6
15.9 1.501 3.472
59.L 1.656 3.L07
75.7 1,789 3.356
Benzoic gcid
| 16.7 0.6L3 3.718
3La6 1.3L8 3.677
81.1 1.838 34617
99.9 1,943 3.58)

127.5 2,062 34546



LINE WIDTHS, RELAXATION TIMES, AND EXCHANGE RATES FOR PARA-

TABLE XIX

SUBSTITUTED ACETOPHENONES IN FLUOROSULPHURIC ACID

J/Té sec™L /T, sec™t
p-nitroacetophenone

39.0 18,2
Ll 18.0
50.5 17.8
7248 17,3

p~chloroacetophenone

2h.2
31.1
3345
L1.9
57

acetophenone

18.9
22.8
3543
5.8
6.5

p=fluorcacetophencne

20.8
26.1
30.0

LL.L
671

15.2
.9
1ok
L
13.5

9.8
9.1
76
TeT
740

.7
15.1
1.5

1h.2
13.6

log 1/

1.319
11415
1,514
1.737

0.952
1.209
1.282
1.Lko
1.6L3

0.961
1.138
1.4L3
1,581
1,736

0.785
1.04h1
1,191
1.480
1.731

1/Tx 103

5.405
5.361
5.291
54155

L.785
4,673
L.6L40
L.587
L4505

LeS19
Le847
Lo 708
Le669
1583

Le728
L.651
L.598

L.505
L.ho5

126
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TABLE XIX (Contd.)

1/, sec~t 1/, sec™l log /7 1/Tx 103
p-methylacetophenone
16.2 13,3 0,468 L.831
21,1 12.1 0.936 Lo68L
26l 10.8 1,193 L.566
3642 9.9 1.118 heliBh
Loy 9.3 1.603 L1105
68.8 Te5 1.789 h.329
p-methoxyacetophenone
.2 et 0.682 L.831
©18.4 9.0 0.970 Lol
22. 8.5 1.342 4,678
32.5 Te6 1.396 Le57h



TABLE XX

RATE DATA FOR SOLUTIONS OF KETONES IN FLUOROSULPHURIC ACID

128

Base Conce ) log kg log k -pK. .+
mole 4 k.cals,/ (~60°) g
mole

p-nitro- 3428 Te6 10,89 3.10 7ok
acetophenone

p=chloro- 2.93 1.k 12.89 1.17 6452
acetophencne

acetophenone  3.36 11.1 12,6l 1.L9 6415
p-fluoro- 2e 9’..!. 12 . 9 1}4.111 0. 90 6 . 06
acetophenone

p-methyl- 3 ® 2? 11. Ll 12 . 57 Oo 87 50’47
acetophenone

p“methow- 3.10 11.6 12097 1008 h. 81
acetophenone

benzophenone  3.15 11.2 14,97 - 6'/6
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CHAPTER VI

PROTONATION OF NITROGEN, PHOSPHORUS, AND ARSENIC BASES

(1) INTRODUCT ION

N.m.r. techniques have been used to study the protolysis of methyl-
ammonium ions in agueous solution. Grunwald and coworkers9,1O have
obtained quantitative information about the rate and mechanism of nroton
transfer, between the solvent water molecules and the methylammonium ions,
They followed the collapse of the structure of the methyl peak, due to
spin-spin coupling with the captured proton, with increasing pH, and also
the broadening of the water line., Other workersll,98’99 have carried out
similar studies, Connor and Loewenstein12 have used n.m.r. methods to
measure the activation energiss of proton transfer in solutions of NHﬁ and
CH3NH§ in water., Jardetzky and Jardetzkyloo, and Bovey and Tier5101 have
examined the proton spectra of amino acids in acid solution and obtained
information on their structures.,

In this investigation the solvents used are much more acidic than
those mentioned above, and in order thalt exchange processes could be
studied much weaker bases had to be used, These bases were mostly sub-
stituted anilines of the type used in the measurement of the Hammett
acidity function by the spectrophotometric method. By varying the number

and types of substituents in the aromatic ring and on the nitrogen, a

large variation in pKgy+ can be obtained.

131
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The protonation of this type of base has been relatively little
studied by n.m.r. methods, Isobe et al. have examined aniline in
glacial acetic acid and observed that the phenyl spectrum, which is
complex in an organic solvent, collapses tc a single line on protonation,
Reynolds and Schaefer15 recently measured the exchange rate and activation
energy of exchange for N,N-dimethylaniline in trifluoracetic acid sclution,

by cobservation of the collapse with increasing temperature of the methyl

doublet, produced by spin-spin coupling with the captured proton.



133
(2) PROTONATION OF NITROGEN BASES

Anilines

Most of the anilines studied have been shown by means of cryo-
scopic studies to ionise by adding a single proton in 100% sulphuric
acid, even 2,li,6-trinitroaniline which has a pKy+ = -9.41, is extensively
protonated in 100% sulphuric acid, Although a base may be effectively
100% protonated in solution, the lifetime of the conjugate acid may not be
sufficient for its n.m.r. spectrum to be recordeds, For example, the NH§
peak of the conjugate acid of p-nitroaniline (pKBH+ +0.99) is not
visible in solution in trifluoracetic acid (H, =3.0) although the
concentration of the protonated form is aporoximately ILOLl times greater
than the concentration of the unprotonated form. This phenomenon has
also been found for other types of base, but at a sufficiently low
temperature the exchange process is slowed down enough s¢ that it is
possible to observe the spectrum of the conjugate acid.

In the case of the substituted anilines it is alsc found that the
exchange rate can be changed by altering the acidity of the medium,
p=-nitrcaniline was the strongest base used in this study, and it was found
to exchange rapidly with the solvent in CF3COOH and in L0 mole % HQSOh/HQO
solutionse. By adding sulphuric acid to both these solutions proton
exchange is slowed down and the spectrum of the conjugate acid can be
cbtained, For weaker bases it is necessary to increase the acidity of

the solution accordingly in order to record the conjugate acid spectrum.
Nem.rs spectra have been recorded for sclutions in mixtures of HEO/HQSOh,
CFBCOOH/HQSOh, CHBNOQ/HQSOb, and HSOBF/HQSOh and the chemical shifts are
recorded in Tables XXI-XXXIII, Corrections for the bulk diamagnetic
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susceptiblilities of the solution and the external reference were made in
all cases.

The rate of proton exchange was followed in a general way by
observation of the reappearance of the peak due to the protons attached
to nitrogen. Protonation of the nitrogen bases results in the disap-
pearance of the NH signal as a consequence of rapid exchange with the
solvent and it reappears only when the rate of exchange becomes slower
than the inverse of the separation of the two exchangeable sites. As
the exchange process becomes slower the chemical shift between the two
exchanging sites becomes greater, When the rate of exchange is
negligible any further increase in the acidity produces nc change in the
chemical shift between the two sites other than that due to a solvent
effect, This is illustrated in Fig. 33 where the chemical shifts of the
protons attached to nitrogen are plotted against mole % H, 80y, (or HSOBF).
Detecticn of a signal due to a proton on nitrogen is often difficult due
to the fact that the proton signal is frequently very broad as a result
of interaction with the quadrupole moment of the nitrogen nucleus75’103.
In addition the signal is also scmewhat broadened by the exchange process
and becomes sharper as the exchange is slowed dcwn. An attempht is made
in a later chapter (VII) to correlate the appearance of the NH peak with
the H, of the sclution,

For N-methyl substituted amines it is possible to follow the
proton transfer by observation of the structure of the CHj peak, For
example, N-methyl-li-chloro-2-nitroaniline, in an orgsnic solvent, shows

a doublet structure for the C:H3 resonance, Upon dissolving the base in

CFBCOOH protonation cccurs and the doublet structure collapses to a single
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line, This broadens as the concentration of HéSOh is increased and
eventually becomes a triplet due to spin-spin coupling with the NHE protons
when exchange becomes negligible. The spin~spin coupling constant
between the CH3 and NH protons is usually of the order of 5 cePeSe The
relation between the structure of the CH3 group resonance in the spectra
of N-methylanilines and the acidity of the solution is discussed in
Chapter VII.

From Tables XXI-XXXIII it is seen that protonation of the base
results in all the peaks in the spectrum being shifted to lower field.
This is the result of the positive charge on the nitrogen atom which
reduces the shielding at the other hydrogen atoms by varying amounts,

The effect is most noticeable for the protons of the aromatic ring. The

chemical shifts of the ortho and para protons are most affected by proton-

ation, as a result of conjugation in the aromatic ring, and the shifts of
the meta protons the least., This results in a partial collapse of the
phenyl part of the spectrum, although in no case was a complete collapse
to a single line cbserved as found previously for aniline ., No attempt
has been made to analyse the phenyl portion of these spectra in order to
obtain chemical shifts and spin-spin coupling constants,.
Pyridine

The protonation of pyridine has been investigated by Isobe et al.13
who found that it was protonated in acetic acid but that there was rapid
exchange occurring. Smith and Schneider16 have studied pyridine in tri-
fluoracetic acid and observed a triplet due to the proton captured by the

nitrogen. The triplet structure is the result of spin-spin coupling

between the captured proton and the nitrogen. The quadrupole moment of
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the nitrogen nucleus is apparently not too effective in relaxing the Nlh
=-H spin-spin coupling which suggests that the nitrogen is in a fairly ¢

7

symmetrical environment. This phenomenon has been discussed by Roberts
and otherSIOB.

The resonance due to the NH' proton was found by Smith and
Schneider}é, and also in this investigation, to occur at very low fielg
for a proton attached to nitrogen. This low value has beer comparedl
with that of the NH proton in pyrrole, a correction for the ring current
effect made, and the electron density around the pyridinium ion
calculated from this and the chemical shifts of the other ring prctons.
These workers suggest that the broadening of the (3 and ¥ protons on
protonation is the result of a slow proton exchange between the NH' proton
and the solvent.

The n.m.r. spectrum of pyridine in a number of solvents having
widely different acidities was recorded and the chemical shifts of the
more prominent peaks are given in Table XXXIV, On going from trifluor-
acetic acid (H, -3.0) to the much stronger fluorosulphuric acid (H, -13%.8)
the resonance of the NH' proton is shifted 1l.h5 p.p.m. to higher field,
and the NI g spin-spin coupling remains unchanged at 67= 1 CoDo8e
Fige. 3L shows the ring part of the spectrum in solutions of differing
acidity: the signal from the /3 protons is relatively little changed
in the different solvents whereas the signals from the ©< and X
protons move together, These facts do not appear to be in accord with
Smith and Schneider's16 explanation of a slow proton exchange as the

cause of the increased width of the /3 and ¥ peaks on protonations Any

slow exchange would surely be completely stopped by increasing the H.O
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from =3.0 to =13.8 but in spite of this the Band ¥ proton peaks remain
broad., Furthermore JN—H remaine unchanged with increasing acidity. It
seems clear that the broadness of the ﬁsand 2(peaks in the ion is not
due to any residual exchange, but may either be due to the coverlapping
of a2 large number of resonance lines which cannot be resclved, cr to the
nuclear quadrupole relaxation of the 1‘1'1,4 nucleus operating at positions
in the molecule several bonds removed from the nitrogen nucleus., A
spin-spin deccupling experiment in which the proton spectrum is observed
while the nitrogen nucleus is being irradiated with a strong radio-
frequency magnetic field which causes frequent transitions of the states

£ the Nlh nucleus thus effectively decoupling it from the rest of the
system, might enable this problem tc be solveds 1t might alsoc be
possible to achieve spin-spin decoupling by observing the proton spectrum
of pyridine in HSO3F solution at low temperatures (=859) since this was

achieved in the case of acetamide (Chapter III),



TABLE XXI

CHEMICAL SHIFTS OF p-NITROANILINE IN HQO/HQSOh SOLUT IONS
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Mole % Chemical shift Cg(p.p.m.) from ext. H2S0) ref.
HyS0), Solvent NH3 Phenyl

76463 =0.59 2,17 2,03 2,17 2.77 2.93
754L5 -0.61 2.32 2,04 2,17 2.78 2,92
62.30 -0.67 2.1h 1.99 2.1h 2,73 2.88
48.18 -0.38 1.96 1.96 2.10 2,68 2,83
L0.66 0.02 1.96 2,11 2,68 2,83
38.60 0.15 1.96 2,12 2,68 2,82
30.96 0.77 1.95 2,11 2.66 2,79
28.30 1.03 1.95 2.09 2.65 2,80

Cenc, of base 1.1 mole %



CHEMICAL SHIFTS OF p-NITROANILINE IN CF3COOH/H280h SOLUTIONS

TABLE XXII

139

Mole % Chemical shift +{(p.p.m.) from ext. HpSO), ref.
H250y, solvent NH3 phenyl
100.00 0.0 2451 2,10 2,25 2,85 3,00
78497 -0,13 2,15 2,16 2,31 2,89 3.0L
Ll 77 =0, 30 2.3k 2.23 2.37 2.90 3.05
30,28 ~0,37 2426 2,26 2,10 2.91 3.06
25,98 -0.38 2.25 2,29 2.l 2,92 3.10
17.46 ~0.Lk 2,16 2.31 2.h5 2.96 3.11
1L.80 -0.448 2.16 2.3h 2.48 2.97 3.11
13.81 -0.49 2.10 2,31 2.46 2,94 3.09
12,37 -0.51 2.08 2,30 2,48 2,96 3.11
10.95 =0.53 2,05 2,32 2.L7 2,96 3.11
8.19 =0.55 2.03 2.33 2.48 2.97 3.12
5492 =0,59 2,00 . 2,35 2,49 2,97 3.12
LeTh ~0.56 1.99 2.39 2.5L 3.02 3,17
L.38 ~0.61 1.96 2437 2,52 3,00 3.15
2427 ~0.65 1,87 2,38 2,53 3.01 3.16
0.00 ~0.65 - 2.35 2,50 3,02 3,17

Conc, of base 1.8 mole %



TABLE XXIII

CHEMICAL SHIFTS OF p-NITROANILINE IN CH3N02/ H50), SOLUTIONS

Mole % Chemical shift  &(pep.m.) from ext. HyS0), ref.,

HpSO), solvent NH3 phenyl CH3NOo
100,00  =0.02 2,50 2,10 2.25 2,85 3,00 -
87,37  =0.22 2.38 2,08 2,22 2,81 2,95 6416
81L.40  -0.30 2,35 2,07 2,22 2,80 2,95 6,17
7681  -0.37 2,31 2,07 2.21 2,78 2,92 6416
66436  =0.38 2,30 2,07 2.26 2.76 2.90 6438
55.05  =0.h1 2,29 2,1 2.29 2,79 2.9 6.19
46,56  =0.L0 2,26 2,15 2,26 2,80 2.94 6.21
L1.89  =0.3L 2425 2,15 2,29 2,78 2,92 6.23
37421  =0.26 2,22 2,17 2432 2.80 2.95 6427
29447  =0.19 2,20 2,20 2,35 2.81 2,97 6432
23.5h =0.17 2,11 2,18 2,33 2.79 2.93 6.35
17.70  =0.12 2,1 2422 2,37 2.83 2,98 6e35
17.46  =0.09 2,12 2,23 2,38 2.83 2,98 6435
13,90 =0.03 2.03 2423 2,38 2.83 2,98 6,13
9.1y  =0.11 - 2,26 2,42 2,86 3,01 6438
8.b6  -0.10 - 2,26 2,11 2,86 3,00 6.1b
0.00 - 2.72 2,87 hL.03 L.16 6.115

Conc, of base 1.2 mole %



TABLE XXIV
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CHEMICAL SHIFTS OF l=CHLORO-2-NITROANILINE IN CF3COOH/HpSO), SOLUTIONS

Conc. of base 1.5 mole %

Mole % Chemical shift, &(p.p.m.) from ext. HpSO), ref,
HéSOh Solvent NH3 phenyl
100,00 0.0 2,06 2,21 2.6k 2,80 2,95 3,08
T1.7h -0.13 1.98 2.28 2,71 2.82 2.95 3.06
66425 ~0,17 1.97 2,30 2,70 2,86 2.94 3,09
37.96 -0,29 1.87 2,36 2,77 2,95 3.12
2h.52 -0,39 1.81 2.h1 2,97
21.10 -0.42 1.82 2.1 2.98
18.15 -0.L46 1,76 2.43 2,99
12,08 -0s52 1.65 24115 3.00
0.00 ~0,60 - 2452 3.11
(CH3N0,) be31  2.hh 3.35 3.51 3.76 3.91
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TABLE XXV

CHEMICAL SHIFTS OF 2=-CHLORO-l~NITROANILINE IN CFBCOOH/ stoh SOLUTIONS

Mole % Chemical shifty &(p.p.md from ext. HoSO) ref.
HpS0), solvent NH;3 phenyl
100.00 0.0 2,33 2,13 2,32 2,73 2,88
Th.18 -0.1l, 2.26 2.20 2,36 2,75 2,90
61142 «0,20 2,23 2423 2,39 2,76 2,92
50.73 <0.25 2,19 2.2 2,10 2,77 2.92
31,63 -0,32 2,13 . 2.33 2,48 2,83 2,9
26,26 -0.37 2.08 2,33 2.8 2.83 2.95
23.12 -0.140 2.0L 2,32 2.h9 2,80 2,95
11.95 -0.51 - 2.37 2453 2,83 2,97
0.00 -0,61 - 2.43 2,64 2,98 3,13
(CH4NO,) 5452 2,66 2.89 3.82 3.98

Conc, of base 1,6 mole %
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TABLE XXVI

CHEMICAL SHIFTS OF N-METHYIl~2-CHLORO-L~NITROANILINE IN H20/ Hy30), SOLUTIONS

Mole $  Chemical shift, &(p.p.m) from ext. HpSO|, ref. T
solvent NHD phenyl N.CH3 (eopess)

68425 =0,67 ~2,02 2,02 2,18 2,62 2,77 Te21
63028 0,68 ~2,02 2,02 2,19 2.61 2,76 7420
61,28 ~0,67 AM1.99  -2,00 2,16 2,60 2.76  Tll9
5782 -0.63 ~ 1,95 1.98 2,16 2,58 2,73  7.19

52061 -0.5’4 - 1099 2.17 2056 2073 7017
17421 -0.33 - 2,01 2,18 2,59 2,74 7.18
HSOF 0.29 ~2,01 2,01 2,18 2,65 2,96 7.35 5.65

Conc, of base 1.2 mole %

TABLE XXVII

CHEMICAL SHIFTS OF N-METHYL-2-CHLORO-,~NITROANILINE IN CF3COOH/HpSO},
SOLUT IONS

[EUEE s -

Mole #  Chemical shift, &(pep.ma) from ext. HoSO), ref. J
HpS0), solvent NHp phenyl N.CHj3 (CoPeSe)
42,08 -0.31 2,08 2428 2,11 2477 2,91 7438 -

3helis -0, 37 2.09 2,25 2,36 2,76 2,91  7.38 -

18.72 -0.145 2.03 2.31 2.47 2,80 2.93  T.hl -

10,83 -0.53 1.91 2435 2451 2.89 2,96  7.h3 -

4.37 -0.50 - 2.37 2,53 2.82 2,96  7.h3 -

Conc. of base 1.6 mole %



TABLE XXVIII

CHEMICAL SHIFTS OF N-METHYL-);-CHLORO-2-NITROANILINE

IN H20/H2sou SOLUTIONS

Mole §  Chemical shiff J(p.p.m from ext, HpSQ|, ref.

HpS0), Solvent NH5 phenyl N.CH3 HeeDeSa
69471 =01y 66 1.55 2,10 2,50 2.6l 2479 2,94 7423 Not
62438 -0;65 1.54 2,11 2.50 2,62 2,80 2.94  7.23 resolved
58433 =0,6kL 140 2.07 2.45 2,60 2,76 2,89  7.16

L9.51 =0, Lk 1.3h 2,0k 2.45 2,57 2.72 2,86 T.17

L7.19 -0,36 - 2,02 2439 2,56 2,67 2.8  7.15

110,80 -0,01 - 2.0l 2,143 2,57 2.70 2,82 7,16

Conc., of base 1.6 mole %.



TABLE XXIX

CHEMICAL SHIFTS OF N-METHYIL~-)-CHLORO=2-NITROANILINE

IN CF3C00H/ Hy50), SOLUTIONS

15

Mole #  Chemical shify  G(p.p.ms) from ext. HySO) ref. J
HpS0), solvent  NH, phenyl N.CH3 (Copess)
100,00  =0,02 1,76 2421 2.61 2,76 2,91 3.08  7.33 L.08
87,06  -0,08 1.7 2,26 2.6h 2,80 2.95 3,09  7.39
59,15  =0.20 171 2,36 2.77 2,91 3.02 3,17  7.37 L2
h2.6h  -0,28 1.67 2,k 2,79 2,94 3,02 3,15 7.1 5.10
23,49  ~0.39 1.55  2,h6 2,86 3,02 3,07 3.22  7.,L9
21,92  =0.11 .52 2.1 2.98 7.57
18,05  -0.Lk .49 2.kk 2.99 7.15
11,02 =0,52 1.36 2,45 3.01 Teli5
Tel8 =0,56 - 2,46 3.01 Telu7
0.00 = - 2,50 3.06 Te53
(CHqNOp) = - 2473 3e2l 3439 3.75 3.89  7.73 Le53

Conc. of base 1.8 mole %.



TABLE XXX

CHEMICAL SHIFTS OF N~METHYL-2,Li~-DINITROANILINE IN

HyS0), /H305F SOLUTIONS

6

Mole §  Chemical shify (p.pemd from ext. HySO) ref.
HSO4F solvent  NH, phenyl N.CHy J(CaPeS o)
100.00 0.33 - 1.36 1,77 1.92 2.56 2,73 7426 56
The63 0.17 1,76  1.Lh2 1.82 1,99 2,62 2,77  7.30 5.5
56496 0.09 1.70  1.h1 1.82 1,96 2,62 2,76  T.32 5.2
33.82 0.03 1.57  1.38 1.77 1.92 2,55 2,71 7.27 -
27.53 0.02 1.65  1.h6 1.76 1.99 2.62 2,77  T.26 -
17.77 0.00 1.58  1.h1 1.80 1.9k 2,67 2,72 7.26 -
8.80 0.00 - 1.39 1,72 1,93 2,55 2,69  7.25 -
0.00  =0,02 - 1,36 1.75 1.89 2,52 2,67  7.28 -

Conc. of base l.l mole %.
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TABLE YXXI

CHEMICAL SHIFTS OF N,N-DIMETHYI~2,l~DINITROANILINE

IN GFBCOOH/HQSOh SOLUTIONS

Mole % Chemical shift 6(p.p.m.} from ext. HpS0Q) r=f.

HpS0), solvent phenyl N(CH3)2 J ch 3 -H
100.00 =0.02 1,39 1.71 1.85 2,38 2,52 7.12 3.1
89.67 -0.05 1.40 1.72 1.88 2,38 2,54  7.15 Le25
Shthl -0022 1oh6 1077 1092 2.38 2053 7olh hOSB
L7.61 -0.27 1.56 1,85 2,00 2.h6 2,61 7,22 Lohl
22,5  -0.ho0 1.5h 1.81 1,97 2,39 2,55 7.13 Le76
3.08 =0,62 1.62 1,93 2,09 2.43 2.59 7.21 0.0
0.62 -0.59 1062 1093 2.08 20h2 2057 7019 0.0
(GH3N02) 2.2l 2457 2473 3456 3.71  T7.73 0.0

+
NH peak not detected even in 100% HyS0y,

Conc. of base 1.2 mole %
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TABLE XXXII
CHEMICAL SHIFTS OF N,N-DIMETHYI~-2,l;,6-TRINITROANILINE

IN HpSO),/HSO3F SOLUTIONS

Mole % Chemical shift &(p.p.m) from ext. HpSO), ref,
HSO4F solvent Ne* phenyl N.CHy J CHyNH"
(C.poS.)
100.00 O. 39 "0062 1031 6.96 5.00
66.09 0.12 =062 1.33 7.00 5.05
L6.11 0.06 Q.43 1.L6 6499 L7
25,73 0.02 0,52 1.33 6.98 o7l
0.00 =0.02 ‘00)43 1031 6.96 -

Conc. of base 1.3 mole %.

TABLE XXXIII

CHEMICAL SHIFTS OF N N-DIMETHYI~2,);,6~-TRINITROANILINE IN

CF3C00H/H,S0), SOLUTIONS

Mole % Chemical shift d(p.p.ms) from ext. HpSO) ref.
HyS0, solvent NH* phenyl N.CHjy JoHaNE"*
(CepPesSe)
87.83 =0,07 - 1.34 6.97 3667
67425 -0.16 - Lokl 6497 -
57.67 -0,21 - 1.6 7402 -
51.76 ~0.22 - 1.0 6497 -
33.1L -0,31 - 1.57 7o11 -
20,48 =0.142 - 1.68 7,18 -

Conc. of base 1.2 mole %Z.
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CHEMICAL SHIFTS QF PYRIDINE IN ACID SOLUTIONS

Solvent Chemical shift = f(p.pem) from int. T.M,S. ref,
solvent aromatic protons i -
(Coepesd)

CF3CO0H 11,96 8.98 8,89 8,78 8.65 13.89 67
8432 8,21 8410

CFBCOOH cont, 10.83 8.2 8,33 8.23 8.10 12,62 68

3235 mole % ToTT 7467 7456

159,

H,50), # 10,49 8.33 8.23 8.20 8,09 12,07 68
TeT3 Te62 Te51

Solvent Chemical shift &fp.p.m.) from ext, HySO) ref.

solvent aromatic protons NH* R
(Cepe se)

CF3CO0H =1.19 1.85 1,93 2.06 2,35 -3.04 68
2,51 2,62 2,73

stou C‘:’n'to "00)43 1089 1099 2002 2007 -2.06 66

28.)45 mOlu % 2.15 2.1‘8 2.57 2068

CFBCOOH

HSQ;F* «0,31 2,01 2,13 2.25 «1.59 67
2459 2,69 2,81

# The high field component of the Ne* triplet is not visible in these

solutions since it has the same chemical shift as the solvent,
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3.41—- | p=nitroaniline
2  2-chloro-h-nitroaniline
3 li-chloro-2-nitroaniline
30
4 N-methyl-2-chloro-li-nitroaniline
5§  N-methylel~-chloro-2-nitroaniline
2.6 6  Nemethyl-2,h~dinitroaniline
/ '
g 2
a
&‘O 2‘2 F-
4

b

1 | 1 1 .
20 40 5O 80 100
mole

Fig. 33 SOLUTIONS OF ANILINES: NH* PROTON CHEMICAL SHIFTS
AGAINST CONCENTRATION OF l'[280h OR I'BOBF.
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(3) PROTONATION OF TRIPHENYLPHOSPHINE AND TRIPHENYLARSINE

The rate and mechanism of proton exchange in aqueous solutions
of the trimethylphospbonium ion have been determined by n.m.r,
techniquest. Observation of the collapse of the fine structure in
both the methyl and P-H proton resonances with increasing pH enabled a
pK, of 8,80 to be determined. It was found that the doublet, due to
spin-spin coupling of the p3L with the attached proton, did not collapse
to a single line but each component merely broadened and r asrged into the
baseline with increasing rate of exchange.

Examination of & solution of triphenylphosphine in 100% sulphuric
acid by n.m.r. showed that protonation had occurred, the proton being
attached to the phosphorus atom, That this is the site of protonation
is evidenced by the fact that the resonance due to the captured proton
is a doublet of J=509 c.p.8s The doublet structure persists even in
quite dilute aqueous acid and is also present in CHBNOQ/HQSOh with a
concentration of stoh greater than 3,57 mole ¥, When exchange became
rapid the individual components of the doublet broadened and merged with
the baseline, The chemical shifts of the main peaks in the svectrum are
given in Tables XXXV-XXXVI,

In view of the ease of protonation of triphenylphosphine an
attempt was made to observe the spectrum of the conjugate acid of
triphenylarsine, However no extra peaks were visible in the n.m.r,
spectrum in HéSOh or HSO3F solutions. Even cooling the solution in
HSO4F to =90° produced no extra peaks. This may be due to the fact that
the As nucleus has spin 3/2 and a quadrupole moment which would probably
broaden the signal of a proton attached to As to such an extent that it

can not be detected,



TABIE XXXV

CHEMICAL SHIFTS FOR TRIPHENYLPHOSPHINE IN Hy0/HpSO], SOLUTIONS

Mole % Chemical shift &(p.p.m.) from ext. HpSO), ref.
HQSOh solvent phenyl P-H (cfgfgd

100,00 0.0 2.89 2,99 3.08 2.53 509.0
7394 -0,60 2,88 3.07 2,141 503.7
59.56 ~0,63 2.89 3.08 2436 505.3
43.63 -0,17 2.90 3,08 2,28 508.7
37.50 0.25 3.1k 2426 512,k
35645 0.39 3.12 2.25 512,k
30.71 0.80 3.15 2,21 509,6

Conc. of base 1.2 mole %o

TABLE X{XVI

CHEMICAL SHIFTS FOR TRIPHENYLPHOSPHINE IN CHBNOQ/HQSOh SOLUTIONS

Mole % Chemical shifts - &(p.p.m.) from ext. T.M.S.

HéSOh solvent P-H phenyl CH3N02
13.72 10,84 13,00  7.77 7.89 7.94L L.38
12,32 10,87 12.99 777 789 754 37
Seh7 11.02 13.04 ToT9 791 T7.96 37
LeLi7 1.1 13.05 Te82 Te93 7.99 L.37
3.57 10.%0 13.07  7.79 7«89 7.96 L.37
2476 11.15 - 779 T390 7T.96 he35
1.82 10,28 - TeTT Te8T 7695 4e35

Conc, of base 1.1 mole %.



CHAPTER VII

DETERMINATION OF pKpg+ AND H, VALUES

(1) INTRODUCTION

26,30 :
In recent years two groups of workers have attempted to

use n.m.r. techniques to determine indicator ratios of bases in acid
solutions. As mentioned in Chapter V, Edward et 5111.26 followed the
protonation of ethyl alcohol in acid solution by means of the change,
with Hj, of the chemical shift between the CH, and CHy proten
resonances, A plot of § CHy - 4 cH, Versus H, gave a sigmoid type
curve with a point of inflection which corresponded to the pKBH+ of
the indicator. This method although giving reasonable results,
suffers from the disadvantage that the solvent effects on the proton
chemical shifts are often of the same order as the effect of
protonation,
30

A similar technique has been used by Taft and Levins who
measured the F17 chemical shift produced by protonating para-subst-
ituted fluorobenzenes, In this case the sclvent effects are small
compared with the chemical shifts produced on protonation and this
method appeared to be promising as a means of measuring the Hj of
strong acid solutions,

31

Some Russian workers have calculated Hj fcr the hydro-

fluoroic system from FL17 chemical shifts., Their agreement with

15k
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independent results for this system may be fortuitous as tl;eir
interpretation of the chemical shifts has been questionedS_.

The n.m.r. studies carried out in this work have suggested
some other methods which might be applicable to the measurement of
Ho' These are discussed in the following sections, In order that
gome of these results could’>be interpreted it was necessary to extend
the H, measurements of Barr‘j on the SbFg/HSO3F system to much higher
concentrations of SbFg, As stated in Chapter I this necessitates
the measurement of Eion , EB and &€ for a series of suitable bases,
The measurements carried out by Barr27 indicated that HSO3F has an H,
of =12,85, It is obvious that the substituted aniline bases used by
Hammett28 are much too strong to be used in this system and it was
necessary to use much weaker bases, Brand and cowor‘kerleh, who

measured H, for oleums, used a series of substituted nitrobenzenes

and this type of base has also been used in this investigation.
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(2) MEASUREMENT OF IONISATION RATIOS, pKBH+, AND Ho BY THE

SPECTROPHOTOMETRIC METHOD

The ionisation ratios were calculated by equation (1.21). The
extinction coefficients were measured at the wave-~length of the absorption
maximum of the bases and not at the wave-length at which ésion is
measured, since there is generally a solvent effect which shifts the
absorption maxima towards shorter wave-lengths with increasing acidity.

The bases used in this investigation were:- 2,h—dinitrotoluene;
l-chloro=2,li-dinitrobenzene; 1l-fluoro-2,li-dinitrobenzene; 2,h,6«tri-
nitrotoluene, and 1,3,5-trinitrobenzene, The present results in
conjunction with those of Ba::-rz7 and some unpublished measurements of
Gillespie et al.los, are used to extend the acidity function of HSOBF
solutions from 100% HSOBF to HSO3F containing 6 mole % SbFS. In
addition the pKBH+ values for the above mentioned bases were calculated
in the cases where they were not known. Extinction coefficients and
icnisation ratios for these bases are given in Tables XXXVII-XLVI,

Figs. 35-39 show the spectra of these bases in HSO3F solutions
containing different amounts of KSOBF, H2SOh, and SbFS. Brand
and c:morkersloh were unable to obbain experimental values for Elion
for 2,L~dinitrotoluene and weaker bases, and as a result had to resort
to calculation in order to obtain E:ion and pKgy+e In the fluoro-
sulphuric acid system it has been possible to completely protonate all
of the bases by addition of suitable quantities of antimony penta-

fluoride,

The value £ jon *= 13900 for 2,h-dinitrotoluene used by Brand
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is retained in this investigation; E ion for l-flusro=2,lj=-dini-

24

. for l=chlorc=-
ion 105
2,li=dinitrobenzene is taken as 12590 at 360 Mk (Gillespie et al. Vs

trobenzene was found to be 11570 at 330 m Yl E

£ son £Or 2,li,6-trinitrotoluene was found tec be 10440 ab 325 mps .
This latter value was the average of zsmax at 325 q}L in two HSOBF
solutions containing 0.523 and 1.725 mole % SbFg respectivelys, Since

E max B the latter solution had a slightly lower value than in the
0,523 mole # solution it was concluded that protonation was ccmplete
in the 0,523 mole % SbF solution and the differences in E}mm:were

due to experimental error,

Since there seems to be some disagreement over the correct

10h
value for the pKy.+ of 2,li-dinitrotoluene (Brand gives =12,6 while
93
Paul and Long give =12,95), it was thought that an independent value
27

might be calculated from the results of Barr for H2SOL‘/HSOBF
solutions. Using his data for m-chloronitrobenzene (pKBH+ = -12,21)
and 2,i~dinitrotoluene in H,S0) /HSO.F solutions, the pKpy+ for 2,l-
dinitrotoluene was found to be =13.05. This agrees well with the
value due to Paul and Long%. The values of log Cgy+ for the

Cp
indicator lefluoro=-2,l4-dinitrcbenzene obtained in this investigation in

HQSO,_L/HSOBF are shown in Fig. LO plotted together with Barrts data for

the other bases., The overlap is not very good but nevertheless it is
possible to calculate a value for the pl%H., of l-fluoro-'z,h-dinitrcbenzene.
This value was then used in conjunction with the indicator raties

obtained for the other bases in HSO3F containing KSOSF or SbFS (Fige N1)

in order to obtain their pKBH"' values and also to extend the Ho
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measurements to higher SbF; concentrations, Tables XLIT-XIVI show the
indicator ratios, pKpyt+s for the bases and H, values for fluorcsulphuric
acid containing up to © mole % SbF.. The values obtained for H, for
solutions of KSO3F and SbFg in HSO3F are shown in Fig, L2, It has been
shown by Barr27 that ionisation ratios cannot be measured directly in
1005 HSO3F as the concentration of the indicator used is larger than
the concentration of the ions produced by autoprotolysis. The value
of H, for 100% HSO3F was obzained by inte;golation from the plot in
Fige 42 and was found to be =13.8: Barr " found a vaiue of 12,9,

One possible reason for this difference could be the fact that the -
spectrophotometer used by Barr could only scan the spectrum down to
330 m and since the peak maximum in SbF;/HSOBF solutions occurs at
315 mu Barr's extinction coefficients might be tco low, resulting in
a low interpolated value for 100% HSOsF.

It is seen from Table XXXVII that in a solution of HSOBF cone-
taining 0,165 mole % SbFS the extinction coefficient at 315 mue for
2,i=dinitrotoluene is higher than Eion used in igg calculaticns of
indicator ratios for this base, Gillespie et al. have found that
higher concentrations of SbFg preduce still higher values of EI but st
a wave-length of 310 AL . These workers found that a new peak appears
in the spectrum of l-chloro-2,li~diniirobenzene at 310 mgs when the
concentration of SbFS is increased beyond the value necessary to
completely protonate this base: the peak due to the prcicnated form
of this base occurs at 360 Tk . The same effact is rotised in the

case of 1=-flunro=2,L=dinitrobenzene, though to a lesser extent since

very high concentrations of SbFS were not used, In view of the
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appearance of this peak at 310 msa in solutions containing high
concentrations of SbFS it is velieved that the values chosen for Eion
for these dinitrobenzenes are correct even though they are not the
maximum values, This peak at 310 m s is not observed for mononitro
bases but only for dinitro bases. It seems reasonable that this new
peak might be the result of protonation of the nitracidium ion, i.e.
diprotonation of the dinitrobenzene, as a result of the extremely high
acidity of the solutions., Alternatively the peak at 310 ms4 might

be the result of association of the nitraecidium ion with SbFS as the

SbFS concentration becomes appreciable,



TABLE XXXVII

EXTINGCTION COEFFICIENTS OF 2,L-DINITROTOLUENE IN

FLUORQSULPHURIC ACID SOLUTIONS

160

Wave-length

Concentration mole %

(m/#b ) KS04F HyS0y, SbFg
0.156 0.L461 0.165
Extinction coefficient

260 13350 9510 5830
270 13240 850 6570
280 12190 6730 8ol0
290 10410 5360 9970
300 8720 5350 12330
310 7820 7100 11,160
320 7660 Sh90 11360
330 7720 11080 13L00
340 7290 11280 12270
350 6350 10360 10690
360 5370 8720 8540
370 4090 6550 6180
380 2870 11300 3900
390 1870 21,90 2090
Loo 1290 1370 10%
7660 11330 U530



TABLE XXXVIII

EXTINCTION COEFFICIFNTS OF 1-FLUORO-2,L-DINITROBENZENE IN

FLUOROSULPHURIC ACID SOLUTIONS

161

Wave-length Concentratiorn mole %
(m e ) KS04F SbFg

0.156 0.047 0.022 0.079 0.165 0.523

Extinction coefficient
260 13750 12640 11650 6070 7160 5260
270 12230 10430 10120 1910 1,880 5300
280 98L0 8180 8230 4210 L1610 61,80
290 7490 6310 6130 L530 5uL0 8790
300 5360 53L0 L930 5730 7080 10700
310 3820 1,820 1370 7520 9210 11910
320 2980 11660 hhio 9360 10890 12360
330 2560 Lk 70 L1520 10290 11570 12070
340 2210 4070 L270 10030 10970 10890
350 1830 3340 3470 8130 9210 8850
360 1350 2490 2530 6040 6170 5960
370 940 1620 1,90 3560 3570 2780
380 600 1000 800 1620 1590 1670
390 150 630 390 680 5L0 730
Loo . - 480 - 220 10 3L0
& 2560 LL70 1520 10290 11570

330



TABLE XXXVIII (Contd.)

EXTINCTION COEFFICIENTS OF 1-FLUORO-2,li~-DINITROBENZENE IN

FLUOROSULPHURIC ACTD SOLUTIONS

162

Concentration mole % HéSOh

Wave-length 5L4.95 L.938 0.580 0.3h3
(m g ) Extinction coefficient
260 - 13800 11590 10450
270 - 11010 9050 8110
280 - 8300 6940 6220
290 5480 6270 5310 5000
300 3650 14,980 Lé30 L8600
310 2320 3990 1530 5000
320 1460 3430 L730 570
330 1030 3050 1830 567 3
340 7h0 2610 Lhso 5190
350 530 2070 3730 1280
360 330 1600 2510 2890
370 160 1050 1420 1620
380 - 1,80 650 760
390 - 320 2Lo 310
1030 3050 L830 5620

€ 33



TABLE XXXIX

EXTINCTION COEFFICIENTS OF 1~CHLORO=-2,li=-DINITROBENZENE

IN FLUOROSULPHURIC ACID SOLUTIONS

Concentration mole %

KSO4F H,yS0),
Wave-7- neth 0.047 0.022 0.h16
(t an Extinction coefficient

260 11020 10100 9550
270 10950 10220 9190
280 10160 9150 8340
290 8850 7930 7100
300 7130 6230 5910
310 5800 5040 5370
320 960 Li5ho 5260
330 Lhko Liko 5370
340 L170 1510 5670
350 L170 L7Lo 6080
360 1150 L9210 6220
370 3790 L580 5770
380 2910 3560 LLho
390 1880 2250 2720
00 1020 1170 1380

& 4150 110 6220

360



EXTINCTION COEFFICIENTS OF 2,L,6=-TRINITROTOLUENE IN

TABLE XL

FLUOROSULPHURIC ACID SQOLUTIONS

18l

Concentration mole $

KSO4F SbFg
Wave=length 0.156 0.0L7 0.079 0,165  0.523 1,725
(m _as ) Extinction coefficient
260 13510 1hho 10770 7900 6970 7L50
270 10480 11560 8590 5690 5370 6620
280 7530 8510 6160 4560 1900 6650
290 5170 6070 5210 1950 5810 7520
300 3740 L690 L5910 6670 7530 8980
310 2970 3800 5120 8350 9290 10020
320 2360 3080 5330 9350 10410 10340
330 1930 2610 5070 9110 10290 9850
340 1580 2260 L1360 7680 9070 8150
350 1250 1930 3330 5720 7410 6510
360 950 1510 2390 3950 5320 k720
370 830 1180 160 2380 3680 3230
380 590 875 1010 1260 2210 2070
€ 2120 2840 5330 9410 10540 10340

325



TABIE XL (Contd.)
EXTINCTION COEFFICIENTS OF 2,l,6-TRINITROTOLUENE IN

FLUOROSULPHURIC ACID SOLUTIONS

165

Concentration mole ¢ stoh

?r(l:v;]gngth 10000 Extinctioﬁ.zggfficient 0343
260 11300 1580 13470
270 8370 11360 10420
280 5120 8150 7230
290 2910 5790 1,860
300 1940 1630 3820
310 1,70 3650 3160
320 1110 2890 2580
330 840 2290 1930
340 660 1780 1270
350 130 1420 650

€ 325 960 2190 22,0



EXTINCTION COEFFICIENTS OF 1,3,5-TRINITROBENZENE IN

TABLE XLI

FLUOROSULPHURIC ACID SOLUTIONS

166

Concentration mole %

H,S0), SbF
0.3L3 0.260
Wave-length Extinction coefficient
(m 0 )
260 12040 7570
270 6L20 5690
280 3260 5800
290 2060 7080
300 k70 8110
310 880 7930
320 700 6230
330 - 4330
3ko - 2900
350 - 1880
360 - 1250
370 - 910
380 - k20
1200 8200

€ 305
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TABIE XLII

INDICATOR RATIOS, pKpy* AND Hy VALUES FOR 2,Li-DINITROTOLUENE
IN HSOBF SOLUTIONS

€5 = 1700 € ion = 13900 pKpp+ = =13.06
Conc, mole % &£ log Cgy* H,
Cp
0.156 (KS04F) 7660 ~0.20 =12.86
0.161 (HpS0),) 11330 0.57 =13.63
TABLE XLIII

INDICATOR RATIOS, pKpy+ AND H, VALUES FOR 1~-FLUORO-2,i=DINITROBENZENE

IN HS04F SOLUTIONS

€5 =920 &ion = 11570 pKpp+ = =13.8h,
Conc, mole % & log Cpy* H,
Og.

0.156 (KSO3F) 2560 -0. 7l -13.10
0-01.].7 " M.L?O “0030 "13.5)4
0.022 " 1520 -0.29 -13.55
0.079 (SbFg) 10290 0.86 ~14.70
5Le95 (HpSOj) 1030 -L.99 -11.85
)40938 K 3050 "0060 -13.2‘4
0.580 " }.1830 "002& -13060

0.343 " 5620 =0,10 ~13.7h
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TABLE XLIV

INDICATOR RATIOS, pKpy+ AND Hj VALUES FOR 1-CHLORO-2,)=DI-

NITROBENZENE IN FLUQRQSULPHURIC ACID SOLUTIONS

£p = 55 €ion = 12590 pKpy+ = ~13.88
Conc, mole % & log Cpyt H,
Cg
0.047 (KSO4F) 4150 -0,38 =13.50
0,022 1910 -0,25 =13.53
0.416 (Hy50) 6220 =0.05 ~13,83
TABLE XLV

INDICATOR RATIOS, pKpy+ AND H, VALUES FOR 2,4,6~TRINITROTOLUENE

IN FLUOROSULPHURIC ACID

€5 = 960 €, = 10LkO PK pyte ~1L.32
Conc, mole ¥ & log Cpy+ H
Cs

0.156 (KSOBF) 2120 -0,86 «13.L6
0.0b7 * 28L0 =0,61 =13.71
0,079 (SbFs) 5330 -0.07 ~14.25
0,165 9410 0.91 -15.23
1938 (Hy50)) 2190 ~0.83 =13.L9

0.3h43 " 2240 -0.81 «13,51



TABLE XLVI

INDICATOR RATIOS, pKpy+ AND H, FOR 1, 3,5-TRINITROBENZENE

IN FLUOROSULPHURIC ACID

€5 = 800 € on = 11000 pKpy+ = =15.1
Conce mole % & log Cpy* H
Cp
0.343 (HyS0),) 1200 =1.51 =13.59
0.260 (SbFS) 8200 0.11 -15,21
105

Results of Gillespie et al.

0.475 (SbFS) 6600 -0,11 ~1i,99
lc 163 " 89h0 0. 21 -15 . 31
352 v 10420 0.h3 -15,53
6e335 M 11200 0.57 -15,67

165
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(3) CORRELATION OF THE N.M.R. DATA ON ANILINES WITH I,

It was reported in Chapber VI that by increasing the concentration

of sulphuric acid in solutions of anilines in H 0, CH N02, and CF_COQH

3 3

it is possible to slow down the exchange process so that the spectrum of
the conjugate acid can be recorded, Since the appearance of the NH;
resonance occurs at a different acid concentration for each base it was
thought that there might be a relation betwesen the acidity at which the
NH; resonance is first visible and the Pyt of the base, It is seen
from Table XLVII that the value of -H, at which the NH; resonance is
first observed does in fact increase as the basicity of the aniline
deereases, However the detection of the NH; resonance is not always
easy because of the broadness of the signal due tco the NJ‘LL quadrupcle
momcnt75. In view of this, the further development of these studies
as a means of determining H, was deemed to be unprcfitable.

TABLE XLVII

SOLUTIONS OF ANILINES:  RELATIONSHIP BETWEEN pKpy+ AND Hy

Base Ky ~H%* Solvent system
p-nitroaniline +1.02 6.25 CF4S00H,/H,S0),
2-chloro=l~nitroaniline 8.75 "
Li=chloro=2-nitrcaniline -1,03 7.96 "
N~methyl=-2-~chloro-L~-nitroanilin: (56 "
N-methyl-l-chloro-2-nitroaniline ~l.1i% 7.86 ¥
N-methyl=2,li-dinitroaniline 11.65 HS05F/HyS0),

4+
# The value of Ho at which the NHX regonance is first observed,
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As the exchange process is slowed down by increasing the acidity
of the solution the N.CH3 peak of N-methyl anilines is found to change
quite rapidly from a single sharp peak, to a broadened peak and
finally when exchange is very slow, into apeak with a multiplet
structures depending upon the number of protons attached to the nitrogen
of the conjugate acid, This change occurs over quite a narrow H0
range, A plot of the line width of the N.CH3 peak against H_ for a
number of N-methyl and N,N-dimethyl anilines gives a sigmoid type
curve in each case (Fig. L3).

It is presumed that the value of Hy at which proten exchange
becomes very slow is related to the pKBH+ of the indicatcr., The
point of inflection of these curves is taken as a measure of the
acidity of the solution when exchange has become very slow. The
results obtained for several bases in different media are giwven in
Table XLVIII which lists the values of H, at the point of inflection
in the curve for sach base.

TABLE XILVITI

H, VALUES AT INFLECTION POINTS OF CURVES IN FIG, hL3.

Base pKBH+ -Ho Solvent
(1) N,N-dimethyl-2,li-dinitroaniline =1,00 7.2 CFBCOOH/HQSQ,i
(2) N-methyl-l=chloro-2-nitroaniline -1,h9 7.85 "
(3) " " 797 HQO/HQSOh
(4) Nemethyl-2-chlero-li~nitroaniline - 8.2 CFBCOOH/HQSOh
(5) " - 8.25  Hy0/HyS0)

(6) N,N-dimethyl-2,h,6-trinitrosniline =481 9.3  CF4CO0H/HyS0) /HSO5F
(7) Nemethyl-2,hi~dinitroaniline - 1l.h HsojF/H950u
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In the cases where a base has been studied in both trifluoracetic
acid/sulphuric acid and water/sulphuric acid, it is noticed that the
point of inflection occurs at a slightly higher Hb in the water/
sulphuric acid system., The Hb values used for the aqueous sulphuric
acid system are the recently published values of Jorgenson and

106
Hartter . Those for the trifluoracetic acid/sulphuric acid system

are due to Hyman and Garberlo7 and the fluorosulphuric acid results
are due to Barr27. The small differences found between the équeous
and trifluoracetic acid systems might be experimental error but could
also be due to errors in the H, values for the CF3CO00H/HySO) system,
(The results for the aqueous system are very recent and appear tc have
been determined very carefully.)

Again it is found that as the PKgy* of the base beccmes more
negative a greater Ho value for the solvent is required in order to
stop the exchange process. From the results in Fig. 13 and Table
XIVIII it would appear that Nemethyl-2-chloro=li=nitrcaniline is a
weaker base than N-methyl-li~chlorc=2-nitroaniline and that N-methyl-
2,li=dinitroaniline is a weaker base than N,N=2,li,6-trinitrcaniline,

More quantitative results might be cbtained if the actual
rates of proton exchange were calculated from the ccllanse of the
N.CH3 peak with change in acidity. Reynolds and Schaeferl5 have
measured exchange rates for N,N-dimethylaniline in trifluoracetic
gcid at various temperatures and state that they plan to study the

variation ¢f the exchange rate with change in pH, By using the

bases mentioned above and others, a wide range of H, could be covered,
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(1)  APPLIGATION OF F CHEMICAL SHIFTS TO THE MEASUREMENT OF H,

30
Taft and Levins have examined the

pl? spectra of some para-

substituted flucorobenzenes in acid solution and find that the o
resonance undergoes a large chemical shift when the base is protonated.
A plot of F19 chemical shift against Hb gives a gigmoid curve whose
inflection point corresponded to the pK§H+ of the base,

This method has been applied to strong acid solutiong in this
investigation., The ionisation of l-fluoro=l-nitrobenzene and l-fluoro-
2,L~dinitrobenzene was studied in oleum and in fluorosulphuric acid
solutions. The results are given in Tables XLIX~-LI.

Fige Ll shows the variation of the chemical shift for the two
bases in oleum solutions and of l~-fluoro=l=-nitrobenzene in HéSOh/HSOBF
solutions, The base l-fluoro-lL-nitrobenzene was examined at two
different concentrations i.e. 5.31 and 1.0 mole % and the H, values
at the points of inflection are =12,27 and =11,70 respectively. It is
evident that the chemical shift is affected by the concentration of the
bases This must be due to the fact that as the base is protonated
the ccncentrations of HSOE and HS20; increase and as a result the
acidity of the solution is decreased: the greater the concentration
of base therefore, the more the acidity will be reduced and the more
the curve will be shifted to higher acidity. This results in 2 high
value for the pKBH+ of the base, The value obtained at the lower
concentration of base agrees quite well with the value of -11.62 given
by Paul and Long93. A pKpy+ of -11.6 was also obtained for this base
in HQSOh/HSOBF at a concentration of 1,15 mole % in excellent agreement

with the value obtained in oleum solutions.
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For l=fluoro=2,li=dinitrcbenzene in oleum solutzons a2 value for

the pKpy+ of ~13.15 was obtained, This is somewhat lower than the

value of =13.8); obtained from the spectrophotometric method. This
right be due, in part at least, to the fact that the Hj values used
for the oleun solutions105 are not very well established a® the higher
cencentrations of 803.

When this base was studied in HSO3F solutions it was found

necessary to add SbFS to the solution in order to nrotonate it, The

H, of 100% HSQ3F was shown in secticn (2) to be =13.8 and since the
P+ of this base was =13.8L [section (2)] , then this base dissolved
in HSOBF should be 50% protonated and there should be a ccrresponding
large FL7 chernical shift, That this is not observed must again be

due tc the reduction in acidity by the production of base, in this case
SOBF-. Only upon the addition of SbFg does the FL7 chemical shift
change appreciably. In Fige LS the pl? chemical shifts for thess
solutions are plotted against mole % SbFge It can be seen from Fig.
L5 and Table LI that the shift becomes appreciable only when the
concentration of SbFS approaches that of the base i.e, about 1%, and
the peint of inflection occurs st 2 concentration of SbF; which would
correspond to an Ho of «15,3 if the base was not present, This is a
much higher value than was obtained for the pKpyt of this base by the
spectrophotcometric method, This difference is much greater than any
error that could have been made either in the H, determinaticns for
these scluticns or in tkre pKBH+ value for this indicatoer,

When SbFS is dissolved in HSO.F it has been shown that it

3
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ionises according to (7.1),

SbFg + 2HSOF == H2803F+ + SbFgS0,F (7.1)
jeee it is a strong acid . Thus as SbFS is added to a solution of
1.32 mole % of l=-fluoro-2,Li=dinitrcbenzene in HSO4F the base is
titrated by the SbFy, producing the salt BH*.SbFSSOBF' (7.2),

+ -
B + HSO,F + SbFy = BH ,SHFSO.F (7.2}

and it is this process which is being followed by the cbservaticn of
the change in the pl? chemical shift, At the point of inflecticn of

this titration curve i.e, when Cp+ = Cpg,

must be equal to the pKpy .+ of the base =13,8h, This inflecticn noint

the acidity of the soluticn

should occur when 0.66 mole % SbFy has been added, but is actually found
to occur at approximately 1 mole %, There are nct sufficient data to
locate this point precisely and the difference between the cbserved and
expected values is possibly due sclely to experimentsl error. A
solution of HSOBF containing 0.65 mole % SbFs would have an H, of
-15.26 (Fig. 42) so that the addition of 1.32 mole % of l=fluoro=2,l-
dinitrobenzene must reduce the acidity from =15.26 to =13,84, This
sclution contains an equivalent amount of base and its conjugate acid,
The effects of electrolytes upcn H, has been discussed by Paul and
Iaongg3 and can lead to a reduction in Ho’ It is reascnable to assume
that the presence of unprotonated base could alsc lead to a reduction
in Hye  Further addition of SbFS to this solution would be expected

to cause no further increase in acidity until the concentration of

SbFS exceeds that of the basa,

It is clear that this method is applicable only when the
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concentration of the base is very much smaller than the ccencentration

of any of the components of the solution, in this case the SbFS.

4O

-



TABLE XLIX

Fl7 CHEMICAL SHIFTS OF 1-FLUQRO-li~-NITROBENZENE IN OLEUM SOLUTIONS

Conc, of base 5,31 mole %

Conc. of base 1,1 mole %

S (p.pem.) from mole % -H, é (pepem.) from mole % -H,
ext. CFBCOOH 803 ext, CFBCOOH 503
17.10 0.C0 11.3 15.77 0.00 11.30
11.70 5430 12.16 14,79 0.32 11.15
9.31 Te 97 12,33 10,99 1.78 11.70
9.33 8.02 12,35 10.16 243k 11.82
LS5 15,1, 12.66  T.22 hellh 12,03
1.92 23.81 12,92 5.61 6,18 12,20
1.05 32,79 13,17 3.5 8e3L 12435
1.35 12,35 12.55
0.3k 15,68 12,67
<li.16 3h.22  13.22
~li.5k 38,50  13.33
mole %
H20
17.07 0.92 11.2
17.97 664  10.8
105

Ho values are those of Gillespie et al,

| Saad



TABLE L

T S r——— oo

Ind

F19 CHEMICAL SHIFTS OF 1-FLUORO=-2,L=DINITROBENZENE IN OLEUM SOLUTIONS

Conc. of base 1,06 mole %

é (pepoms ) from mole % =H,
ext, CFBCOOH 803

22,68 0,00 11,3
22,19 8439 12,35
2116 15.79 12,67
20,37 2,91 12,9
18,35 3h,11 13,22
16.53 37.26 13.30
1543k Ll .09 13.148
13.69 L7.L7 13.57
9.8L 61,03 13.93
8.88 70471 k420

105

H

values are those of Gillespie et al,
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TABLE LI
F-?CHFMICAL SHIFTS OF 1-FLUORO=lLi~NITROBENZENE AND 1-FLUORO=2,li-~

DINITROBENZENE IN FLUQROSULPHURIC ACID SOLUTIONS

1-Fluoro=L=-nitrcbenzene 1-Fluoro=2,h=dinitrobenzene

Conc. of base 1l.45 mole % Conc. of base 1.32 mole %
6'(p.p.m,) from mole % =Hy S (popem.) from mole % -HI
ext, CF3COOH Hgsoh ext. GFBCOOH HéSOh

"'0.70 0000 1308 22.91 67030 11080

0.30 12,28 12,86 22,99 58.L5 12,06

1.32 17.18 12,74 22,72 30,70 1217

Lie35 45.99  12.2h 22.L0 17.93 12,70

5.70 62,58 11.99 mole %

SbF;

7.19 66078 11090

11.08 86476 11.54  20.91 0.25 .77
13.76 92.74L 11.37 18.61 0.58 15,11
14.28 96465 11.20 15.31 1.02 15.30

5059 2.7)4- 150)47
0.00 8.21 15.75
-1.39 12,75 -
27
* Ho values are those of Barr and this work.,
105

1+ H values are those of Gillespie et al, and this wcrk.
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“he data given in Chapter ¥ on tha rates of proton avceazane
T ohneer. the conjugate acids of acetophenones and the solvent suggested
that theres might be some correlation between these rates and the
acidity of tie solvent,

Acetone was chosen as the base for a more detailed investigetion
of this posesible correlation because of its stability in flucrosulphuric
acid and the fact that the rate of proton exchange can be measured over
a wide range of SbFs concentrations in HSOBF. The cucmical shift data
for a typical solution of acetone in HSO3F containing SbF5 bas been
given in Chapter V (Table XVI)s Only two peaks are visible in the
spectrun of the conjugate acid when exchange is very slow, one due to
the CH3 protons and the other to the proton cantured by the carbonyl
oxygen. Rates of proton exchange can be calculated for this system
by the same methed as used in Chapter V for acetophenones.

The rate of proton exchange has been calculated for solutions
in HSOBF containing fixed amounts cof acetone, but varying concentrations
of SbFS anc also in solutions containing a fixed amount of SbFS but with
different concentrations of acetcne. Plots of log k against 1/T are
shown in Figs. 46 and 47 and the results are swmmarised in Tables LII
and LIIT,

It is seen from Table LII that an increase in the concentration
of acetone produces an increase in the rate of proton exchange, A
plot of log k_ o against mole % acetone gives a smooth curve (Fige. 47),

0

the increase in rate being greatest when the acetone concentration

approackes that of the SbFS. Table LIII shows the variation of rate
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with change in SbF5 concentration (constant amount of acetone) and a
plot of log kyo against mole % SbF (Fige L7) indicates that the rate
varies almost linearly until the concentration of SbFS becomes less
than the concentration of acetone when the rate increases enormouslye.
This increase in rate can be accounted for as explained in the
previous section by the titration of HéSOBF+ by the acetone which

reduces the acidity of the solution to that of 100% HSO.F in which

3
the rate of proton exchange between the conjugate acid of acetone
and the solvent is much more rapid.

It appears that at a sufficiently low concentration of acetone
the rate of exchange would become independent of the acetone con-
centration, and for solutions containing an excess of SbFS over

acetone the rate is a linear function of Ho‘ If this behaviour is

general for other bases, then if a sufficient number of overlapping
plots of rate against H, could be obtained a new method for determ-

ining Ho could be developed.



TABIE LII

RATE DATA FOR SQLUTIONS OF ACETONE IN FLUOROSULPHURIC

ACID CONTAINING 6 MOLE % STbFS.
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Mole % Act. Energy log k, log k

Acetone SbFg Kcal,/mole (09)

2,95 6429 11,26 10,19 1,18

3.05 629 12,15 10,65 0.93

Le91 6415 12,70 12,03 1.86

5.96 6,08 12,81 13,04 3.19

6430 6406 10,25 12,06 3,86

TABLE LIIT
RATE DATA FOR SOLUTIONS OF ACETONE (2.5 = 3.05 MOLE %)
IN FLUOROSULPHURLC ACID CONTAINING VARYING AMOUNTS OF SbFee

Mole ¢ Act, Energy log k log k -H,
Acetone SbFy Kcal,/mole (0°)

2.6l 7437 12,12 10,49 0.76 15.72
2.82 8.3k 12,4k 10,74 0.79 15,77
3.04 6429 12,15 10.65 0.93 15.66
2,95 6429 11,26 10,19 1.18 15.65
2,95 5455 11,96 10,95 1.38 15.63
2.l lie52 13,05 11.8L 1.40 15.57
2,73 3.73 13.13 12,10 1.59 15.53
2492 2.83 9495 13.76 5.80 15,48
2.79 1.9, exchange too rapid 15.h3
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(6) DISCUSSION

All of the methods described suffer from the disadvantage that
relatively large concentrations of base are required in contrast to
the spectrophotometric method where the concentrations are of the
order of 10~ molar. The method due to Taft and Levin330 is certainly
the simplest since it only involves the measurement of chemical shifts
and in addition the pKBH+ is obtained directly. Measurement of the
rates of proton exchange and their correlation with Hj is more
complicated and suffers from the disadvantage that pKBH+ is not
obtained directly, However in the case of the bases N-methyl and
N,N-dimethylanilines their concentration can be reduced to about 0.2
mole %, since one is observing an n.m.r. signal due to three, or six
protons and not just one proton as in the case of acetone, In this

case it might be possible to obtain a useful correlation of rate with

Hye



CHAPTER VIII

EFFECTS OF ELECTROLYTES ON THE CHEMICAL SHIFTS OF stoh AND HSOBF

(1) INTRODUCTION

The effect of electrolytes upon the proton resonance of
lrdrogen~bended solutions has been the subject of many papers publishi.c
in recent years, Shoolery and Alder108 were the first to observe that
the chemical shift produced by dissolving electrolyes in water varied
with the electrolyte, They were able to separate the contributions of
the cation and anion by assuming a value for the chemical shift of ClOﬂ
of 0,085 p.p.m./mole. The shifts obtained were interpreted in terms
of a low=field shift for the protons of water molecules of hydration,
together with a shift to high field due to the breaking up of the
hydrogen~bonded structure of the water by the ions, No correction
for differences in the bulk diamagnetic susceptibilities of the
solution and reference were made. A similar study by Hertz and
Spalthoff109 arrived at essentially the same conclusions, though there
are some discicpancies between the two sets of results, Shcherbakov39,
who has reviewed the literature up to 1961, concludes that the results
of Hertz and Spalthoff109 are probably the more accurate since they do

make susceptibility corrections. These workers, havever, find that Na*

gives the same molar shift as X* although Na%t is generally recognised as
110

being more solvated than K+ .

196
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111
Axtmann has recorded the chemical shifts for solutions of

nitrates in water and obtained some correlation between the molar
shift and pK  for the reaction (9.1).

+(x~1)

M(H0)f"  + H0 w=2Hy0' + M(Hy0)s(OH) (9.1)

112
Fabricand and Goldberg have studied the proton resonance

shifts of alkali halide solutions and have correlated these shifts with
ionic charge, ionic radii snd electrolyte concentration. By assuming
the value for %the molar shift due to C1~ to be zero, the molar shifts
for the other ions were obtained, These author5112 point out that
there is a limitation upon the accuracy of their results as a
conseguence of the fact that the susceptibility corrections are of the
same order, and often greater than the measured chemical shifts, ILarger
shifts to high field were found the greater the size of the cation.

Hindmanyo has also examined the effects of 1-1 electrolytes on
the proton resonance of agueous solutions and has calculated conbtri-
butions due to the separate ions assuming the chemical shift due to
the ammonium ion to be zero. Hindmanho interprets his results in
terms of bond-breaking, structural, polarisation, and non-electrostatic
effects and calculates effective hydration numbers for the individual
ionses As with the work of Fabricand and Goldbergllz, the corrections
for bulk susceptibility are of the same order as the measured shifts.
The agreement between the values obtained by these two groupsho,llz
for the actual measured, uncorrected, molar chemical shifts for a
particular salt is, in some cases, not particularly good.

Gillespie and Whit036 have carried out a study of MHSOL salts

in HQSOh sclutions and interpreted their results in terms of the
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breaking=-up of the hydrogen-bonded structure by the ions and solvaticn
effects, TFor a particular nucleus the value at which the n.m.r,
frequency actually occurs depends upon the chemical environment for
that nucleus. A proton which is invelved in a hydrogen bcnd is less
shielded from the applied magnetic field than one which is nct
invelved in a hydrogen bond with the result that the hydrogen-bonded
prcton gives a resonance st a lower applied field, Thus the breaking
of a hydrogen bond results in an increase in the shielding of the
proton and a shift of the n.m.r, signal tc higher field., This
phenomencn is used to interpret the changes in chemical shift which
occur when electrolyes are dissolved in sulnhuric and flucrcosulphuric
acids, Other workers have used the chemical shifts cf other nuclei tc
investigate the effects of electrolytes upon the structure cf the
solvent: Carrington and HinesllB, and Connick and Poulsonllh studied

115
p1? spectra, Jackson et al. studied o7 spectra, and Gutcwsky and

116 20
McGarvey studied T1293 spectra.
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(2) SOLUTIONS QF MHsoh Igmggsoh

The chemical shift produced when a metal hydrogen sulphate is
dissclved in sulphuric acid is known to vary with the cation and 2ts
concentration36. The investigation begun by Gillespie and Whit93 has
been extended to include Li*, Rb®, Cs®, ag”, Bt N*, (C4Hy) as”,

* and in addition some more results hawe been

(CgHg),C0H", Ga™ and Ba’
obtained for the electrolytes studied by these workers. In this
previous work no correction was made for differences in the bulk dia=-
magnetic susceptibilities of the solution and the external reference,
In the present work the solutions were referenc.d with respect
to external 100% sulphuric acid and susceptibility corrections were
made where possible, The results obtained are shown in Table LIV and
Figse 1i9=51., It can be seen (Table LIV) that although the
susceptibility corrections are small they are not negligible, jhowever
they are much smaller than the corresponding corrections for agueous
40,111
solution o
The chemical shift ( é PeP.M. ) when plotted against the prcton
fraction p (the proton fraction is that fraction of the total number
of protons that is associated with a particular species) gives plots
which are in general linear over a considerable concentratiocn range.
The slopes of the linear portions of the curves are given in Table IV,
Deviations from linearity are sometimes observed at high concentrations,
particularly for ions that are generally accepted as being highly solvated

in solutiony  this phenomenon will be explained later. At very low

concentrations a slight curvature is observed and the linear portion
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does not pass through the origin. This can be eyplained by the fact
that small amounts of MHSOh suppress the autoprotolysis of the sulphuric
acid and thus remove HBSOE from the solution., The sulphuric acidium
ion,as a result of its positive charge, would be expected to reduce the
shielding at the protons and so cause the proton resonance to shift to
lower field., Therefore removal of HBSOZ has the effect of producing
a shift to high field which counteracts the low field shift due to the
addition of MHSOM. The net effect is a smaller shift to low field
than expected.

36

It has been concluded that the effect of a cation on the
proton resonance is largely a result of its structure-breaking effect
on the solvent. Thus the greater the extent of solvation the greater
will be the number of hydrogen bonds broken and the more the resonance
will shift to higher fields, For the alkall metal cations except for
Ii* the order of the proton resonance shift to high field, comnared to
Cs+, is in the order expected from their known solvation numbers in
sulphuric acidll7. The lithium ion gives a smaller shift to high
than expected. It has been suggested by Gurneyll8 that in aqueous
solution cations smaller than potassium are net structure forming,
while potassium and larger ions tend to be structure breaking, If
this is so in sulphuric acid then the smaller shift to high field than
expected for Ii* is accounted for; the ordering producing a low field
shifte The fact that Na* gives a shift consistent with its solvation
number indicates that in sulphuric acid Na¥ is net structure breaking

in contrast to its behaviour in aqueous solution. The deviation from

linearity which occurs at p = 0.08 for Ii* must arise from the fact
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that at high concentrations there is competition for the limited number
of solvent molecules and hence the average solvation number of a Ii* ion
decreases giving a corresponding shift to high field.

In the case of the alkaline earths the same effects are observed.
The smaller the cation the greater the solvation, with the result that
more structure breaking occurs and the resonance is shifted to higher
field, It is found that the relative shift to higher {ield is in the
order Ca’* > sr** > Ba™, Deviations from a straight line are also
noted in these cases presumably for the same reason as the Ii* case,

The increased shift to lower field of these ions over those of the

alkali metals iséto be expected in view of the large low field attributed
to the HSOi ion3 gince at a given concentration of cation there is twice
the concentration of HSOE for an alkaline earth hydrogen sulphate than
for an alkali metal hydrogen sulphate, In addition it has been
suggested that the dipositive ions will give rise to a larger polaris-
aticn effect which would shift the resonance to lower fieldsBé.

Other simple univalent hydrogen sulphates studied were NH+, Ag+,
and T1'.  The ammonium ion gives a shift to low field which is of the
same order as that produced by K* in agreement with the degree of
solvation of these ionsll7. The resonance of the protons of the
ammonium jion are found to shift very slightly to low field as the con-
centration of the ion is increased. It has been suggestede that this
is due to an increase in the strength of the hydrogen bonds between the
armonium ion and the solvent due to the increasing basicity of the

solvent. However this increase in hydrogen-bond strength must be

very small as the shift is only 0.033 p.p.m. for an increase in p
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from 0.0091 to 0,1317., Both Ag® and T1% give biggar low field shifts
than expacted from their cationic radii. This would seem to suggest
that these ions are similar to Ii* in that they are so solvated that
they actually are structure forming thus producing a low field shift,
which is not very likely for 71" since it has been shown to be very
little solvated in sulphuric acidll7, or that there is ion-pair
formation which would withdraw electron density from the hydrogens
and give a low field shift. Thallous salts are generally recogni§?d110
as being associated in agueous solution and Gutowsky and McGarvey}&)
have used the n.m.r. of T1203 to study the nature of the ion pairs
formed in soclution, Silver ions may behave in the same way,

The ions (CH3)200H+, (06HS)200H+, (C2HS)hN+ and (CéHS)hAs"'
were studied in order to investigate the chemical shift produced by
very large ions, The shift produced by these cations is greater than
that produced by any of the alkali metals except Cs*, However it has
been shown (Chapter V) that the =QH" resonances of the conjugate acids
of acetone and benzophenone occur at lower field than that due to the
HSOBF or HQSOL, and since these conjugate acids are exchanging rapidly
with the solvent then part of the low field shift produced by
dissolving these bases in HQSOh is the result of exchange between =0H"
and the scide It is seen (Fig, 50) that at a given proton fraction
the shift produced by the conjugate acid of acetone is greater than
that prcduced by the conjugate acid of benzophenones this is in

agreement with the positions of the =OH" resonances of the two ions,

=0H* for acetone being at lower field by A~ 1.5 p.p.m. than that for



benzophenone, The tetraethylammcnium and tetraphenylarscnium ions
both give extremely large low field shifts., Since the larger ion,
tetraphenylarsonium ion, gives a smaller low field shift than the smaller
tetraethylammonium ion, it must be concluded that this ion is acting
as a structure breaker thus causing a shift to high field compared te
tetraethylammonium iont  presumably the arsonium ion does not fit teo
well into the structure of the solution. It should be pointed out
that no susceptibility corrections have been applied in the case of
the arsonium ion solutions but these are not expected to be very
different to those applied to the other solutions and hence would

not be large enough to affect the above explanation. One must then
assume that the tetraethylammonium jon is neither net gtructure
forming nor structure breaking and so does not affect the chemical
shift due to the solvent protons: no appreciable shift is observed
for the proton resonance of the ethyl groups of this ion with increase
in concentration so that this assumption is perhaps not unreasonable,
The whole of the shift to low field must then be attributed tc the
added hydrogen sulphate ion. If this is so then the chemical shift

of the hydrogen sulphate ion can be calculated from (8.1).

e} 'deSOu * o(8wo - Sugo, ) (8.1}

Since all the chemical shifts are measured relative to 1004 HQSOh
6 HSO{: is found to be =10.5l p.p.m. This negative value is rather
unexpected as one would expect the resonance due to HSOﬂ to be at
higher field than HRSQ4 sinee the single proton in hydrogen sulphate

ion would be expected to have more electron density around it than
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the protons in H2SOh. The large low field shift found must be the

result of strong hydrogen=bond formation with the solvent.
36

If the value obtained by Gillespie and White for & £,50
L
from water is added to the above value for 6HS = +the chemical shift

of the hydrogensulphate ion from water is found to be =16.Lli pepems
By using this value and the value for é of =7.li found by
36 HBO'HSOh

Gillespie and White a wvalue for 6H o* can be calculated using (8.2).
3

§ "8 * 38, o (8.2)
HBO.HSOh HSOu HBO
The value found is =L.39 p.p.m. from an external water reference, or
+1,51 pepem. from external stoh. From an external T.M.S. reference

1
the chemical shift would be =9.59 pe.p.m. (6 5.2 ) which is in

H,0
quite good agreement with the value for 6H30+ postulated in Chapter

v (-10.5).



TABLE LIV

PROTON CHEMICAL SHIFTS FOR SOLUTIONS OF M}{S()h IN HQSOh
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Hydrogen Bulk suscept. Chemical shifts (pepems)
sulphate p corrn, (p.p.ms)  measured correctad
“nsa, T Sugso,

L4HSO), 0.0159 0.006 0,07k 0.068

0.03L8 0,012 0.189 0.177

0.043L 0.015 0.197 0,182

0.0629 0.022 0.300 0.278

0.066L 0.02l 0.321 0,297

0.1006 0.036 0.438 0.402

0.1g54 0.0L45 0.507 0.462

0.1532 0.057 0.573 0.516

NaHS0), 0.009L 0.005 0.010 0.005

0.0198 0.011 0,030 0.019

0.0L07 0.023 0,145 0,122

0.06L5 0.037 04230% 0.193

0.0951 0.05L 0. 360% 0.306

0.1125 0.065 OeliliO 0.375

KHSO), 0.00L5 0,003 0,012 0.009

0,0260 0.021 0,090% 0,069

0.0278 0.023 0,137 0,11k

0.0536 0.0Lk 0.268 0.22}

0.0598 o.0h936 0,270 0.221

Data of Gillespie and White



TARLE LIV (Contd.)

Hydrogen Bulk suscepte Chemical shifts (pepems)
sulphate P corrne (PepPena) measured corrected
“Crgo, " Ymm,

KHSOy, 0.0899 0.07h 0.9 0.375

0.0907 0.075 0,160 0.385

0.1L05 0.117 0.720% 0.603

RbHSO), 0.0091 0.009 0,021 0.012

0.0129 0.017 0.058 0.041

0.0261 0.036 0.119 0.083

0.0610 0.087 0.338 0.251

0.1168 0.165 0.703 0.538

CsHSQ, 0,0060 0,010 0.030 0,020

0.0313 0.052 0.206 0.154

0.06L5 0.111 0.429 0.318

0.1069 0.190 0. 7L5 0.555

AgHSO) 0,0047 0.002 0.0h1 0.039

0.0131 0.023 0.093 0.070

0.0166 0.032 0.103 0.071

0.0172 0.033 0.109 0.076

0.0190 0.038 0.125 0.087

0.0208 0.0L2 0.182 0.110

0.0229 0.047 0.159 0.112

0.0290 0.062 0.21h 0.152

0.031) 0.069 0.22L 0.155

0.0522 o.11836 0.351 0.233

Data of Gillespie and White
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Hydrogen Bulk suscept. Chemical shifts (pPepeme)
sulphate P corrne (Pepem. ) measured corrected
-4 H,S0, - 511250h
T1HSO, 0.0083 0,011 0,09 0,079
0.0325 0,065 0.26% 0,195
0.0LLL 0.090 0.39% 0.300
0.0775 0.159 0,623 0.L61
Hydrogen Bulk susceptes Chemical shifts (p.pem.)
sulphate P corrn.(pepem.) measured corrected
"6us0, b "G50, S
NH HS0), 0,0091 -0,002 0.025 L84S 0.027  LeBU3
0.0209 0,005 0.07% = 0,068 =
0,0211 0,005 0.088  L.792 0,083 L.797
0,0573 0.025 0.26%  1,82% 0,235 1,845
0.0655 0,030 0.30%  L,81% 0,270 L.8Lho
0.0760 0.036 0.36%  ),80% 0.32h 1.836
0.1317 0,065 0.,67%  L,72% 0,605 1,785
60235 oty
(CQHs)hN HSO,  0.0065 -0,001 0,035 9,515 0.036 9.51h
0.0108 -0,002 0.078  9.532 0.080 9,530
0.0172 «0,003 0.156 9,51k 0,159 9.511
0.0257 -0, 00l 0.258 9,522 0.262 9,518
0.0293 -o.oog‘6 0,305 9,515 0.309 9.511

% Data of Gillespie and VWhite



TABLE LIV (Conbie)

Hydrogen Bulk suscept, Chemical shifts (pepem, )
sulphate P corrhie (pspems) measured corrected
Sus0, ogr, B0,
(CgHg)yAsHSO,  0,0026 - -0,008 3,090
0.0067 - 0.002 3,123
0.0083 - 0,010 3,152
0,012 - 0.060 3,112
0.022} - 0,122 3,147
0.0352 - 0,202  3.196
6@5 60%
(CHB)QGOH.HSOh 0.0113 -0.010 0,042 Te733 0,053 7,722
0.0169 -0,011 0.061 74723 0,072 7,712
0.0362 -0,019 0.271 74785 0,190 7,766
0.0547 ~0,027 0.279  Te758 04306 Te731
0.126 -0,055 0,676  TeTTh 04731 T.719
604% dcgh,
(C4H; ) COH.HSQy ~ 0.0115 ~0.013 0,010 = 0,023 =
0.0219 -0,020 0.052 2,576 0.072 2.556
0.,0269 ~C,023 0,06 2,571 0,087 2.5L8
0.0587 ~0,0Lk 0.186 2,516 0,230 2,172
0.0703 -0,052 0.252  2,h46h 0,304 2,h12
0.0711 -0,052 0,254  2,4h6 0.306 2.39
0.117L -0,083 O.uh7 2,333 0.530 2.250
0.143k -0,101 0.543 2,301 0.6hL 2,200
35

Data of Gillespie and White
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Hydrogen Bulk suscept. Chemical shifts (pepem.)
sulphate P corrne (p.pemo.) measured corrected
B 50, ) 6H230h

Ca(HSOh) o 0.0066 ~0.004 0.027 0.031
0.0136 0.007 0.076 0.069
0.0229 0.018 0.6 0.128
0.0367 0.03} 0.229 0.195
0.0539 0.054 0.329 0.275
0.0668 0.069 0.1403 0.33L

Sr(HSOh)Z 0.0063 0.002 0.022 0.020
0.0117 0.011 0.054 0.043
0.0164 0.019 0.148 0.129
0.0207 0.025 0.13L 0.109
0.0238 0.029 0.180 0,151
0.0350 0.0l46 0.239 0.193
0.055L 0.077 04359 0,282
0.0667 0.09h 0.h3h 0,340
0,0992 0.1143 0.585 0ulili2

Ba(HS0)), 0.0071 0,006 0,029 0,023
0,013k 0.019 0.06% 0.0l
0.0238 0.036 0.152 0.116
0.0296 0.0L6 0.191 0.145

36

%* Data of Gillespie and White
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Hydrogen Bulk suscepte. Chemical shifts (pPepems)
sulphate p corrne (PeDefe) measured corrected
H,50;, 1,50,
Ba(HS0), ), 0.0298 0.0k6 0.191 0,145
0.0323 0.051 0.20} 0.153
0.0386 0,061 0. 25% 0.189
0.043L 0.070 0,287 0.217
0.0509 0.083 0.39% 0.307
0.0521 0,085 0.316 0.231
0,071h 0,119 0.413 0.294
36
* Data of Gillespie and White
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RATIO OF & /p FOR SOLUTIONS OF MHSO, IN H,SO,

M50, - dq Cationic radii
P
L1550, b 36 0.60
Nalso), 3.52 0.95
KHSOj, be3h 1.33
RYHSO), Lebly 1.L8
CsHS0), 5.36 1.69
NH;, 1H30), L6 1.8
Agiso) 5.25 1,26
T1HSO, 6,12 L.L9
(CoHs ), NHSO), 1.7 L.00
ca(50),), 5.17 0.99
sT(H50), ), 55 1.13
Ba(HS0),), 5e72 1.35
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(3) SOLUTIONS OF MSQ.F IN HSO.F

3 3
Sclutions of metal fluorosulphates in 100% fluorosulphuric

acid produce large low field shifts in the proton resonance of the
solvent as has been found for metal sulphates in sulphuric acid,
This large low-field shift is presumably the result of a large low=
field shift due to the SOBF- which increases the hydrogen bonding in
the solution and so decreases the shielding of the protons, Each
cation then produces its own effect which changes the shift produced
oy SOBF" to give the observed shift. The chemical shifts, measured

from sn external reference of 100% HSO,F, are given in Table IVI and

3
are plotted against mcle fraction (x) in Figs 52 and 53, It can be
seen that the shifts produced are much larger than those obtained in
the sulphuric acid system, This has been explained36 on the basis
that the intrinsic shift of HSOE must be to higher field than HZSOh
and this counteracts the shift to low field produced by interaction
with the solvent; whereas the fluorosulphate ion has no proton shift
and so the full effect of the increased hydrogen bonding due to the
so3F' ion is obtained.

As with the sulphates each cation produces its own effect on
the proton resonance depending upon its solvating power., Thus it
is found that, as before, ions which are the most solvated produce
the largest shifts to high field &nd the order found is Li+;> Ne+;>
K*> mb™ > cs™  in agreement with the relative degrees of solvation
72

found for these ions in fluorosulphuric acid . The alkaline earth

cations likewise produce shifts which are in the order expected for
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their degree of solvation i.e., Ca**> Sr** > Ba** and as with the
corresponding sulphates the alkaline earths produce greater chemical
shifts, As all the data necessary for the calculation of the
susceptibility corrections was not available the results plotted in
Figs. 52 and 53 are uncorrected values, The slopes of these plots
are given in Table LVII, However where these corrections have been
calculated (Table ILVI) they are found to be smaller than those for
the corresponding sulphates and as the shifts'are larger in the
HSOBF system the interpretation of the results would not be appreciably
affected by the application of the correction. As in the sulphuric
acid system 1+ gives a bigger shift to low field than expected for
its size which can again be explained by postulating ion-pair
{formation.

It is found that the F37 chemical shift of HSOBF is also
affected by the addition of metal fluorosulphate and like the proton
shift is dependent upon the cation. The F19 chemical shifts were
measured with respect to external HSOBF and are given in Table ILVI
and Figs. 5L and 55.

Since the FL7 chemical shifts are generally an order of
magnitude greater than the proton shifts, they are more sensitive to
the solvation and hydrogen-bonding effects occurring in these
solutions, and marked differences between the different cations are
noteds All of the shifts can be accounted for by the explanations
already given for the proton shifts., One would expect the fluorine

nucleus to be more shielded in the SOBF- ion than in HSO4F, but
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hydrogen bonding will have the effect of moving it to lower field,
However this does not completely overcome the intrinsic high field

shift of the SO.F ion as all the chemical shifts but one are to high

3
fielde It is still found that the most solvated ions produce the
greatest shift to high field due to the breaking of hydrogen bonds,
and the dipositive ions produce the largest shifts, Since no larger
ions have been studied, it is not possible to know whether the F-

shift is due solely to the SOBF- ion in the case of CsSOBF solutions,

Until some larger ions have been examined in HSOBF no value can
therefore be obtained for the chemical shift of soBF'.

Thallous fluorosulphate is the only salt which gives a Fl?
shift to low field. This is explained if ion~-pair formation occurs
since this would produce a large low field shift which in this case

must completely counteract the intrinsic high field shift of the

fluorcsulphate ion.



TABLE IVI

' AND F'7 CHEMICAL SHIFTS FOR SOLUTIONS OF MSO4F IN HSO4F
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Suscept. corn,

MSO3F x Chemical shifts (p.p.m.)
- Ot g (pepom.)
L4S0,F 0.0188 0.225 0.099 -
0.0357 0.410 0.227 -
0.0789 0.830 0.528 -
0,128 1.583 1.067 -
NaSOgF 0.0286 0.320 0.172 -
0.0586 0.670 0.395 -
0.0987 1.143 0.671 -
KSO5F 0.0126 0.155 0.066 ~0.001
0.0LL5 0.515 0.227 ~0,005
0.067h 0.787 0.385 -0.007
0.0794 0.913 0.431 ~0,008
0.0955 1.099 0.515 -0,010
RbSO4F 0.0089 0.123 - ~0,003
0.0160 0.208 0.126 -0.005
0.0283 0.332 0.12k ~0,009
0.0320 0.355 0.116 -0,011
0.0L49 0.518 0.176 -0,015
0.0803 0.925 0.335 -0,027
CsS05F 0.0115 0.135 - -
0.0157 0.198 - -
0.0268 0.327 0.057 -
0.0,28 0.515 0,092 -
0.0697 0.822 0.155 -



TABIE LVI (Contd,)
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MSO4F x Chemical shift (p.p.m.) Suscept. corn,
- dHl JNHﬁ CSF19 (p.pom. )
NH),S04F 0.0205 0.220 L.62 - 0.002
0.0772  0.845 14.605 0.318 0.008
0.0912  0.997 - 0.369 0.010
0.136Lh  1.487 - 0.537 0.01l
T1S05F 0.0209  0.250 -0,057
0.0266 0,322 -0,069
0.035L  0.425 -0.106
0.0509  0.613 -0,163
Ca(S0sF);  0.0125  0.262 0.110
0,0173 0.383 0.177
0.0236  0.501 0.249
0.0337 0,685 0.367
0.0377 0,689 0.367
Sr(S03F)»  0.0060  0.1L8 0.062
0.0198  0.168 0.208
0.03L8  0.768 0. 360
0.06L5  1.3L5 0.665
Ba(S03F),  0.00¢” 0,232 -
0.0161  0.39 0.082
0.0263  0.625 0.207
0.0268  0.639 0.202
0.041y  0.957 0.3L9



TABLE LVIT
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RATIO OF &/x FOR SOLUTIONS OF MSO,F TN HSO,F

MS03F - da d19 Cationic radii
X x A°
LiSO4F 10.43 6eT7 0.60
NaSO4F 11.) 648 0.95
KSO4F 11.5 Sely 1.33
RbSO4F 11.5 Le17 1.L8
CsSO3F 11.8 2,23 1.69
NHj SO5F 10.9 3493 1.L8
T1SO4F 12,02 ~2.99 149
Ca(804F) 21,2 10.12 0.99
Sr(s03F)s 21.7 10.3 1.13
Ba(S03F), 2h.0 10.35 1.35



o0 curves displaéed 0.1 p.p.m,

Fig. 52 SOLUTIONS OF MSO3F IN HS03F: PROTON CHEMICAL SHIFTS.
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Fig, 53 SOLUTIONS OF M(SOBF)2 IN HSOBF: PROTON CHEMICAL
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