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ABSTRACT OF M,SC, THESIS
'SUBMITTED BY
THOMAS L. PENNER

The Relative Aciditles of Substituted Salicylic Acids

in Benzene Correlated with the Hammett Eguation

The relative acidities of fifteen 4- and 5-substituted
salicylic acids were determined 1ln benzene solution by
potentiometric titration, The potentials at half-neutraliza-
tion relative to that of salicylic acid were considered to
measure the acidity of the substituted acids relative to
the parent acid, These potentials, designated by AHNP,
gave a significantly better correlation with Hammett's
sigma constants in an equation of the form AHNP =P 07 +P,05
than in a simple Hammett equation (AHNP =P 07)., In these
equations 51 refers to the position of a substituent rela-
tive to the carboxyl group and.Ué refers to its position
relative to the phenol group.

The value of P,/P; was found to be 0.4, indicating
that the electronic effect of a substituent on the acld
strength via the phenolic hydrogen-bonded path is 2/5 as
great as the direct effect through the benzene ring,

These results, together with the fact that in aqueous

solution there is very little if any transmission vlia the
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phenolic group, are discugsed in terms of intramolecular

hydrogen bonding of salicylic acids in benzene and water,
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INTRODUCTION

The ionization constants of a series of sixteen sub-
stituted salicylic acids have recently been determined and
satisfactorily correlated with Hammett's sigma constants
(67) in a simple Hammett equation in the form:

K

logE =po (1)
O .

where K is the ionization constant for a substituted salicylic
acid and Ky is that for salieylic acid itself, Sigma (07) 1is
characteristic of the substituent and of its position in the
benzene ring,

Salicylic acid and salicylate ion are generally con-
sidered to possess an intramolecular hydrogen bond between
the carboxyl group oxygen and the hydrogen of the phenolic
group ortho to it (28). It has been suggested (55) that
a system with such an intramolecular hydrogen bond should

obey a modified form of the Hammett equation:
lo X (2)
I

The symbols have the same significance as in the one-
parameter equatlion except that oA refers to the position
of the substituent relative to the carboxyl group and 05
refers to its position relative to the phenol group.

The failure of substituted sallcylic aclids to obey
this modified, two-parameter form of the Hammett equation
in preference to the simple form could be due to ome of two

1



reasons., Firstly, the modified equation, originally pro=
posed for the case in which two ortho groups actually reacyv
to form conventional chemical bonds, might not apply in a
case where the interaction of ortho groups is relatively
weak, as in intramolecular hydrogen bonding., Secondly,

if the equation is applicable in such a case, the fallure
of the salicylic aclid=-salicylate system to obey it in
aqueous solution is probably an indication that here the
jntramolecular hydrogen bond is only quite weak or non=
existent.

Tt was therefore decided to test the modified, two-
parameter equation on 2 system similar to that for aqueous
salicylic acid but under conditions where an inftramolecular
hydrogen bond was known to exist by direct evidence. This
is the case for salicylic acid 1in solvents of low dielectric
constant such as benzene (26,64).

Tt was therefore decided to measure the relative
acidities of & series of salicylic acids in benzene by a
potentiometric titration method and to determine whether
o better fit is obtained to equation (2) or to equatlion (1),

The results are discussed in terms of hydrogen bond-

ing.



LITERATURE REVIEW

HYDROGEN BONDING IN ACIDS

Since this investigation is largely concerned with
hydrogen bonding in aqueous solutions of carboxylic aclds, a
summary of some of the literature evidence concerning such
hydrogen bondlng 1is given, In addition to salicylic acid
this will include the case of dicarboxylic acids since
they resemble galicylic acid quite closely with regard t©o

the factors that influence hydrogen bond formation,

DICARBOXYLIC ACIDS

The concept of intramolecular hydrogen bonding in
aqueous solutions of dicarboxyllc aclids was originally
proposed as an explanation of the very high ratio of first
to second lonization constants for the cis form of unsatura-
ted or cyclic acid as compared with the trans form (75,58).
Tt has also been extended to include saturated dicarboxylic
acids (30,31,32,101).

It was proposed that monoanion of these acids would
be able to form more stable intramolecular hydrogen bonds
than the acid, This should stabilize the monoanion relative
to the acid or di-anion and as a result, Ky, the first
jonization constant should increase and K, should decrease

(75)., Structures such as:

/O—H----'—'O"\ /O—H ------ O*\
O=C C=0 O:C\ /C:O
\C-————— / HC/C'__—C\

T N = cH, Hd ¢
I 1T



were proposed, In the acid maleate (I), the double bond
would create a conformation fawrable to hydrogen bonding,

In the acld anlion of tetramethylsuccinic acid it was suggested
that the methyl groups would push the carboxyl and carboxy=-
late groups closer together thus enhancing hydrogen bond
formation,

A number of attempts have been made to estimate the
extent to which hydrogen bonding contributes to the strength
of dlbasic acids,

One agpproach to the problem 1s by means of a calcula-
tion of the electrostatic effect a negatively charged car-
boxylate group can have on the value of Kl/Kzg Then the
deviation of the observed value from the calculated one 1is
assumed to be due to hydrogen bonding, The most success=
ful of such methods of calculating the electrostatic factor
in determining Kj/Ko is that of Kirkwood and Westhelmer
(61,62) in which the molecule 1s treated like a spherical
or ellipsoidal cavity whose dielectric constant is different
than that of the solvent, Calculatlons made on the basls
of this theory (27) have shown that, contrary to previous
suggestlons (75), electrostatic effects are sufficlent to
account for the high value of Kl/Kz in maleic acid,

In an attempt to estimate the maiimum extent which
hydrogen bonding could contribute to the value of K;/Ko,
Westheimer and Benfey (99) carried out calculationg based

on the values of Kj for the unionized acid and Ky, the



dissociation congtant for the corresponding mono-acld ester,
By assuming that the monoester had no intramolecular hydro-
gen bond, they were able to calculate the maximum factor

in the value of Kl/K2 for the acid that could be attributed
to hydrogen bonding, Thelr treatment indicates that in
maleic, tetramethylsuccinic, and diethylmalonic aclds
hydrogen bonding can account for a maximum factor of 28,
182,and 256 respectively in the values of Kl/Kz. However,
the ratio of first to second lonization constants in these
acids is found to be 20200, 6130, and 121000 respectively
(75). Thus, although hydrogen bonding could have an effect,
it cannot account for the high value of Kl/Kz for these
‘acids, However a similar calculation in the case of 2,3~
di- (t=butyl)-succinic acid indicates that hydrogen bonding
would be able to account for essentially the whole value

of Kl/K2 which,at 108 in water, 1s the highest such ratio
observed (30),

In connection with this, it has been found (4) that
for a series of dicarboxylic acids with four, six, nine,
and ten carbon atoms, K. of the mono-methyl ester is one-
half K; of the dibasic acid, This is the statistically
expected value and indicates that intramolecular hydrogen
bonding is absent in these aclds,

Thermodynamic treatment of the lonizatlion of dicar-
boxylic acids has also been carried out, The method used

is to determine whether AH or AS of lonization of the acld



under investigatlion deviates significantly from the trend
established by aclds which could not form intramolecular
hydrogen.bonds, Deviations are then attributed to hydrogen
bonding., The interpretation of the results is not unambiguous,
Thus Das and Ives (22) conclude that the acid malonate ion
contains an intramolecular hydrogen bond while Eberson and
Wadso, in an extensive investigation using thermodynamics
(32), decide that 1f such a hydrogen bond is present it is
quite weak, This latter investigation also indlcates that
the monoanion of 2,3-di-(t-butyl)-succinic acid does seem to
possess an intramolecular hydrogen bond, On the basis of
their data these authors reach the generalized concluslon
that hydrogen bonding is a minor factor in affecting Ki/K,
when this ratio is less than 104 and that in this case 1ts
value can be accounted for by electrostatic considerations,
As the ratio of first to second ilonizatlon constants increases
above this, the importance of hydrogen bonding also increases,
Most present indications are that, as steric crowding
of the carboxyl groups increases, so does the value of Kl/
K2, Thls has been shown to be the case in saturated di-
carboxylic acids such as highly substituted succinliec and malonic
acids (30,31,32,101) and in 3-substituted-cis-l,2-cyclo-
propanedicarboxylic acids (64), The usual interpretation of
this 1s that steric crowding of the carboxyl groups forces
them closer together and thus favors hydrogen bond formation,
However in the case of 1,2-disubstituted-cis-l,2-cyclopropane-

dicarboxylic acids,the value of Kl/Kz decreases on increasing




the size of substitutemts (74). It is suggested that this
is due to the carboxyl and carboxylate groups being too
close together in the monoenion to form a strong intra-
molecular hydrogen bond and that increasing the size of the
substituents aggravates this situation,

A number of studies on the rate of proton loss from
the monoanions of some diearboxylic aciés have been carried
oﬁt by a temperature-jump relaxation method, It is found
that the rate of proton loss 1s in the inverse order to the
values of Kl/Kz within a given series for a number of sub-
stituted succinic, malonic, and 3fsubstituted cyclopropane—~
cissl,2-dicarboxylic acids (48,49,76). These results have
been interpreted as indicating that, as hydrogen bonding
inereases (assumed to be measured by Kl/Kz), proton removal
becomes more difficult, |

In the case of 3~substituted cycloprdpane-cis-l,z-di-
carboxylic acids an 1sotope-effectvinveétigation has been
carried out on the rate of proton removal from the monoanion,
using deuterium (49). The results were not in agreement
with predicted isotope effects which had been calculated on
the basis of hydrogen bonding occurring in the acid anion
(33). | |

Only a limited amount of infrared spectrophotometric
dsta ig available for deuterium oxide solutions of dicarboxy-
lic acids, but most of it seems to be in agreement with the

general trends obtained by other methods of investigatlon,




The infrared date indicate that an intramolecular hydrogen
bond is detectable in acld maleate ion 1in deutrerium oxide
(27) but that it is quite weak (13)., Evidence for hydrogen
bonding in di-isopropyl hydrogen malonate is slso found in
the same solvent, aslthough acid malonate itself does not
seem to have such a bond (13). A number of racemic disub-
stituted succinic acids and theilr monoanions also appear to
be chelated by hydrogen bonding in DZO, although tetramethyl-
succinic acid is mot (31).

It is important to note the effect a change in solvent
can have on intramolecular hydrogen bonding in a dibasic
acid, This will be illustrated by maleic acid, which ls the
most thoroughly investigated example,

Both solid maleic acld (65,90) and solid acld meleate
(81) have an intramoleculer hydrogen bond as indicated by
X-ray and infrared studies, This bond appears to be
symmetric in the monoanion; that 1is the hydrogen atom 1is mid-
way between the two oxygen atoms to which it is bound, thus
indicating a strong hydrogen bond, It does not appear to
be bonded to this extent in the acid (12)., In carbon tetra-
chloride, monomethylmaleic acld shows infrared spectral
indications of possessing an intramolecular hydrogen bond,
but these disappear on the addition of ether (25).

" Nuclear magnetic resonance studies in dimethylsulfox-
jde show that the acid maleate ion appears to retaln its

symmetrical hydrogen bond, whereas no hydrogen bond is




detectable for maleic zcid (36,41)., In deuterium oxide
solution the hydrogen bond for maleic acid cannot be detec-
ted by infrared spectrophotometry, and that for hydrogen
maleate ig weak and unsymmetric (13), Finally, in dioxane
solution the monoanion appears to have lost its hydrogen
bond completely (27)., Thus, increasing the polarity and
hydrogen bonding ability of the solvent are very important
fsetors in determining whether or not an intramolecular
hydrogen bond will occur, Just because such a bond is
present in one solvent does not mean that it will necessarily
ocour in a solution of the same compound in a more polar
solvent,

The results of the discussion on dibasic carboxylic

scidscan be summarized as follows:

(1) For unsubstituted acids such as malelc and malonic,
for 1,2-disubstituted-cis-l,Z-dicarboxylic acids, and for
succinic acids substituted with small groups such as methyl,
stabilization of the monoanion by the formation of an intra-
molecular hydrogen bond does not appear £o be important in

aqueoug solution,

(2) For highly substituted malonic and succinic acids
and for 3-substituted cycloprOpane—cis-l,Z—dicarboxylic
acids, electrostatic effects are insufficient to account
for the high value of Kj/K, observed in these acids in

water, Hydrogen bonding is proposed as a contributing factor,
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(3) In the solid state both maleic aclid and hydrogen
maleate have intramolecular hydrogen bonds that are guite
strong, As they are dissolved in increasingly polar sol-
vents, first the acid and then the monoanioh lose these
hydrogen bonds,

Tt should be noted that in the use of the Kirkwood-
Westheimer theory, the Westheimer-Benfey treatment, and
thermodynamic methods, 1t is only possible to show that
electrostatic effects are unable to account completely for
the value of Kj/K,. Any estimates of the extent of hydro-
gen bonding are based on the assumption that the difference
between observed acid strengths and those expected on the
basis of electrostatic factors are due to hydrogen bonding.
Even in the case of infrared spectral measurements, the
actual results only show that the carboxylate group of an
acid 1is partially bonded to a proton or deuteron while another
acid, which is structurally uneble to form intramolecular
hydrogen bonds, 1s not, Since the measurements are belng
made in deuterium oxide, it cannot be unequivocally stated
that the effect 1s intramolecular rather than intermolecu=
lar, especially since the acids which structurally could
form hydrogen bonds are also the ones in which the solvent
molecules that surround one carboxyl group could interfere

with the other carboxyl group,
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SALICYLIC ACID

The case of salicylic acid is more closely related
to the dicarboxylic acids with rigid structures such as
maleic and cyclopropane-l, 2-dicarboxylic aclds than to the
non-rigid saturated acids. Thls is s0O because the groups
Which can undergo hydrogen bonding are attached to adjacent
positions on the rigid benzene ring,

It is therefore possible that here too, as in malelc
acid, the hydrogen bond which has been observed 1nvsolid
salicylic acid (15) may be weakened or lost 1in aqueous
solution, Some of the literature evidence in favor of and
against this hypothesis 1s therefore given,

Evidence for intramolecular hydrogen bonding in aprotic
solutions of salicylic acid has been found by infrared,
ultraviolet, and nuclear magnetic resonance gspectroscopy
(26,35,64,70,78). It was found that a change in solvent from
carbon tetrachloride to benzene resulted in a measurable
although small decrease in the chelation of the acid, as indi-
cated by infrared spectrophotometry (78), Thus even a
small change in the ablillty of a solvent to interact with
the acid cauges a noticeable decrease in hydrogen bonding,

Direct evidence for the situation in water 1is gquite
limited, due to the difficulty in measuring effects, It
has, however, been proposed on the basis of infrared measure-
ments that both salicylic acid and salicylate ion retaln

strong intramolecular hydrogen bonds in deuterium oxide
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solution (13), Ultraviolet spectrophotometric measurements
of sslicylic acid and sodium salicylate in ethenol have
been interpreted as showlng the retention of an intramolecu-
lar hydrogen bond in the anionic form if it is assumed tO
be present in the acld (98)., These two studies will be
dealt with in greater detail in a later section,

some of the indirect evidence available concerning
hydrogen bonding 1s also of interest, The original proposal
of a hydrogen bond as a factor in the stabilization of
salicylic acid was based on the large value of its ioniza-
tion constant relative to that of para~hydroxybenzoic acld
(2).

It is well known that ortho-gsubstituted benzoic
acids are usually stronger than the corresponding para-
jecomer (11), This is usually explained in the following way.
The group ortho to the carboxyl group in the acild interferes
with it sterically, turning it out of the plane of the
benzene ring. This results in the logs of resonance stabiliza-

tion in the acid due to the loss of structures such as:

O-H
C\
O-

which are not very important in the anion since here the car-
boxyl group already has a negabive charge. As 2 result of

this loss of resonance, the anion is stabilized relative to
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the acid and acid strength increases (11,80).

However, the acid enhancement by the ortho-hydroxy
group is larger than that for any other case, while the
OH group is smaller than many of them and should therefore
have a smaller effect,

In order to account for this, it has been proposed
(2 ) that the formation of an intramolecular hydrogen bond
that would be stronger in the anion than the acid occurs,
This would stabilize the anlon felative to the acid, since

structures such as (IV) would be more important than (111),

O-H Jol

S C
O oy
O-H O-H
11T Iv

It has been found experimentally that the strength
of salieylic acid decreases less rapidly than that of p=
hydroxybenzoic acid as the solvent polarity is decreased, for
example by increasing the ethanol concentration in water-
ethanol solutions of the acids (8). This can reasonably be
interpreted as increased intramolecular hydrogen bonding
in the salicylic acid as the solvent polarity 1s decreased,
tending to offset the loss in stabilization due to decreased
solvation, This also implies that on making the solvent
more polar such hydrogen bonding decreases, Now this
increase in hydrogen bonding in salicylic acid on decrease

in the solvent polarity has, 1n sSome cases (8), been baken
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as evidence of such hydrogen bonding in water, As seen
from the above argument, this does not necessarily follow,

4 comparison of the relative strengths of & series
of benzoic acid determined in benzene with their relative str-
engths in alcohol, water and water-dioxane has been made (23),
It was found in a plot of relative acldity in benzene vVersus
that in the other solvents that when the other solvent was
an alcohol, salicylic acid did not deviate from the straight
line established by the meta-substituted acids, However,
when the second solvent was water or water-dioxane, sall-
eylic acid was stronger in these solvents than expected on
the basis of the norm established by the meta-substituted
acids, A possible explanation suggested for these results
(23) is that,in the polar aqueous solvents,molecules of
solvent hydrogen bond to the ortho group thus increasing
its effective size and as & result the steric effect pre-
viously described, This would increase the acildity in
these polar solvents relative to that in benzene or the
alcohols,

A comparison of the conductiometric titration curves
of salicylic and 2,6-dihydroxybenzoic acids in acetonitrlle
with those in water reveals that they are quite different
in the two media, The curves obtained in acetonitrile have
been interpreted in bterms of greater chelation in this

solvent (16),
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The effect of solvent polarity on the chelation of
other ortho-substituted benzene derivatives, notably phenols,
is indicated in order to 111ustrate such solvent effects
more clearly.

It has been shown by infrared measurements that chang-
ing the solvent from cyclohexane to dioxane decreases the
mole fraction of ortho~iodophenol in the cis form (presumably
largely hydrogen bonded) from ,81 to ,27 (102).

The change in nuclear magnetlc fesonance chemical shifts
for ortho-nitro phenols, resulting from a change in solvent
from chloroform to'apetone has been interpretéd as beling due
to a decrease in intramolecular hydrogen bonding (85),

| The anomalously low acidities of 2,4~ and 2,5-dinitro-
phenol in benzene relative to water is attributed to chelation
(24), This conclusion is supported by a differential vapor
pressure study (17) in which ortho-nitrophenol is shown t0
be chelated in 1,2-dichloroethane, Other studies show that
o-nitrophenol undergoes little or no intramolecular hydrogen
bonding in aqueous solution (71,72).

These results indicate that on going from a non-polar
solvent to one which is polar, intramolecular hydrogen bond-
ing becomes less important as competition from solvent

molecules increases,
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POTENTIOMETRIC TITEATIONS

The experimental object of this investigation was
the determination of the relative strengths of a series of
substituted salicylic acids in benzene solution, Of the
more common methods of determining such relstive acidities,
that of potentiometric titration is well established and
comparatively rapid and was therefore the method used in
thig investigation,

In agueous solution potentiometric titration, using
an indicator electrode that responds to pH in conjunction
with a reference electrode, is a common practice, The
potential at half-neutralization can readlly be shown to be
proportional to the logarithm of the lonization constant of
an acid titrated, if it is assumed that the potential of
the glass electrode follows the theoretical equation:

RT

where B is the glass electrode potential, Ey 1s the poten-
tial when apg+ = 1 snd F is the Faraday constant, In combina-
tion with a reference electrode:;

E = Gy + Co log S+

In both these equatlons &a., is the hydrogen ion activity of
the solution, The constants C3 and Co which arise ag a
result of standard potentials and constants in theoretical

potential equations will not be defined since only & pro-

portionality is being established between the potential ab
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half-neutralization and ionization constants,

For an acid which dissociates according to:

HA —— H'+ A”

the expression for the lonization constant, K, is:

Then the expression for potential becomes:

X a
E=0Cp +C, log — >

ap-
or if the concentration of acid is not high and K is not

taken to be the thermodynamic ionization constant:

K [HA]
[&]

Then at half-neutralization, where [HA] =[A]

E =Cy + C, log (3)

B, = C1 + C, log K (&)

2

it has also been shown that the behaviour of the
glass electrode in an aprotic solvent such as acetonitrile
is similar to that in water, and such an electrode has in
fact been calibrated in this solvent (63).

In aprotic solvents of low dic€lectric constant, such
calibration has not been carried out. But here too, evidence

exists that the glass electrode behaviour is similar to that
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in water insofar as its response to hydrogen ion activity

i1s concerned, Titration curves are normal except for
deviations which occur as the result of a change in effective
acid concentration because of molecular associatlons (46),
Also, it has been found that a plot of the potential of half
neutralization HNP of a series of substituted benzoic acids in
a titration study in bromobenzene (diélectrilc constant = 5.4)
against the logarithm of the jonization constants in water

1s a straight line (77). Similar linear correlations of
potential at half neutralization in a given solvent versus
logarithm of the ionization constant in water have been found
for a large number of acids and bases in solvents with a

wide range of dlelectric constants, both protonlic and aprotic
(14,18,38,77,92,93,9%). This can be taken as an indicatilon
that in these solvents the potential at half-neutralization
is a measure of the strength of an acid or base, at least

1f taken with reference to some standard compound, and that
such relative acidity or basicity in those solvents where
such a linear relationship holds is in the same order as

in aqueous solution, It should be noted that 1f a series

of acids or bases that obeys Hammett's equation (Equation 1)
in water exhibits a linear relationship between potential

at half-neutralization in another solvent and logarithm of
the ionization constant in water, then the values of poten-

tial at half-neutralization in this solvent also obey
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Hammett's equation,
From equation (3) it can be seen that a plot of poten-

tial (E) versus log %% should be a straight line in aqueous

V.=V
solution, Log g% can be written log —Sg— where V. is the

volume of titrant added up to the end point and V is the
volume titrant at the potential E, It has been shown in a
titration study (42.) that a plot analogous to that of E
versus log YQ%Y'for organic bases in ethylene dichloride was
not & straight line, but curved over the whole range shown,
including the region of half-neutralization, On the basis
of this, it was concluded that the potential at half-
neutralization does not measure the dissociation constant of
the acid in this solvent, It therefore appears necessary to
do such a plot in benzene solution in order to show that
these conclusions do not apply in this golvent, It should.
be recognized that if a straight line plot is obtained in
benzene, this does not prove that the potential at half-
neutralizstion is a measure of the dissociation constant in
that solvent, It does, however, increase the plausibility
of an interpretation of such potentials 1n a manner similar
£o that in water, Such a linear plot of E versus log Ek%?L
was found for amines in solvents such as nitrobenzene,
acetonitrile and ethyl acetate ( 42) end in these cases the
potential at half-neutralization was taken as a measure of base
strength, In conunection with the same investigatlon it was

stated that a linear relation between potential at half-
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neutralization and Hammett sigme constants in a glven solvent
was evidence that in that solvent the glass electrode 1s
measuring the activity of H+, since otherwise such linearity
could not hold, (This is in effect stating that if the
potential at half neutralization of a series of aclids in a
solvent is linearly related to pK, in water, the glass elect-
rode ig responding to the same property in the two solvents
and therefore HNP measures the same characteristic in the
two solvents, namely acld strength,) If this is indeed the
case, this lends further support to the postulate that HNP
measures acl@ strength in at least some low dielectric
constant solvents since, as has been mentioned, the HNP
values of benzoic acids follow a linear relstionship ln
bromobenzene,

In practice it is found that the values of potential
at half-neutralization vary with time due to changes 1n
liquid junction potentials and assymetry potentials of
the glass electrode, It is therefore common practice (77,
94) to designate ome particular acid or base as & reference
compound and to determine its potential at half-neutraliza-
+ion whenever snother compound is titrated, It ig then the
difference in half-neutrslization potentials between the
measured compound and the reference compound, designated
by AHNP, that is considered a measure of the acid strength

of that compound relative toc the reference, In this way
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errors due to changilng electrode characteristics are largely
eliminated,

The titrant used ln nNONaqueous titrations of acids
is most commonly & quaternary ammonium hydroxide, First
used by Cundiff and Markunas (19), these titrants have
almost completely supplanted the alkali alkoxides previously
used, since their salts are quite soluble in inert solvents,

i number of methods of preparation of these quater-
nary smmonium hydroxides have been proposed (20,47,73) .
These titrants have been quite well characterized, investl-
gations into stabllity (45) and possible impurities (73)
naving been carried out,

geveral modifications of the basic titration methods
nave been proposed for titrations in low dielectric solvents
where high solution resistance causes meagurement difficul-
ties,

The conventional titrometers and pH meters used 1ln
most potentiometric titrations pass an amount of current
between the electrodes in the course of a measurement, In
solvents such as benzene this amount of current, although
usually less than 10’10 smperes, is sufficlent to cause &
detectable potential drop &cross the electrodes because of
the high resistance of the solvent.

One method of overcoming this has been to uge special

instruments known as vibrating-reed electrometers which pass
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even less current, about 10'11’L amperes, through the solutlon
(46), With such a systen, satisfactory titrations can be
obtained, An alternative method of lowering this potential.
drop across the measuring electrodes has been to place these
electrodes very close together, thus lowering the resistance
between them (83).

Thus it can be seen that satisfactory methods and
titrants are available for potentiometric titrations in low
dielectric solvents, and the determination of the relative
acidities of a series of substituted galicylic acids 1in

benzene ig experimentally possible,

THE HAMMETT EQUATION

Tn the Introduction, the Hammett equation was men-
tioned as the method used to correlate the acid strengths
of a series of substituted galicylic acids with the corres-
ponding substituents. In addition, a modified form of this
equation was indicated as being applicable to intramolecu-
larly hydrogen bonded systems,

The Hammett equation provides a means of relating
the reaction rate or equilibrium constants of substituted
benzene derivatives to their structures.

Hammett (43,44) proposed a quantitative relationship
between the nature of a substituent R and the reactivity of

‘the reacting side chain Y for compounds of the form:
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The equation is most widely spplied in the form:

K ,
log Eo =Po’ (1)

where K and K, are the rate or equilibrium constants for the
substituted snd unsubstituted benzene derivative respectively,
Sigma (0" ) is the substituent constant and depends solely
on the nature and position of the substituent B, Rho (p)
1g the reaction constant and depends on the reactlon, the
conditions under which it takes place, and the nature of
the side chain ¥,
Sigme, which is a measure of the electronic effect
of the gubstituent group B on the reactlon center Y, 1is
given numerical values by setting rho equal to one for
the reaction in which Y is the carboxyl group and K and Ko
refer to the thermodynamic ionization constants of sub-
stituted and unsubstituted benzole acld in agueous solution
at 25°C respectively,
Then:
K
o =|log— (5)
K

© I genzoic
Acid
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The basic equation (5) has been modified for cases
in which direct resonance interaction between the substituent
group and the reaction center can occul,. For example, 1n

nitroaniline structures such as:

+

HN NO;

2

which will increase the acldity of the anilinium ion are
possible, Sueh structures have no counterpart 1in L-nitro=
benzoic acid and consequently sigma for the f-nitro group
will not adequately account for the strength of 4-nlitro-
aniliniuvm ion as an acld,

Therefore, new values of sigma are defined for such
situstions, Sigma minus (0~) values are defined for cases
in which the reazction center 1s strongly electron-releasing
and the substituent para to it 1s strongly electron-with-
drawing. Its values are obtained from reactions in which
this is the case(10,34) and 1t is used under the same condl-
tions, Similarly, sigma plus (cF) values are defined and
used in the case where the substituent is strongly electron-
releasing and the reaction center is strongly electron-
withdrawing (96).

Modifications of this basic Hammett equation have
been proposed (55,56) for more complex molecules,

When there are several cubstituents on the benzene

ring in positions which do not interfere with the reaction
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center, the equation becomes:

log %; = p}}r‘ (6)

In compounds of the type:

X

R

where X remains the same throughout the series of compounds

and does not react directly with ¥, thke proposed equation is:
log%‘=po’+ X (7)
o}
where x is 2 constant (55). This equation is obeyed by
the ionization consgtants of a serles of substituted ortho-
tolulic acids (86),
Another possibility arises when two orthe groups

react to form the reactlon center:

X

R R

TIn this case the substituent E can affect the reaction center

by two paths. The equation for such & situation ls:
1 £ lopt 2
°8 X, = P10 PO, (2)

where sigme 1(07) refers to the position of R relative %o
one point of attachment of Z to the benzene ring and sigma 2

( 0°5) refers to the other point of attachment (56). A&s
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mentioned in the introduction this equation has also been
proposed for the case in which the ortho interaction is the
formation of a hydrogen bond (56), although no examples of
such a situation have been found,

The applicability of equation (2) has been shown in
the case of the alkaline hydrolysis of substituted phthalide

and its derivatives (54).

- R O HO R
OH + G : CQOO-
Pe)
CR, Cg?_a
Equation (2) applied in the general form
K
log —= )P0y (8
og X, Zp )

has also been suggested for the case where several substituted
aromatic rings are in non-equivalent positions relative to the
reaction site, Here O3 = 07,05,... refer to the substituents
in the various rings and g xPifPZ’ .. » measure the susceptl-
bility of the reaction to the effect of the substituents in
the corresponding rings, The relative rates of decomposition
of potassium salts of certain meta and para substituted
dibenzhydroxamic acids are reported to follow this equation
( 84),

In the present investigation of the relative acidities
of substituted salicylic acids in benzene, equation (1) and

equation (2) are correlated with the data to see which gives
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the more significant fit, and the results are compared with

the situation in agueous solution,



EXPERIMENTAL

MATERTALS AND PREPARATIONS

Table 1 lists the acids used in this investigation,
together with their scurce of preparation,melting point,
and literature melting points, All commercially avallable
acids were recrystallized from water while the solvent used
in those prepared is given in the preparation description,
Melting points were determined using Anschutz immersion
thermometers,

The syntheses of acids prevared in the process of this

investigation are described below,

L-lMethylsalicylic acid was prepared by the diazotization

and subsequent hydrolysis of Ub-methylanthranilic acid. The
sulfate salt of 4-methylenthranilic acid (Aldrich Chemicals)
was made by dissolving 7,1 gm (,047 moles) of the acid in 2
mixture of 70 ml of water and 70 ml of sulfuric acid, The
salt mlixture was cooled to 0°C and was treated with a solution
of 4,5 gm of sodium nitrite in 12 ml of water, added slowly
over a period of an hour, The diazotized sclution was poured
into 250 ml of boiling water, boiled for 10 minutes, and

then cooled, The crude product was collected, 6 gm being
obtained, Two recrystallizations from water, the first using
decolorizing charcoal, were carried out, The final yield was

2.1 gm (30% of theoretical) with a melting point of 176,8-177.89°¢C

28
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(11t,169-171°C (82), 177°C (100)).

L-VMethoxysalicylic acid was prepared by methylating

h-nydroxysalicylic ecid, A solution of 7.l gm (.,046) moles
of 4-hydroxysalicylic acid (Aldrich Chemicals) was refluxed
in 40 ml of 10% sodium hydroxide, Fifteen ml of dimethyl-
sulfate and 40 ml of 10% sodium hydroxide were added,
alternatively, in small portions over a period of three
hours. The solution was scidified and the crude product
obtained was refluxed for an hour in 50 ml of 10% sodium
hydroxide in order to decompose any ester impurities, The
product was recrystallized from water and then water-ethanol,
The final yleld was 2,6 gm (33% of theoretical) with a melt-
ing point of 161.1-162,2°C (lit, 157°C (k0), 160-161°C(6)).

The preparation of 4-bromosalicylic acid was via a

Sandmeyer reaction in which diazotized b-aminosalicylic acld
was allowed to react with cuprous bromide,

The preparation of the cuprous bromide, analogous to
that for cuprous chloride in reference (1), was carried out
as follows, A hot solution comsisting of 78 gm copper
sulfate pentahydrate and 38,5 gm (.37 moles) of sodlum bro-
mide in 400 ml of water was treated with 25,5 gm sodium
bisulfite and 18 gm of sodium hydroxide in 100 ml of water,
The solution was cooled, filtered, and the washed precipi-
tate was dissolved in 120 ml of freshly distilled 48%
hydrobromic acid and 35 ml of water, Thls cuprous bromide

solution was used immediately,
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To carry out the Sandmeyer resction, 38,5 gm (.25 moles)
of Y-zminosalicylic acid (Aldrich Chemicals) in a solution
of 40 ml water and 120 ml of freshly distilled hydrobromic
acid at 0°C were treated with 18 gm of sodium nitrite in
50 ml of water, Addition of the sodium nitrite solution was
carried out over a period of 1,5 hours and was continued until
a positive starch-iodide test was obtained. The clear,
diazotized solution was poured inte a solution of cuprous
bromide at 0°C., The resulting mixture was stirréd for 10 min-
utes and then warmed to 50° for 15 minutes, It was cooled
and filtered, and the solid was allowed to dry. The crude
yield was 36,5 gm, One half of this amount was dissolved in
ether and filtered, é large amount of solid remaining insol-
uble. The ether solution was twice treated with charcoal and
filtered, The ether was evaporated and the residue was
recrystallized twice from water-ethanol. The yield was 4.0
gm {15% theoretical) with a melting point of 212,6=-214,0°C
(11t. 212°%C (19), 206,0-207,0°C (87)). A mixed melting point
with some previously prepared 4-bromosalicylic acid (87)

showed no depression,

h-Chlorosalicylic acid was prepsred from 4-chloroanthran-

ilic acid by diazotization and hydrolysis, The sulfate salt
of 4-aminosalicylic acid was prepared by the slow addition of
concentrated sulfuric acid to a suspension of 10 gm (,058

moles) of the acid (Aldrich Chemicals) in 100 ml of water,



33

The resulting clear solution precipitated the salt on cooling,
This solution, cooled to 00C, was treated with 5,0 gm of
sodium nitrite in 15 ml of water, added dropwise over a
period of 1 hour, The clear diazonium solution was poured
into 200 ml of boiling water, boiled for 15 minutes, cooled,
and filtered, Five gm of crude product were obtained, This
was dissolved in ether, treated with charcoal, and filtered,
The ether solution was extracted with aqueous sodium hydro-
xide, which was then acidified with dilute sulfurlc acld.
The product was recrystallized from water-ethanol, glving a
final yield of 1.5 gm (15% of theoretical) with a melpiﬁg
point of 217,1-217,5°C (1lit, 267°c (79), 2119% (51))

5-Fluorosalicylic acid was prepared by a modified

Reimer-Tiemamresction (105), A mixture of 22 gm (.20 moles)
of 4-fluorophenol (Aldrich Chemicals), 100 gm of carbon
tetrachloride, 66 ml of 30% potassium hydroxide, and 2 gm of
copper (British Drug House "precipitated") was stirred under
reflux for two days, The excess carbon tetrachloride was
distilled off after acidification of the solution with dilute
hydrochloric acid. The remaining hot solution had a brown
0ily layer of the phenol at the bottom of the flask, The
aqueous layer was decanted, cooled, and filtered, Product
which was dissolved in the phencl was recovered by repeated
extractions of the phenol layer with bolling water until

the aqueous solution failed to yileld product on cooling,
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The phenol was separated from each aqueous extract by fil-
tration, The total yield of crude product was 6.0 gm, The
dry product was dissolved in ether and a small amount of
residue was filtered off, The ether was evaporated and the
product was recrystallized from water, A final yield of 2,5
gm (8% of theoretical) was obtained, with a melting point

of 180,3-181,2°C (1it, 178,5-179,5°C (95),

L-Fluorosalicylic acid was prepared by the oxidation

of the cupric salt of 4-fluorobenzoic acid (59). Thls cupric
salt was prepared by treating 4-fluorobenzoic acid with basic
cupric carbonate, the latter compound being prepared by
alternative method (a) in reference (39).

The 4-fluorobenzoic acid used was prepared by the oxi-
dation of 4-fluorotoluene, A suspension of 10 gm (.09l moles)
of 4=fluorotoluene (Matheson, Coleman & Bell) in a solution
of 10 gm of magnesium sulfate and 45 gm of potassium perman-

ganate in 1,5 liters of water, was stirred at 75-80°C for
two days, The solution was treated with sodium bisulflte to
destroy excess potassium permanganate, flltered, and acidi-

fied, Six and a half gm of product were obtained which
melted at 184—18600)unrecrystallized (1it. for 4=fluoroben-
zoic acid is 186°C (89)),

The 4-fluorosalicylic acid was prepared by dissolving
5,0 gm (,036 moles)of 4-fluorobenzoic acld in 100 ml of

diphenyl ether, The solution was heated to 180°C where 5 gm
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of basis cupric carbonate were slowly added with stirring
over a period of 10 minutes. A blue-green precipltate was
formed which turned brown on heating to 230°C, Stirring was
continued at this temperature for 1,5 hours, after which
the mixbure was cooled, diluted with ether, and filltered,
The brown copper complex that remained was decomposed by
treating it with hydrogen chloride-saturated ether, The
ether solution was filtered, washed with sodium bicarbonate
solution, then with water,and was evaporated after drying
with calcium chloride,

The salieylic acid was sepsrated from the benzolc
scid in the residue by an extraction process, Thebacid
mixture was dissolved in 50 ml of chloroform and agitated
with 200 ml of .3 molar aqueous ferric chloride, The organic
layer was separated and the violet-black aqueous solution
was extracted with three 30 ml portions of chloroform, The
aqueous solution was aclidified with hydrogen chloride gas
and extracted with two 25 ml portions of chloroform, The
chloroform was evaporated, The three chloroform extracts
of the ferric chloride solution were combined, evaporated to
50 ml and extracted in the same manner as the original
chloroform solution, The residues obtained from the two
sets of extractionsg were combined and recrystallized from
ethanol-water, with the use of decolorizing charcoal, The

final yield was 0.4 gm (7% of theoretical) with a melting
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point of 188,2-189.8°C (1it. 186°C (53), 185°C (106)). A
mixed melting point with the 4-fluorobenzoic acid showed

a 15°C depression,

L-Cyvanosalicylic acld was prepared by a Sandmeyer

reaction on 4-zminosalicylic acid, Twenty-five gm (.16 moles)
of 4-aminosalicylic acid (Aldrich Chemicals) were treated
with 150 ml of 1:1 sulfuric acid and water and stirred for

an hour. The resulting salt was cooled to less than 59¢

and diazotized by the slow addition of 11 gm of sodium
nitrite dissolved in 30 ml of water, A suspension of 7.5 gn
cuprous cyanide in 200 ml of water was dissolved by the
addition of potassium‘cyanide, The cold diazonium solution
was rapidly poured into the cyanide solution at room tempera-
ture, The mixture was heated to 60°C with stirring for 1/2
hour, cooled, filtered, and allowed to dry., The solld was
extracted with four portions of 150 ml ether, The extracts
were combined, evaporated to 100 ml, and extracted'with
aqueous KpCO03. The carbonate solution was acidified and
filtered, yielding 0.8 gm of product, Recrystallization from
water using decolorizing charcoal resulted in 0,2 gm (1% of
theoretical) of product with a melting point of 22k ,6-226,0°C
(11t. 227-229°C (9), 228,0-229,0°C (67)).

5-Cyanosalicylic acid was prepared by refluxing 5-iodo-

salicylic acid with cuprous cyanide in dimethyl formamide (37).
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A mixture of 100 ml of dimethylformamide, 9,0 gm cuprous
cyanide, and 23.0 gm (.,087 moles) of 5-iodosalicylic acid
(Aldrich Chemicals) was refluxed for two days, The result-
ing brown-green mixture was poured into a solution of 20 gm
of ferric chloride hexahydrate, 60 ml of concentrated hydro-
chloric acid and 60 ml of water, The mixture was heated
at the boiling point for half an hour, cooled, and extracted
with four portions of 200 ml ether, The extracts were
combined and the ether was evaporated, The solid was washed
with sodium bisulfite to remove jodine, The crude yleld was
7.5 gm, The product was recrystallized from water, The
yield was 6,0 gm (42% of theoretical) with a melting point
of 22006 with apparent immediate resolidification of the
1iquid (lit. 224=-225°C (28)).

During titrations the neutralization equivalent was
found to be low, only 92% of the expected value, oSpecial
attempts were made to purlfy the product, Several recrystalli-
zations from water or water-ethanol were carried out, Also,
since it was observed that 5-iodosalicylic 1is much more
soluble in benzene than is 5-cyanosalicylic acid, the cyano-
2c1d was extracted with boiling benzene, After a final
recrystallization from water the melting point was 221,6-
222.0°C, The melt appeared to resolidify almost immediately
snd decomposed at 260°C, It was found that the titration

was still low to the same extent as before these purificatlons,
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The benzene used as the solvent for the acids in the

titrations was purified in the following way, An amount of
benzene (1,5 liters) was shaken with 150 ml portions of sul=
furic acid until the benzene layer was colourless., The
benzene was washed repeatedly with distilled water until the
latter was neutral to litmus, It was dried over calcium
chloride for two hours to remove most of the water and then
stored for two days over drierite, Distlllatlion was carried
out, the first 100 ml being discarded and the fraction boll-

ing over a 0,5°C temperature range being collected,

Tetrabutylammonium hydroxide, the basic titrant used

in the titrations, was prepared in a methanol-benzene solu-
tion, It was prepared by the silver oxide method modified
to prevent any silver oxide from dissolving (20), Forty

gm (,15 moles) of tetrsbutylammonium iodide (Eastman Organic
Chemicals) were dissolved in 100 ml of absolute methanol
(Fisher reagent) in a flask filled with nitrogen, The solu=
tion was cooled to 0°C and 21 gm (,091 moles) of silver
oxide (Fisher purified) were added to the cold solution,

It was stirred for two hours after which 400 ml of dry ben-
zene were added, The solution was then filtered through a
gintered porcelain filter under a nitrogen atmosphere, It
was transferred to a 1 liter volumetric flask and, after
warming to room temperature, was made up to a liter with

benzene, The concentration was approximatelyO,1 normal,
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POTENTIOMETRIC TITRATIONS

The apparatus consisted of a Radiometer pH=4 pH meter
set to read voltage directly, a Radiometer G202B glass
electrode, and a Radiometer K-100 calomel electrode, The
calomel electrode was modified by replacing the aqueous
KC1l in the salt bridge with KCl-saturated methanol, The
tall-form beaker used as the titration vessel was kept at
constant temperature in a water bath thermostated at
25,0 £ ,1%%,

In order to shield the electrodes from electrical
interference, a perforated steel cyllnder was placed around
the titration vessel, In addition, sodium chloride was
added to the temperature bath to make the water a conductor
and therefore an additional electrical shield, Both the
metal shield and the bath water were grounded, as were the
electrode holder and the pH meter,

In order to reduce the resistance of the titration
solution, the electrodes were placed in their holders at an
angle which brought the bulb of the glass electrode to within
one or two millimeters of the tip of the liquid junction of
the calomel electrode., The titrations were done with the
electrodes in this position,

An additional procedure for reducing the solvent
resistance was the addition of a quantity of tetrabutyl-

ammonium iodide to the solution to be titrated, This served
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both to increase the conductance of the solution, and there-
fore to stebilize the measurements, and to make the ionic
environment more constant,

Titrations were carried out with a 10 ml automatically-
zeroing burette calibrated in units of .05 ml, The burette
was protected from atmospheric moisture and carbon dioxide
by drierite and ascarite-filled tubes and was filled from a
reservoir containing the titrant, which was similarly
protected., The titrated solution wes stirred with a magnetic
stirrer,

In many cases, the titrated acld was dissolved in the
benzene by warming the solution, which was afterward cooled
and allowed to equilibrate in the constant temperature bath,
In some cases, specifically the 5-nitro, 5-cyano, and f=chloro=
salicylic acids, the acid did not dissolve completely until
ope or two ml of titrant had been added,

The glass electrode was stored in distilled water when
not in use. Before being used, it was carefully wiped dry.
After a titration, the glass electrode was washed with
ethanol, then distilled water, and placed in distilled water
until further use, The calomel electrode was flushed with &
small amount of methanolic KCl solution both before and after
& titration, It was also washed with ethanol and dried
after a titration,

The titrations were carried out by adding an amount of
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titrant to the solution of acid in benzene, stirring for.

one to two minutes, depending on the amount of titrant added,
and then balancing the instrument with the stirrer turned off,
The balasnce button was kept on long enough to confirm the

fact that no change in potential was occurring,

The end point could easily be determined by imspection
since the potential change here was of the order of 100 milli-
volts for the addition of 1 drop of titrant. The volume of
titrant at half-neutralization could then be determined from
that at the end point, From the hzlf-neutralization volune,
the half-neutralization potential (HNP) was obtained by
interpolating between the potentials for the volumes on
either side of half-neutralization, Special precautions
were taken to =dd only small amounts of titrant in the vi-
cinity of half neutralization in order to reduce the error
in interpolating between two volumes,

As indicated in the theoretical section, the potentials
at half-neutralization are taken relative to a reference com-
pound, For the salicyllic aclds measured in these experi-
ments, the parent acld was the reference compound and two or
three titratlions of it were carried out on each day that
measurements were made, They wWere averaged for any one day
and the difference between the half-neutralization potential
of this reference acid and that of a substituted acld was

designated as AHNP, The value of AHNP was then considered

& measure of the strength of the substituted acid rel

A
LIBRARY

the unsubstituted parent compound,. ,
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RESULTS

EXPERIMENTAL DATA

The data obtained from the titrations are given in
this section,

An example of a typical titration of salicylic acid
in benzene is given, The curves for the substituted acids
resemble those of the parent compound in every respect and
are therefore not included. The data for the titration is
given in Table 2 and the graph of potential (E) versus
volume of titrant added is given in Figure 1, Figure 2

Vv
ig a plot of potential versus log ev where Ve is the

volume of titrant added st the end point and V is the volune
added at potential E, The data are plotted to 80% titration
since after this, potential begins to change fairly rapidly
and the values are not too reliable., Table 3, Flgure 3,
and Figure 4 give the corresponding information for a titra-
tion carried out on salicylic acid in aqueous solution using
aqueous sodium hydroxide as the titrant and the same
electrodes as in the benzene titrations, This titration in
aqueous solution was done so that a comparison could be
made with the titrations in benzene,

As seen from Figures 2 and 4, neither plot is actually
a completely straight line as predicted by equation (3).
Deviation from linearity could perhaps be attributed to
changes in ionlc strength during titration, The straight
lines drawn in the two figures allow a better comparison

L2



43

to be made of the extent of deviation from linearity in
the two solvents but are not in themselves considered

significant,
v

Up to approximately 65% neutralization (log
0.25), Figure 2 is as near to belng linear as Figure 4,
Beyond this, the plot in benzene shows increasing deviation
from linearity while Figure 4, the plot in aqueous solu=
tion, does not deviate significantly until 75% neutralization,

A situation similar to that in Figure 2 was found with
other titrations of salicylic acid in benzene which were
tested in this menner, Thus, in contrast to the situation
in ethylene dichloride oreviously discussed, 1t can be con=-
cluded that the behaviour of the glass electrode in benzene
jg similar to that in water up to end beyond the half-
neutralization point,

In conmnection with these titration curves 1t should
be mentioned that, as can be seen from Table 2, salicylic
acid exhibits two large potentizl breaks near the end
point, separated by a regilon of approximately 0,1 ml where
the potentiazl change is less rapid, This also occurred
for all the substituted salicylic aclids although 1t dia
not appear in the titration in aqueous golution or in a
titration of benzoic acid in benzene, which was carried out
for comparison with the sallcylic acids, In the case of

the salicylic acids, the second potential change was generally
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the larger, and was the one taken as the endpoint, NO
explanation for this behaviour has been found.

The titration data and the titration curve for the
benzoic acid are given in Table 4 and Figure 5, It can be
seen from the data that there ig only one large potential
change at the end point, Also the shape of the titration
curve is slightly different than for salioylic acld.

TABLE 2. The titration data for salicylic
acid in benzene at & concentration
of 7.39 x 1073 molar and with a

nalf-neutralization potential of
~121,3 millivoltsa.

bitrent (ml) (nilivolts)
1,00 + 36,3
1,50 + 12,3
2,00 - 13,1
2,52 - 37.7
3.01 - 66,3
3450 - 91.7
3.75 ~10h b
3.90 =112,2
4,00 -116,3
k,10 =121.8
L,25 =127.2
b, 50 -136.3

continued



TABLE 2 CONTINUED

Volume Potential
titrant (ml) (millivolts)
5,00 =152,2
5.51 -166,5
6.05 =179.5
6,50 -190,8
7.00 =206 4
7.50 =229,6
775 =255.7
7.80 =260,3
7.8l AL
7.86 -282,8
7.91 =302,1
793 =343,5
7,96 -427.3
7.99 =479,2
8.03 =513.1
8,06 =537.7

8,08 -630
8,11 -645,5
8,51 -666,8

k5



FIGURE 1, The titration curve of salicylic
acld in benzene from data in
Table 2, Potentisl (E) versus
volume of titrant added (V),
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FIGURE 2, A plot of potential versus

log for saliecylic acid in

benzene from data in Table 2,
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TABLE 3, The titration of salicylic acld
in water at 2 concentration of
22,76 x 103 molar,

Volume Potential
titrant (ml) (mv)
0,0 +194,2
0,50 +192,2
1,00 +190,3
1.99 +185,.6
2,50 +181.8
3,00 +178,2
3,50 +174 b4
4,00 +170,8
L,20 +168,5
L b0 +166.9
L,80 +163.9
5,00 +162,2
5.51 +157.9
6,02 +153.2
7.00 +142,3
750 +135.1
8,00 +127,1
8,50 +114,0
8.6l +109,.7

continued



TABLE 3 CONTINUED

Volume Potential
titrant (ml) (mv)

9,00 + 95.9
9.16 + 83,0
9,24 + 72,8
9.36 + 54,2
941 + 35,8
9 L7 = 10.3
9651 -161,9
957 -221,5
9,61 =243,0
9.90 -283 .4

10,50 -309,6

k9



FIGURE 3, The titration curve of salicylic acid
in water from data in Table 3,
Potential (E) versus volume of
titrant (V).
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FIGUEE 4, A plot of potential versus
Ve=V
log ev for salleylic acid in

water from data in Table 3,
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TABLE 4, The titration of benzoic acid in
benzene at a concentration of
13,64 x 10=3 molar,

Volume Potential
titrant (ml) (mv)
1,00 =244, 2
2,00 -288,3
2,50 =310,5
2,70 =319.9
2,91 =327.0
310 =335,2
3625 =341,.2
3.40 =345.5
3.50 -349,2
3,61 ~352.4
3.76 -360,.3
4,20 -366,8
5,01 =378.3
6,01 -394,9
6.52 =413.3
6,71 -430.3
6,83 =150, 5
6.87 =466 .4
6.89 =476.5
6.91 =489,.9

continued
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TABLE 4 CONTINUED

Volume Potential
titrant (ml) (mv)
6,93 -506,8
6.95 =527,.5
6.97 =557.9
7.00 -663
7.02 =708,5
7.05 -721.7
7.17 -764.2
750 =77849

Table 5 lists the results of the titrations done
in the course of this work, The titrations have been
divided into sets, each set having been tltrated in a
single day., All the substituted acids in a set have as
thelr reference potential the average of the parent acld's
HNP values which were determined in that set, The symbol
TBAI is used to represent tetrabutylammonium lodide, The
heading "Vol, titrant" represents the amount of titrant
added to the end point, The "Conc, acid" and "Conc,TBAI"
headings represent the initial concentrations of these
compounds in moles per liter X 103, while the "Vol.benzene"
is the amount of benzene in which the acid and the iodide

were dissolved,



FIGURE 5. The titration curve of benzoic acid in
benzene from Table 4, Potential (E)
versus volume of titrant (V),
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The valuesof AENP for the various substituted aclids
were determined as previously described, Table 6 gives
the mean valuesof AHNP for these acids together with their
standard deviatilons definéd by:
MAHNP s )2 ®

Standard dev- = n
iation

where n is the number of values of AHNP for a given acid
and AONP is the mean value of AHNP for that acid,

In the case of 4-cyanosalicylic acid, where m = 2,
the deviation was taken as the difference between the two
values of AHNP,

In the course of these titrations a number of variable
conditions were encountered which might concelvably affect
the results,

Table 7 shows ENP and AHNP values for a number of
salicylic acids titrated under different e Xperimental con-
ditions, The "Conc,acid" and "Conec,TBAI" headings refer
to the initial concentration of the titrated acid and the
tetrabutylammonium iodide respectively. The "“Conc.,methanol!
refers to the methanol introduced into the titrated
solution by the titrant solvent which, for purposes of
preparation and stability, contains 1095 methanol, The
concentration given is that at the half-neutralization
point in ml per ml of solution, The set number refers to

the set in Table 5 from which each titratlon was taken,
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TABLE 6, The mean value of AHNP for substituted
salicylic acids determined from

Table 5,
- Stendard

Substituent n AHNP (mv) Deviation
5=-Bromo 4 + 76,8 ‘ 2.1
L-Rromo L + 70,3. 1.7
5-Chloro 6 + 72,8 2,1
l-Chloro 6 + 60,4 3,0
5=F1uoro 6 + 57.5 2.9
4=Fluoro 3 + 37.6 1.5
5—Ibd0 5 + 71,1 3.0
5=Nitro 5 +179.8 2.7
L=Nitro L +138.5 1.3
5-Cyano 6 +145 .4 2.1

L -Cyano 2 +133,6 0,8
5=Methyl L - 21,6 2.8
L-Methyl 5 - 34,6 1.8
S5-Methoxy 4 + 0,6 2.5
L-Methoxy 6 - 43,2 2.7
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The examples chosen represent the maximum variation in the
concentration of acid,methanol, and tetrabubylammonium
iodide that occurred during these titrations,

A change in the concentration of the acid belng
titrated has been reported (97) to change the value of HNP,
Table 7 indicates that this was also the case 1in the present
investigation, In addition to acid concentration other
variables that might affect the value of HNP are the con-
centration of tetrabutylammonium iodide and the amount of
methanol introduced by the titrant, These three variables
genersally all change when condiftions vary, For example,
if the concentration of acid is changed, a different vol=-
ume of titrant is required to neutralize it and therefore
a different amount of methanol is added to the solution,.
The value of HNP tends to change even if the same experl-
mental conditions are maintained, This is especilally
pronounced if the tltrations were determined a considerable
time apart, For example, the titrations of 5-chlorosalicylic
acids indicated in sets 12 and 17 of Table 7 were done
under the same experimental conditions but their HNP values
differ by almost 12 millivolts, These two sets were deter-
mined almost two months apart while sets 23 and 25 for 5=-cyano-
salicylic acid in which the HNP values differ by less than
3 millivolts, were titrated two days apart,

In order to determine’whether the values of AHNP for

the acids in Table 7 also are affected by variations in
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conditions, it is necessary to know to what extent
differences in these values can be attributed to experi-
mental error, In order to make an estimation of the
experimental error which can be associated with AHNP,
the reproducibility of HNP for salicylic acid within indi-
vidual sets is examined, Since experimental conditions
are the same within a given set, and the time factor is
not important, any deviation in HNP valuves must be attributed
to experimental error inherent in the method, The following
procedure was used to obtain an estimation of this error,

The deviation of each HNP value for salicylic acid
in a set from the mean value in that set was calculated.
These deviations were summed and averaged for all values
of salieylic acid in all sets., This mean deviation of
HNP in the different sets from the mean HNP in those sets
was found to be 1,5 millivolts, Then, making the reason-
able assumption that a similar experimental error exists
in the substituted salicylic acids, an experimental error
of 3 millivolts 1is estimated for AHNP, This deviatlon is
inherent in the apparatus and method and is not a result
of changes in experimental conditions,

Thus if two values of AHNP for a single acid 4o not
differ by more than 6 millivolts, it can be concluded that
the deviation is due to experimental error and not changes

in titration conditioms. Occasionally two values of AHNP
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for a given acid may not agree within 6 millivolts, This
larger deviation may still be the result of experimental
error since in order to illustrate the largest such
deviations that could occur, the maximum deviatioms in
HNP within each set should be used in the calculations
rather than deviations from the mean value, This latter
procedure, however, gives a better indicatlion of the
experimental error that can usually be expected.

From Table 7 it can be seen that in all these
examples, except for the 4-methoxysalicylic acid in sets
7 and 24, the values of AHNP for a given acid agree within
6 millivolts. In the exception mentioned, there are
indications that this larger deviation is due to large
experimental error in the value in set 7 rather than the
result of different conditions in sets 7 and 24, This
can be seen from the facts that AHNP for set 6, in which
the conditions are the same as in set 7, differs from
that of the latter by 5.5 millivolts while its deviation
from set 24 is only 2,0 millivolts, Also set 17, in
which acid and methanol concentrations as well as HNP
differ from these values in set 24 even more than they
do in sets 6 and 7, has a value of AHNP which differs from
that of set 24 by omly 1,9 millivolts, Thus the large
deviation in AHNP between sets 7 and 24 cannot be due to

different experimental conditioms, but is probably the
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result of a large experimental error,and since it ig set
9 that deviates most from sets 6 and 17 rather than 24, the error
is probably in set 7. |

In connection with this 1t should be noted that the
important thing in these tests is not that these varlables
will not affect AHNP at all, but rather that any change in
them as a result of the different conditions encountered
in the present investigation can be neglected., For example,
it is to be expected that the introduction of a large amount
of methanol into the titrated solution will change the
value of A HNP, since the solvent is effectively different,
However, as has already been concluded, the changes 1n
methanol concentration encountered in the examples in

mable 7 do not change AHNP significantly.

Thus, since the different experimental conditions
for the titrations in Table 7 represent the maximum varia=
tion in these conditions encountered in this investigation,
the fact that the AHNP values obtained under these diffe=
rent circumstances generally agree within experimental
error, means that the conditions for all titrations can
be considered to be effectively the same insofar as

jnfluencing AHNP is councerned,

STATISTICAL TREATMENT OF EXPERIMENTAL DATA

The values of AHNP for the galicylic acids 1in
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Table 6 were fitted to the modified Hammett equation in

the form:

where, for & L-substituted salicylic acid, sigma 1 (07) is
sigma para (65) end sigma 2 (0y) 1s sigma meta (0,) for the
substituent, Similerly, for a 5-substituted salicylic
acid,¥y is Op and O, is Gb, In the case of the 5-nitro and
5-cyano acids, 0 5 was 0= (sigma minus), since here these
strongly electron=withdrawing groups are para to the elec=
tron-releasing hydroxy group, The values of sigma constants
were taken from the compilation of Hine (50). In order

to fit the data to equation (9), the normal regression
equations in two variables (5) were solved. For equation
(9), these take the form

2 —
p1 20y *pp 290, T 20 AHNE 10)
10

2 _
Py Zo’l o, + Pzz"/z = Zo’z AHNP

where the summation is carried out over all the acids,
These equations were solved using the data in Table 8,
It was found that P, was 148,1 millivolts and P, Was
59,3 millivolts,

The variance,sgxt, of the calculated from the

experimental values of AHNP was obtained from the equation:




PABLE 8, Values of AHNP (from Table 6)
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and the substituent constants of
substituted salicylic acids used

in the one and two-parameter

Hammett equatlions,

Substituent A HNP 0y o, 2
5=-Bromo + 76,8 +0.391 +0,232
4 =Bromo + 70,3 +0,232 +0,391
5-Chloro + 72,8 +0,.373 +0,227
4=Chloro + 604 +0,227 +0,373
5=Fluoro + 5745 +0.337 +0,062
l-Fluoro + 37.6 +0,062 +0,337
5=-Todo + 71,1 +0,352 +0,276
5-Nitro +179.8 +0,710 +1,27
L=Nitro +138,.5 +0,778 + L,710
5=Cyano +145.4 +0,56 +1,000
L-Cyano +133,6 +0,660 +0,56
5=-Methyl - 21,6 -0,069 -0,170
L=Methyl - 34,6 =0,170 =0,069
S5=Methoxy + 0,6 +0,115 =0 ,268
L-Methoxy - 43,2 =0,268 +0,115
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S = N2 (11)

where n is the number of acids, y is the experimental
value of AHNP for a given acld, and §, the calculated value

of AHNP for the same acid, is given by:
¥ =p101 *Po03 (12)

wherep; and p, are 148,.,1 and 59.3 respectively. A value

2

of 63,0 was found for Sext“

Table 9 gives experimental aud calculated values
of AHNP, The deviations in § were calculated from the
deviations inpl andp,. The calculation of these devia-
tions ippl andp, is given in the following treatment,
Figure 6 is a plot of the experimental values of AHNP
versus the calculated values, using the data in Table 9,
This figure gives a graphical indication of how well
equation (9) fits the data,

The deviations in P and p,, designated by %Pl

and SPZ respectively, can be calculated from equations

of the form:
o 08— 09%)70) S
Pr7 (oo, 3030, /0 )2 (otQey Fn)  (49)
2

Similarly S»P2 can be calculated by exchanging 07 and Ué

in equation (13)., The values obtained were:
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TABLE 9, Values of AHNP, experimental
(Table 6) and calculated on the
basis of equation (12), All
values are in millivolts,

Substituent A HNP Deviation A HNP Deviation
Experimental Calculated

5-Bromo + 76,8 2,1 + 71.7 5.9
L-Bromo + 70.3 1,7 + 57,6 5.4
5=Chloro + 72,8 2.1 + 68,7 5.6
4-Chloro + 60,4 3,0 + 55.7 562
5=Fluoro + 5745 2.9 + 53,6 b0
L-Fluoro + 37,6 1,5 + 29,1 3.2
5=-I0d0 + 71,1 3,0 + 68,5 5.8
5-Nitro +179,.8 2.7 +180,5 17.2
L4-Nitro +138,5 1.3 +157.3 13,6
5=Cyano +145,. 4 2,1 +142,2 13,6
L-Cyano +133,6 0,8 +130,9 11,2
5-Methyl - 21,6 2.8 - 20,3 2,0
L-lMethyl - 34,6 1.8 - 29,3 2.4
5-Methoxy + 0,6 245 + 1,1 3.3

Llf-MethOX,’y‘ = 4332 297 - 32e9 3@7




FIGURE 6, A plot of experimental values of
AHNP versus values calculated on the
baslis of the two-parameter Hammett
equation, Data from Table 9,
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Spp = 103
sz = 7,8
Therefore the Hammett equation becomes:
AENP = (148,1 T 10.3) 07 + (59.3 £ 7.8)0;,  (14)

A similar treatment was carried out for the simple

Hammett equation in the form :
AHNP = p O] (15)

using the equation pZo’l =ZAHNP to obtain pP, A value
of 220.,2 millivolts wag obtained for P oo The variance was
defined in a manner similar to that for the two parameter

equations:

Yy = §)°
n

s'?2 = ) (16)

ext

where the symbols have the same meaning as in equation (10)

~t

except that y , the calculated value of AHNP, is defined
by: /
where L 1s 220,2,

The deviation in p was found from:

g2
82 = ext (18)
P )07 5= (o) ®

n
The value of S;}%t was 337.4 and S/o was 15,6, Table 10




TABLE 10, Values of AHNP, experimental

(Table 6) and calculated on the

basig of equation (17). All
values are in millivolts,
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Substituent A HNP Deviation AHNP Deviation
Experimental Calculated
5-Bromo + 76,8 2,1 86,1 6.1
L~Bromo + 70.3 1.7 51,1 3.6
5=-Chloro + 72,8 2.1 82,1 5.8
L4-Chloro + 60,4 3.0 50,0 3¢5
5-Fluoro + 57.5 2,9 74,2 562
4~Fluoro + 37.6 1.5 13,6 1.0
5-TIodo + 71.1 3.0 775 5e5
5=Nitro +179,8 2.7 156,3 11,0
L-Nitro +138,.5 1.3 171.3 12.1
5=Cyano +145,.4 2,1 123.3 8.7
L-Cyano +133,.6 0,8 1454 10.3
5=Methyl - 21,6 2.8 =15,2 1,1
L-Methyl - 34,6 1.8 =374 2.6
5=Methoxy + 0,6 2.5 +25,3 1.8
L-Methoxy - 43,2 2.7 =59,0 b2
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gives the experimental and calculated values of A HNP,
The deviation in the calculated value was obtained from

the deviation in P,

Figure 7 is a plot of the experimental value of AHNP

versus 07, using the data in Table 8, and a value for [y
of 220,2,

It has been indicated (56) that if 03 and Oy
are linearly correlated,data which would be adequately
represented by a one-parameter equation will fit a two-

parameter edquation, If G& and Ué are linearly related,

0’2 - Co’1 (19)
Then 1if the data fit the equation
AHNP = P O] (15)
a fit will also be obtained for the equation
AHNP = Dy 07 + Py Op (9)
in which

Jaffe (56) proposed that this would be the case if
the linear correlation coefficient between 07 and O,
hag a value greater than 0,9,

The linear correlatlion coefficient between Gi and

0o, r , is defined by:

01,

r — n ZO/ Op — ZO'Z)E (22)
010 (n 19,2~ (16)2) (0 10,2-(]0,)2 )%




FIGURE Y. A plot of AHNP (experimental) versus oy
using the data in Table 8,
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where n is the number of sets of values of 07 and O5. (104),
Using the substituent constants in Table 8, it was found
that [ = 0,756
O;oé 7 L]
Figure 8 is a graph of o7 Versus Oy for the values

used in the present study,



FIGURE 8, A plot indicating the extent of llinear
correlation between 07 and 0Oz,



i

+Q9™

+O7[

O?o.s—

+0.3

.01 _O 4-OCH3

78

Oscen’

Os-1

5-Br
5-Cl

Os-r




DISCUSSION AND CONCLUSIONS

In comparing the applicability of the one and two-
paremeter Hammett equatioms to the relative acldities of
the series of substituted salicylic acid determined 1n
this investigation, it should be noted that the former
equation will always correlate the data at least as well as
the latter, This can readily be seen since, mathematically,
the one-parameter equation is only a special case of the tWo-
parameter form, with Po equal to zero,

The criterion that must be examined in determining
whether the two-parameter, modified Hammett equatlon is
necessary, is the extent to which its use improves on the
fit to the data provided by the simple Hammett equation,

A quantitative indication of this is obtained by &
comparison of the deviations of the observed values of
A HNP from the values calculated on the basis of the two
Hammett equations., In obtaining the calculated values,
the statistically derived values of rho are used in thelr
respective Hammett equations as has been done in the pro-
ceeding section on Results, A mean value of these devia-
tions between experimental and calculated AHNP values,

S is given by equation (1l). As derived in the

ext’?
preceding section, this value 1s 7.9 for the two-parameter
equation and 18,4 for the one-parameter equation,

Therefore, the two-parameter Hammett equation (2)

79
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actually fits the data much better than the one-parameter
equation (1), If the latter were a sufficient relation-
ship, the two equations should have similar values of
Sexte

Another quantitative estimation of the #alidity of
the two-parameter Hammett equation is the value and
reliability of Po, As has been mentioned, 1f the two=
parsmeter equation is used to correlate data that could
actually be equally well represented by a fit to 2 one-
parameter equation,‘pz should be very close to zero, The
further‘pz is from zero, the more important the second
term in equation (2) becomes, It has been proposed (56)
that in order to be comnsidered a valid represemtation of
the data, a two-parameter equation must have a value which
is different from zero at a confidence level greater than
95% as determined by a Student's t-test., In the present
case such a test, which measures the probability that a
number with a given deviation is greater than a designated
value, indicates that 59.3 b 7.8 which has been derived
as the value of P2 in the present investigation 1s diffe-
rent from zero at a confidence level considerably greater
than 99.5%. As o matter of interest, the value of P, at
the 95% confidence level is 59,3 * 17,1; that is at the
95% confidence level 42,2 P2 < 764,

Therefore, on the basis of the fit of the experimental
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data to the two-parameter equation ccmpared with the one-
pareameter equation, as measured by  Sgxgs and on the basls
of the extent to which P2 differs from zero, it can be
concluded that the acidities of a geries of substltuted
salicylic acids in benzZene relatlive to salicylic acid obey
a two-parameter Hemmett equation rather than the simple
one-parameter form, This is in agreement with the predic-
tion (56) that substituted benzene derivatives in which
the reaction center is hydrogen bonded to a vicinal group
should obey such a two-parameter equation in their reac=
tions,

That such & fit to the two-parameter equation is a
result of the introduction of the ortho hydroxy group and
not just due to changes in sigma values on changing sol-
vent, some other solvent effect, or the method of measure-
ment can be seen from the fact that the relative acidities
of benzoic acids determined by potentiometric titration
in solvents of low dielectric constant such as bromo- and
chlorobenzene obey a simple Hammett equation (77).

Although the salicylic aclids do in general obey the
two-parameter Hammett equation, there are some deviations,
as can be seen from Figure 6, The most notable of these
is the W-nitrosalicylic acid for which the calculated
value of AHNP ig approximately 20 millivolts higher than
the experimental value,

The deviation of the U4-nitrosalicylic acid could be
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due to resonance effects, In benzene solution the hydrogenm
bond between hydroxy and carboxyl groups will hold the
latter in the plame of the benzene ring and, as a result,
will allow an increase in resonance interactions between

a substituent such as 4-nitro and the_carboxyl group over
that which could occur if mno hydrogen bond were present,.
The 4-nitrosalicylic acid is weaker than the equation pre-
dicts, a condition which could be attributed to structures

which are more important in the acid, such as:

O-H O-H

EON jo “Q. O
/N C\ /N C\

O O-H O O-

Here, the anionic structure already has a charge on the
hydroxy oxygen and the introduction of another charge on
the carboxyl oxygen will be energetically unfavourable.

As a result this structure will be less important than in
the undissociated acid and therefore this resonance weakens
the acid,

It is found that 5-nitrosalicylic acid does not
deviate from the two-parameter Hammett plot, thus lending
support to the hypothesis thet the deviation of the U4-nitro
gcid is due to resonance effects since a 5S5-substituted acid
cannot take part in such resonance interaction to an apprec=
jable extent., It is also found that 4-nitrobenzoic acid

does not deviate from the simple Hammett plot for 4-substi-
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tuted benzoic acids in benzene (23)., This indicates that,

as suggested, the effect in 4-nitrosalicylic acid is a

result of increased coplanarity of the carboxyl group and

the benzene ring as a result of hydrogen bonding., It is
significant that 4-nitrosalicylic acid does not deviate

from the simple Hammett equation in aqueous solutlon,

Since deviatlon does occur in benzene for both the simple

and modified Hammett equations, this suggests that hydrogen
bonding in salicylic acid is not strong enough in water to
cause the necessary carboxyl group - benzZene ring coplanarity,

A drawback to the resonance explanation for the
deviation of 4-nitrosalicylic acid from the two=parameter
Hammett equation is the fact that 4-cyanosalicylic acid
does not deviate although resonance interactlons should
also be possible with this group,

From Figure 7 it can be seen that, omitting the
abnormal 4-nitro acid, 5-nitro and 5-cyanosalicylic acids
deviate more from the simple Hammett equation than the
other acids. This is the result that would be expected if
a fairly large fractlon of the effect of a substituent on
acidity were through the hydrogen bond, since these
strongly electron-withdrawing substituents para to the
hydroxy group would be expected to have the largest effect
on such hydrogen bonding through the phenolic group, In
correlating the acidities of the salicylic acids measured

in this investigation with the two=parameter Hammett equation,
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it was found that sigma minus values for Ué gave a better

fit to the equation than ordinary sigms values for these
substituents and the former were therefore used, This is
also the case in @ Hammett plot of the acidities of phenols
in water and suggests that resonance structures similar to
those that increase the acidity of 4-nitrophenol (50)
stabilize the anion, Such & structure for 4-nitrophenol

anion and by analogy for 5-nitrosalicylate are indicated

below:
O\\C Q
O : Q
~ + - N+
N O N O
-0 -0
5=-nitrosalicylate L-nitrophenolate

Although most other electron-withdrawing groups will not be
able to form structures such as that indicated for 5-nitro-
salicylate, and therefore sigma minus values will not
generally be required for 0, for 5-substitubed acids, the

tendency will be in the same direction, That is, an

3
increase in the acidity of the phenolic hydrogen will
occur, strengthening its hydrogen bond to the carboxylate
oxygen and increasing anion stability,

In connectilon with the 5-cyanosalicylic acid it should
be mentioned that 1ts neutralization equivalent was lower

than was to be expected on the basis of the titration of

tne other acids, The titration indiceted thaet the acid
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was only 91% pure (see set 25, Table 5), Efforts at
purification did not have an appreciable effect, It was
slso found that = sample of this acid prepared independently
from that synthesized in the present investigation (28)

gave a titration equivalent to 89% purity (see set 23, Table
5) which is very similar to that obtained from the acid
prepared in this work, The two samples also gave essentially
the same AHNP value, The fact that purification efforts
resulted in no noticeable change in the titration and that
two independent preparations gave the same per cent purity
casts some doubt on the explanation of this result on the
basis of lack of purity. The alternative explanation, that
neither of these samples, which were prepared by the same
method, is 5-cyanosalicylic acid is also doubtful since an
infrared spectral study on the sample in reference (28)
indicated the presence of a cyano group and an elemental
analysis indicated the correct per centage of nitrogen,

for 5-cyanosalicylic acid, Although the acid prepared

in this investigation was not exXamined in this manner,

the fact that its AHNP value is the same as for the

other sample indicates that the two are the same acld,

No satisfactory explanation for this low titration of the
5-cyanosalicylic acid is avallable,

In the two-parameter Hammett equation the values of

P10l end pp0p refer to the effect of a substituent on

the acidity of salicylic acid through two different paths,
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These are the direct effect on the carboxyl group and

the effect through the phenolic group. The former stabl-
lizes the carboxylate ion through electron-withdrawal by &
substituent and the latter occurs as the result of changes
in the strength of the intramolecular hydrogen bond caused
by the electronic influence of substutuents. Therefore,

the values off’l and/32 should give a quantitative measure
of the relative importance the two paths will have in
transmitting the effect of a substituent on the strength

of the salicylic acid, The value of f%/fﬁﬁ was found to be
0,40, This indicates that the effect of a substituent on
acidity by the phenolic path is 2/5 the effect by the
carboxyl path., Thus the effect via the phenolic path, which
is due to hydrogen bonding, is quite important and repre-
sents a fairly large fraction of the effect of a substituent
on the aclildity of salicylic acids in benzene,

In order to arrive at more genersal conclusions 1t
is necessary to compare the results in benzene solution
with those in water,

Inarecent study of the thermodynamic ionizatlon con-
stants of sixteen substituted salicylic acids in water (67)
it was found that a simple one-parameter Hammett equation
was sufficlent to give a good correlation with the data,

A statistical fit to a two-parameter equation gave values

+

of .,820 = ,038 and ,101,i 046 for 04 end Py respectively

(28)., The value of P, did not differ from zero at a
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confidence level greater than 95% on the basis of the
Student's t-test, It was therefore concluded that the
fit of the data to the two-parameter equation did not
constitute a significant improvement over the one-parameter
equation and that the effect of a substituent through the
phenolic group was very small or nonexistent (28),
Obviously, then,the situation 1s different in the
solvents benzene and water, In the former an intramolecu-
lar hydrogen bond between the phenolic and carboxyl groups
is known to exist, while in water very limited evidence
is available on the hydrogen bonding situation. The only

reasonable explanation for the experimental observation

that two different Hammett equations are obeyed by salicylic

acids in the two solvents, and that the equatlon obeyed in
benzene where hydrogen bonding is known to exist is the one
predicted for such hydrogen bonding (56), is that any
intramolecular hydrogen bonding in aqueous solution is too
weak for a substituent to have an effect on the acidity of
a compound by that path,

In relation to the discussion of the experimental
results of this investigetion and the conclusions derived
from them, a somewhat more detalled discussion of some
of the literature evidence on the subject of intramolecular
hydrogen bonding as 1t pertains to these conclusions 1s
given,

The only important evidence,other than aclid strengths,
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in favor of intramolecular hydrogen bonding in aqueous
solution of salicylic acid is based on an infrared study
in deuterium oxide (13). The basis of the investigatlon
is that the C = O stretching frequency of a carboxyl

1 higher than the assymetric stretching

group is 140 em”
frequency of the carboxylate ion, Therefore, any tendancy
for the carboxylate group to protonate, including hydrogen
bonding, would shift its frequency toward that of the car-
boxyl group, It was found that the assymetric freguency
of the carboxylate ion was 68 cm"l higher and the C=0 car-
boxyl stretching frequency was 25 cm“l lower in salicylic
acid than in benzoic acid, Since the latter cannot form
intramolecular hydrogen bonds, it was concluded that these
spectral differences, which indicate more protonation in
salicylic than benzoic acid, were due to strong intra-
‘molecular hydrogen bonding in the salicylic acid and
salicylate ion, These conclusions are based on the
implicit assumption that solvationis similar for the two
types of acids,

The conclusion that a strong hydrogen bond exists
in aqueous solutliong of salicylic acid and salicylate
ion is very difficult to correlate with the results of
the present investigation, Such a situatlion would mean
that salicylic acid is very similar in benzene snd water,

except for solvation which does not have an apprecilable
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effect on the type of Hammett equation that applies (since
benzolc aclids obey a simple Hammett equation in benzene
(23)), and that salicylic acid should therefore obey the
two=-parameter Hammett equation in water as well as in
benzene,

It is felt that although such infrared spectral
studles in D,0 may well become the most important method
of investigation of hydrogen bonding effects in water,
further study of factors which might influence the spectra
and their interpretation is necessary, For example, 1t
appears to be highly desirable to compare the spectrum
of benzolc acild with an ortho-substituted benzoie acld, such
as O-bromobenzolc acid, which cannot hydrogen bond with
the carboxyl group to an important extent but which
affects the acidity through steric factors, It could
then be seen whether the spectral shifts in salicylic
acid attributed to hydrogen bonding could be due to steric
effects,

It was mentioned in the Literature Review that an
ultraviolet spectrophotometric study of the hydroxybenzolc
acids had been interpreted as indicating that salicylic
acid has an intramolecular hydrogen bond in ethanol which
pergists in the monogodium salt (98), The results do not
seem to warr&nt this conclusion and & discussion is given

here in support of this opinion,
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The experiments measure the ultraviolet spectra of
salicylic acid and sodium salicylate in ethanol in the
region of 30002, where phenol shows @ peak, On the basils
of these spectra it is concluded that on goling from the
acid to the monogodium salt, the meta and para hydroxyben-
zoic acids undergo a2 significantly larger spectral shift
than the salicylic acid, From this it is deduced that in
salicylic acid an intramolecular hydrogen bond, which
appears to be assumed to exist in the acidic form, 1s retalned
in the monoanion, Hydrogen bonding in the other hydroxy-
benzoic acids, which is considered to be intermolecular, 1is
broken in the monoanion, The spectral shifts for the
hydroxybenzoic acids, estimated from the spectral dlagrams
in this study (98) are given in Table 11, Although these
estimations are not highly accurate, it can be seen that
the shifts of the maxima in the spectra on going from acid
to monoanion are not very different for the three hydroxy-
benzoic acids. Such small spectral shifts, together with
the initial requirement of assuming an intramolecular
hydrogen bond in the acid form in ethanol, mske any con-
clusiong concerning changes in the state of hydrogen bond-
ing in salicylic acid rather unrelisble,

Of more interest in this particular study 1is an
examination of the spectra of the hydroxybenzoiq acids in

various solvents which the authors have obtained, but not
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TABLE 11, The ultraviolet spectrophotometric
wavelength shifts on changing con-
ditions for the hydroxybenzoic

3

acids, ™
0 Solvent Changed
Acid ’ (4) From To
Salicylic -110 CZH5OH C2H5OH+ 2 moles
02H50Na
4 -hydroxyben=
zoic =140 CZH5OH CoH50H + 2 moles
CoHs0Na
3=hydroxyben-
zoic =100 CZH5OH CZH5OH + 2 moles
CoHz0Na
sSalicylic =200 CClu water
Salicylic =140 dioxane water
4=hydroxyben=
zZoic - 20 dioxane water
3=hydroxybens=
zoic = 50 CCl@ water
3=hydroxyben-
zZolc = 90 dioxane water

¥ Data taken from reference (98)
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discussed,. The wavelength shifts of the spectral maxima
have been estimated for a change in solvent from carbon
tetrachloride or dioxane to water and are given in Table
11, It can be seen that salicylic acid exhiblts a signifi-
cantly larger spectral shift as the result of such a sol-
vent change than do the other hydroxybenzoic acids, As
-mentioned in the Literature Review, other investigatlons
have shown the presence of an intramolecular hydrogen bond
in solutions of salicylic acid in solvVents of low dielec-
tric constant, Thus the spectral results can reasonably
be interpreted as indicating a loss in hydrogen bonding
in salicylic acid on going to water while meta and para hydroxy-
benzoic acids which have no such chelate hydrogen bond do
not exhibit such a spectral shift,

An investigation into the NMRE proton shifts of the
OH group in a series of substituted 2-hydroxyacetophenones
has been carried out in carbon tetrachloride solution
(103)., The results, together with infrared spectral
frequency data obtained at the same time, have been inter-
preted in terms of substituent effects on the strength of
the intramoleculsr hydrogen bond between the carbonyl
oxygen and the phenolic hydrogen, The observationg are
interpreted as indicating that electron-withdrawing sub-
stituents in the 5-position relative to the carbonyl group
decresse the electron density on the phenolic oxygen and

thus increase hydrogen bonding, Such substituents in the
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Leposition decrease the electron density on the carbonyl
oxygen and therefore reduce hydrogen bond strength,

It is of interest to compare these conclusions with
the results obtained in the present investigation 1in order
to obtain insight into the method whereby a substituent in-
creases or decreases hydrogen bond strength, and therefore
acid strength, in salicylic acids. It must be remembered
that in salicylic acids there is the additional direct
effect on acidity, similar to that in benzolc acid,

If, as is indicated by the 2-hydroxyacetophenones,

a substituent affects the strength of a hydrogen bond only
by changing the electron density on the hydrogen bonded
group para to it, a substituent in the 4-position will
affect hydrogen bonding only through the carboxyl group.
In addition, an electron withdrawing substituent will
decrease the hydrogen bond strength, A 5-substituted
salicylic acid, on the other hand, will have & hydrogen
bond effect via the phenolic group and in this case an
electron withdrawing group will increase the strength of
this bond,

The results of such a situation would be as follows,
The 5-substituted acids would obey a 2-parameter Hammett
equation with a positive value of p,, since the substituent
erfect would take place via two groups. The L-substituted
acids would obey & one-parameter equation with a value of

P less than O, obtained for the two-parameter equation
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followed by the 5-substituted acids, This is so because
here there is only one path through which both the normal
substituent effect and the hydrogen bonding effect occur,
Also, in this case the hydrogen bonding effect will be

acld weakening if the normal effect is acid strengthening;
that 1s, the substituent is electron-withdrawing, However,
Figure 7 shows that the 4-substituted acids do not obey
their own simple Hammett equation any better than they

obey the one for all substituents. Also, this value of

P is larger thanf31 for the two-parameter equation (220,.2
versus 148,1). With the exception of the 4-nitro acid,

the salicylic acid with substituents in the 4 position obey
the same two-parameter Hammett equation as the 5-substituted
acids (Figure 6),

It therefore appears that in the case of the sallcylic

acids in benzene, the hypothesis that the strength of a
hydrogen bond between two ortho groups is only influenced
by a change in electron density on the group para to the
substutuent is not valid, Alternative possibilities are
that the substituent only influences the hydrogen bond
strength through the phenolic group, or that the electron
densitles of both phenolic and carboxylic oxygens are
affected, The first of these possibilities ig very unlikely
since it is difficult to see how a 5 =-substituent can

change the acidity of the carboxyl group by changing the
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electron density without this also changing the hydrogen
bonding ability of this group, Thus 1t appears probable
that 2 substituent affects hydrogen bond strength by
changing the electron density on both carboxyl and phenolic
Eroups, ‘It should be noted that these are opposing effects
for any given substituent,

gince a substituent has two opposing electronic
effects on the strength of a hydrogen bond, it 1s possible
that under some circumstances or in certain compounds the
effects might cancel each other and no net change in hydro=
gen bond strength would occur on changing substituents.
As 2 result a system could have a sgtrong hydrogen bond
without & substituent causing a change in it, It might
therefore be argued that in a system such as salicylic
acid in water this is the reason for the fit to & one-
parameter equation, rather than the two=-parameter equation,
which takes into account changes in hydrogen bonding
brought about by a substituent, and that a strong hydrogen
bond. could still exist in this system without it obeylng
the 2-parameter equation,

That this is not so can be seen from the following
considerations, The termwpzoé that is considered to be

the term due to hydrogen bonding in the two-parameter

equation for salicylic acids actually represents that portion

of the effect of a substituent on the hydrogen bond strength

T33a o~ e

that occurs through the phenolic group, That is, since 05
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refers to the position of the substituent relative to the
prhenolic group,/JZOQ takes into account only changes in

acid strength that result from the influence of a substituent
on this group and the only such effects are due to hydro-
gen bonding, The change in hydrogen bond strength due to
changes in carboxyl group electron density are incorporated
into/Dlo'ie Therefore‘pzog is actually a term describing

the hydrogen bond effect on acidity via the phenolic group
rather than the complete hydrogen bonding effect,

Thus it is not only possible but required that, for
the two opposing influences on hydrogen bonding to cancel
and as a result no net change in hydrogen bonding to occur,
the effect via the phenolic group and therefore 0, should
not be zero, If P, is zero, this means that the effect
of any substituent on the strength of the hydrogen bond
by way of the OH group is zero, This will occur only if
there is no hydrogen bond,

The fact that the value of,p2 is quite small in
salicylic acid in water means that the hydrogen bond is
very weak, or absent, not that it 1is of almost constant
strength as the result of opposing effects, Thus the
conclusions previously derived for the hydrogen bonding
in water on the basis of a very small P, in that solvent
are still valid,

The preceding discussion could be indicated in a
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mathematical form by dividing the expression for the two-
parameter Hammett equation into separate terms for each

effect, The equation then becomes:

K
1og ¥, = PA0T * Pr o1 P20 (23)

or

]

log %5 (Pi +oy)oy +p2 03 (24)
The ternnp&pi refers to the normal direct effect of a
substituent on carboxyl acidity. The terng ci is the
effect on acldity due to changes in hydrogen bond strength
resulting from a change in carboxyl group electron denslify
by a substituent, Similarly p,0; is the corresponding
hydrogen bond effect due to a change in the electron den-
slty on the phenolic oxygen, The values ofpi and P, are
implicitely positive while})H is negative., It can be seen
that the net value of pj = (P& fPH) should be less than
Pi, The term’pi should have a value very similar to that
for a simple Hammett equation of benzolc acids in benzene
determined in the same manner, It can be seen that when
the net effect on hydrogen bonding is zero, the term‘pH 01
is equal tO})zGé, rather than the latter being zero,

It should be possible to determine the value offﬁ
by constructing a Hammett plot of benzoic acids in benzene

determined by potentiometric fitration under conditions
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simllar to those used for the salicylic acids in this
investigation, A comparison of Po and}DH, the hydrogen
bond effects on acidity resulting from substituent effects
on the phenolic and carboxyl groups respectively, could
then be made,

Since the conclusions bgsed on the results of the
vresent investigation together with those for agueous
solutions of salicylic acids indicate that in the latter
case any intramolecular hydrogen bond appears to be dquite
weak, an alternative explanation is required to account
for the high acidity of salicylic acid in water,

The only reasonable alternative explanation that
appears to be agvalilable at present is that of the steric
effects of ortho~substituted benzoic acids discussed in
the Literature Review, As indicated in Table 12 this
effect can be quite large in cases where intramolecular
hydrogen bonding could not be an important factor, It is
the values of Kortho/Kpara that are of greatest significance
since electronic effects are similar in the two isomers,
and the greater strength of the ortho ilsomer is due to
ite steric interaction with the carboxyl group, As seen
In this table, this "ortho effect", measured by Kortho/
Kparas is largest for the nydroxy group, If steric hind-
rance of the carboxyl group by the phenol group is the cause

of the high acidity of salicylic acid, an increase in the
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TARIE 12, lonization constants of

substituted benzoic acids®

5 Kortho/Kpara
Substituent K x 10 same substituent
2=Hydroxy 101
34,2
L=Hydroxy 2,95
2=Methyl 12,4
3.0
L=Methyl 4,2
2=tert=-Butyl 29,1
6.6
L-tert-Butyl L b
2=Bromo 140
13,1
L4=Bromo 10,7

¥ Data taken from reference (66).
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effective size of the phenolic group through solvation
would have to be of major importance since the actual size
of the hydroxy group is much smaller than many of the
others, such as bromo, in which the ortho effect is less,
Such an explanation is supported by suggestions which have
been made (23) on the baslis of a comparison of relative
strengths of a series of benzoic acids in benzZene, alcohols,

and water, as described in the Literature Review,



24

3e

SUMMARY

The relative acidities of a series of fifteen sub-
stituted salicylic acids have been determined in benzZene
solution by potentiometric titration,

These relative acidities, with salicylic acid as a
reference compound, have been shown to obey the two=-

paramefter Hammett equation
AHNP = p3 07 + pp O3
significantly better than a simple Hammett equation
AHNP =p 0o

in such solution, where a strong intramolecular hydrogen
bond occurs,

These results, together with the experimental observa-
tions that the simple equation is an adequate represen-
tation of the data in water, lead to the conclusion

that in the latter solvent, the intramolecular hydrogen
bond ig too weak for a change in its strength by a
substituent acting through the phenolic group to affect
the acidity of salicylic acid appreciably.

4 possible mechanism whereby & substituent affects the
strength of the hydrogen bond, and through 1t the

acid strength, of salicylic acid in benzene is discussed,

4n alternative explanation to that of hydrogen bonding

which might cause the high acidity of salicylic acid in water

is suggested.
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