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ABSTRACT 

Ionizatioll constants a t  23 "C have been determined by a spectrophotom~tric method for 17 
s~~bs t i tu t ed  salicylic acids. 'These have been fitted to the si~llple Marnn~ett relationship and to  
the extended one proposed by Jaffe, which takes into account the transnlissioll of substituent 
effects by the o-hydroxy group. The results with Jaffc's equation show that substituent effects 
or1 acidity are transmitted only slightly, if a t  all, through the intramolecular hydrogen bond of a 
chelate ring. Possible interpretatiorls of the r e s ~ ~ l t s  are discussed. 

Salicylic acid is well known to be a decidedly stronger acid than benzoic or the other 
monohydroxybenzoic acids. The relevant ionization constants are sho~vn in Table I ,  
where it  may be seen that the second o-llydroxy group in 2,6-dihydroxybenzoic acid has an 
even greater effect than the first. Since the llydroxy group nor~llally 11as a strong resollance 
effect of electron release, a hydroxy group in the ortho position might have been expected 

TABLE 1 

lonizatiori constants of hydroxybenzoic 
acids in water a t  25 "C (1) 

Substit~lerlt I( X lo6 I < / K I , ~ , , ~ ~ ; ~  

Benzoic 6.30 1 . 0  
712-Hydrosy 8 . 3 3  1.32 
p-Hydrosy 2.62 0.42 
o-Hydrosy 105 16.7 
2,G-1)ihydrosy 6 000 932 

to decrease the strength of a benzoic acid just as it does when in the para position. The 
anoinalous increase in acid strength produced by an o-hydroxy group is commonly 
attributed to intramolecular hydrogen bonding between the phenolic hydroxyl and the 
carboxyl group (2-8). Ainong the hydroxybenzoic acids, chelation is possible only lor the 
ortho isomer and, since it  would be expected to be stronger in the anion than in the un- 
ionized acid, i t  should stabilize the anion more than it does the acid and so cause increased 
ionization. 

If the above argument is correct, then a substituent in the 4- or 5-position of 
salicylic acid should influence the ionization constant by two paths. For example, an 
electron-withdrawing group, such as nitro, in the 5-position should exert its normal 
acid-strengthening influence on the carboxyl group by way of the usual combination of 
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inductive, field, and resonance effects, as in the corresponding nitrobenzoic acid. This 
effect I\-ould be represented in terms of the I-Iammett relationship (9) by 

[]-I log I</I<o = p la l ,  

where I< is the ionization constant of 5-nitrosalicylic acid, KO is that of salicylic acid, a1 is 
the I-Iammett substituent constant for the m-nitro group, and pl is I-Iammett's reaction 
constant for the ionization of salicylic acids under the conditions concerned. Second, the 
substituent should have a similar but larger effect on the acidity of the phenolic group, 
thus increasing the strength of the chelating hydrogen bond and so exerting a further 
acid-strengthening influence on the carboxpl group. This second effect would be repre- 
sented by 

where u2- is the I-Iammett #-nitro substituent constant for use with phenols and amines 
(I-Iammett's a*) ,  and pz is a I-Iammett reaction constant representing the susceptibility of 
the ionization of salicylic acids to subsequent influences by way of the chelate hydrogen 
bond. Jaffe (10) has shown that influences through the t11ro paths should be additive, so 
that the overall effect of a substituent should be given by 

I-Ie found (10) that, in the case of the salicylic acids, eq. [3] was not an improvement over 
eq. [I.]. Jaffe attributed this to the fact that the six substituents for ~vhich data were 
available (11) were such that a1 and a2 are linearly related, so that for these substituents 
eqs. [I] and [3] become indistinguishable. He proposed that eqs. [:I.] and [3] can be 
distinguished only when the correlation coefficient between a1 and a2 is less than 0.9. 

Since there \\;as available in our laboratory a collection of sixteen 4- and &substituted 
salicylic acids prepared in connection with a study of their decarboxylation (12), i t  
appeared to be ~vorthwhile to determine their ionization constants, both for comparison 
with their rates of decarboxylation and for a test of eq. [3]. The  fact that the correlation 
constant between a1 and az- for the 16 acids is 0.723 inalces them particularly suitable for 
the latter purpose. The present paper reports the results of these determinations. 

Materials 
'I'he 5-methyl-, Pnitro-,  5-nitro-, 4-hydroxy, 5-hydroxy-, 5-bromo-, 4-ethosy-, 5-chloro-, and 5-iodo- 

salicylic acids, a s  well a s  salicylic acid itself, were conln~ercial products. The 4-methoxy- and 5-methosy- 
salicylic acids were prepared by methylating the corresponding hydroxy acids (12). A11 the acids were 
purified to constant melting point by one or more recrystallizations from water or aqueous ethanol; the 
melting points reported are for the recrystallized acids. A11 melting points were determined with a Hershberg 
melting point apparatus (13) by using calibrated rlnschiitz thermometers, and are expressed in degrees 
Centigrade. 

3-il.lethylsalicylic Acid 
il product sold commercially under the name 2,bcresotic acid (m.p. 166.8-168.0") and consequently 

supposed to be 4-~uethylsalicylic acid (2-hydroxy-4-methylbenzoic acid) was found to have an ionization 
constant which, according to the Hanilnett parameters derived from the other salicylic acids, was inconsistent 
with its s~~pposed  structure. Decarboxylatio~~ of the acid with copper powder in hot quinoline gave a cresol 
which was converted into the dibromo derivative by the usual method (14). This derivative produced no 
depression in the melting point when mixed with the dibromo derivatives prepared from an authentic sample 
of o-cresol. The "2,4-cresotic acid" must therefore have its methyl and hydroxyl groups ortho to each other. 
I ts  large ionization constant (0.962 X 10-3) shows that the carbosyl and hydroxyl groups are also ortho to 
each other, so that the acid must be 3-methylsalicylic acid (2-hydroxy-3-methylbenzoic acid). Melting points 
of the p-bromophenacyl, p-nitrobe~izyl, acetyl, and dinitro derivatives confirm this structure. I t s  ionization 
constant is therefore reported in Table 111 under the heading 3-methylsalicylic acid. 
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4-L$fetl~ylsalicylic Acid 
'This acid was prepared by treating 4-methylanthranilic acid with nitrous acid. .-I solution of 7.6 g of 

4-methylanthranilic acid in 33 ml concentrated sillfuric acid and 45 ml water was cooled to 0-5' and stirred 
\vhile 4 g sodium nitrite in 10 ml water was added dropwise over a period of 10 min. The mixture was stirred 
for another 15 min, and then poured into 200 ml boiling water. When this solutiol~ was cooled, 4-methyl- 
salicylic acid precipitated out ;  after two recrystallizations from water 1.1 g (14.5y0) melting a t  177.0-177.8' 
(lit. (15) m.p. 172") was recovered. 

4- Cyanosalicyllc Acid 
This acid was prepared from 4-aminosalicylic acid by the Sandnieyer reaction. i-I solution of 10.0 g of 

4-aminosalicylic acid in 30 ~ n l  of concentrated sulfuric acid and 60 ml water was cooled to  0-5' and stirred 
while 20 g sodium nitrite in 100 ml water was added slowly until the m i x t ~ ~ r e  gave a positive test with 
starch-iodide paper. The cold solution was poured into 200 ml water containing 14.5 g cuprous cyanide and 
enough potassii~m cyanide to keep the latter in solution. The mixture was warmed to 60' for half an hour, and 
then filtered. The residue was extracted with three 200 mi portions of ether, and 4-cyanosalicylic acid \\,as 
recovered from the ether. After several recrystallizations from water the yield was 0.2 g (2Y0) melting a t  
225.0-229.0' (lit. (16) 1n.p. 227-229'). 

5-Cyn?rosalicylic Acid 
This compound has not previo~lsly been reported in the literature. The cyano group \vas introduced by the 

method of Friedman and Schechter (17). A solution of 11.9 g 5-iodosalicylic acid and 4.65 g cuprous cyanide 
in 50 ml dimethylforlnnrnide was refluxed for 2 days. The res~llting brown m i x t ~ ~ r e  was cooled and poured 
into a solution of 10 g ferric chloride hexahydrate in 30 ml concentrated hydrochloric acid and 30 ml water. 
This m i x t ~ ~ r e  was heated 011 a steam bath for half an hour, and then extracted with three 200 in1 portions of 
ether. The extract was washed with aqueous s o d i ~ ~ m  bisulfite, dried, and evaporatecl. The residue, after 
several recrystallizations from \\rater, yielded 3.1 g (43'35) of 5-cyanosalicylic acid melting a t  224.0-225.0'. 
The characteristic nitrile band in the infrared spectrum of the acid was present a t  2 230 cm-I. 

Anal. Calcd. for CsMjN03: C, 58.90; H ,  3.09; N ,  8.59. F o ~ ~ n d :  C, 58.90; 1-1, 3.12; N, 8.77. 

ilfethod 
A spectrophotornetric method was chosen for the determination of the ionization constants because it had 

been used previo~ialy in this laboratory on anthranilic acids (18) and could be extended, if desired, to include 
the overlapping ionization constants of the zwitterionic aminosaiicylic acids. 

For the ionization of a monoprotic acid in water, 

I-IB * H+ -b B-, 

the ionizntioil constant ma), be expressed by 

where the quantities in brackets represent molar concentrations or, a t  high ionic strengths, activities. If the 
total concentration of acid (ionized ~ I L I S  un-ionized) is C, then 

[H+I[13-] [H+] (C - [I-IR]) I<=-= c - [I<-] [ I ~ B ]  ' 

so that 

K C  
[R-] = - c[rq+i 

[,+, + , ancl [MB] = - . [H+) + I< 

Since hydronium ion does not absorb in the visible or ~~l t raviole t  regions, the total absorbance, A ,  of the 
e q ~ ~ i l i b r i ~ ~ i i ~  solution of IIB is given by 

-4 = Ann + An, 

where .4nn is the absorbance of the eq~~ilibrium co~lcentrntio~i of LIII-ionized acid I-IB, and A n  is the absorbance 
of the equilibriu~n concentration of anion B-. For a 1 cm cell the Beer-1,ambert relationship converts the 
preceding equation into 

A = ~HB[HB] + €dB-1, 

where e = molar absorptivity. 
\Vhen the expreisions for [FIB] and [B-] derived above are introduced, this becomes 
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Since A ,  [Hi], and Care  observable quantities, eq. [4] contains only three ~~nlinowns: K, € r l B ,  and E D .  

111 principle, and 61% can be determined experin~entally by measurements made in strongly aridic and 
strongly basic solutions, respectively. However, these strong-ly acidic and basic solutions will have much 
larger ionic strengths than are necessary in the equilibrium region, and it is desirable to liiake all nieasure- 
nients a t  the same low ionic strength. I-Ie~lce, in the present work the absorbances were measured a t  one 
wavelength for several (usually 16) different v a l ~ ~ e s  of [Hi] in the eq~~ilibriuni region a t  an  ionic strength of 
0.01, and all three ~tnknowns were obtained by fitting the data to  eq. [4] by the least squares  neth hod (19). 
All tnensurernents were made a t  the sanie total concentration of a subs t i t~~ ted  salicylic acid, so that  the actual 
value of Cis  ~~ninipor tant  provided it is such as  to give absorbances suitable for measurement. I t  varied from 
acid to acid, but averaged about lo-' Ail. 

'The a p p a r a t ~ ~ s  and procedure for choosing appropriate wavelengths, concentrations, and pH ranges, as 
well as for making the rueastcreme~ita of pI1 and absorbances, are the sanie as those yreviously described (18). 

IIESULTS 

Figure 1 shows the ultraviolet absorption spectra of salicylic and 5-nitrosalicylic acids a t  
pI-I values of about 0 , 3 ,  and 9. The spectra of all the other acids resembled that of salicylic 

FIG. I .  Effect of p13 on the ultraviolet spectra of salicylic acids. LEGEKD: -, forniaie bufler (pH - 3 ) ;  
- - , 1 N hydrochloric acid; -.-, axnmonia buffer (pH - 9). 

acid, ~vi th  small shifts in \vavelength and absorptivity as the substituents varied. The 
5-nitro acid is distinctly different from the others, no doubt because the p-nitro substituent 
activates the phenolic group to the point where it  is significantly ionized a t  pl-I 9. 

The absorbance and pI-I data obtained for salicylic and 5-nitrosalicylic acids are reported 
in Table 11. In Fig. 2, the experimental points are compared with the curves calculated by 
using the data of Table I1 to  solve eq. [4]. The n~easuren~ents in 1 N hydrochloric acid and 
ammonia buffers (shown as the first and last iteins of Table 11) were used to provide the 
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TABLE I1 
Variation of absorbance with pH for salicylic and 5-nitrosalicylic acids a t  25 "C and p = 0.010 

--- -- 
--- - .- 

Salicylic acid, 2.5 X lo-.' d l  5-Nitrosalicylic acid, 0.9 X 10-' B l  

Buifer* p 1-1 A (313 mp) Buffer* PH A (310 mp) 

1.0NI-ICl - 

I-ICI 0.649 
FI C1 1.115 
FICI 1.538 
HCI 2.065 
HCI 2.291 
HCI 2.489 
.-1 C I 
:\ C I 
i\Ci 
.-I C I 
XCI 
1: 
F 
F 
X 
A 
NH3 

-. 

IJCI 0.653 0.938 
HCI 1.145 0.033 
HCI 1.562 0.9'24 
HCI X 082 0.902 
H CI 2.285 0.890 
HCI 2.474 0.880 
ACI 2.691 0.869 
ACI 2.884 0.858 
ACI 3.060 0.854 
ACI 3.276 0.850 
ACI 3.497 0.846 
F 3.658 0.845 
F 3.860 0.844, 
F 4.130 0.845 
A 4.995 0.840 
A 5.815 0.840 
NH, 9 0 .  194 

*F = formate, A = acetate. .\CI = cl~loroacetate. 

preliminary estimates of CeHB and CeB required for fitting eq. [4]. They were not included 
anlong the points to be fitted because they were obtained a t  ionic strengths greater than 
0.01, but they are reported for conlparison with the values of CeHB and CeB obtained fro111 
eq. [.I]. For salicylic acid they may be corrlpared with the calculated values C€HB = 0.G53 

I 2. L)ctermi~~~t ion of ionization constants. LBGEKD: 0, experimental points; -, lint calculated 
from ccl. [4] by using thc lcnst squares values of K, CEIIR, and Cen. 
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& 0.005 and C E ~  = 0.328 & 0.003 ; the agreement is equally good for all the other acids 
except the 5-nitro acid. For this acid eq. [4] gives CeHB = 0.940 k 0.008 and CeB = 0.540 
& 0.004, which are in good agreement with the data of Table I1 a t  PI-I - 0 and 6, respec- 
tively, but not with that  in ainmonia. This is further evidence that the phenolic group of 
5-nitrosalicylic acid is significantly ionized a t  pH - 9. 

Table I11 sho\\ls the ionization constants of the various substituted salicylic acids and 
their standard deviations obtained from the least squares fit of the data to  eq. [4]. Also 

TABLE I11 

Ionization coilstants of substituted salicylic acids a t  25 "C 
- - 

K x lo3 
Concentration 

Subitituent A (mp) X 10' lid p = 0.010 'Thermodynamic Literaturc 

None 
5-OH 

she\\ 11 are the ~~avelengths  and concentrations a t  ~vhich the absorbance and pII measure- 
ments were made. The last colurnil of Table I11 gives literature values for the ionization 
constants of those acids for ~vhich they are available. For coinparison with these, thermo- 
dynamic ionization constants were estimated fro111 our observed ionization constants by 
multiplying each by 0.929, the activity of the unsubstituted salicylate ion a t  an ionic 
strength of 0.010 reported by I<iclland (20). 

I t  is seen that our calculated thermodynainic ionization constants agree reasonably 
well with the literature values except for the nitro acids. Here the 4-nitro acid is stronger 
than the 5-nitro, where previous workers found the opposite order. The earlier results 
\\.ere obtained by a conductoinetric method, and it appears that they could be too high 
because of the phenolic ionization which our spectra shou7 to be strongly activated in the 
5-nitro acid by the p-nitro group. I t  may be noted that only one of the literature values 
was considered to be sufficiently reliable to he iilcluded in the I.U.P.A.C. tabulations of 
dissociation constants, although all but one \\.ere available when the compilation was 
made (1). 

DISCUSSION 

Jaffe has proposed (10) that eqs. [l] and [3] can be distinguished only when ul and cr2 
have a coirelation coefficient less than 0.9. For the 16 acids used in the present ~vorl;, this 
correlation coefficient is 0.723. The u values were talten from I-Iine's tables (8) by using u- 
for u2 ~\lherl dealing \\lit11 the &nitro and 5-cyano acids. 

The data of Table I11 were fitted by the least squares method (19) to  eq. [ j ]  in the form 
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Since thc standard deviations of log K  \\.ere very similar for all substitucnts, the points 
\\.ere Iveighted equally. The calculated value of p1 is 0.889 f 0.061, and of log K O  is 
- 2.989 f 0.025 (observed, -2.991 f 0.013). The external estimate of error* (s,,,) is 
0.0321. Figure 3 sho~vs the data and the calculated line as a plot of log R against u l .  Thc 
fit appears to be as good as that found in niost other I-Iammett plots. 

FIG. 3. Hammett plot of u vs. the data from Table 111. 

The least squares fit (19) of the same data to eq. [3] in the form 

gives p l  = 0.820 f 0.038, p2 = 0.101 f 0.046, log K O  = - 2.997, and s,,, = 0.0454. I t  is 
seen that pz is very small (only about double its standard deviation). The Student's t tcst 
(19) indicates that p2 differs from zero only a t  the 95% confidence level (conditions under 
\vhich Jaffe considers eq. [3] to be not significantly better than eq. [I] (10)). Consequently, 
we may conclude that the electronic effects of substituents upon the ionization constants 
of salicylic acids are transmitted only very slightly, if at all, through the phenolic hj~droxyl 
group. 

The reason for the failure of the chelate ring to tra~lsnlit a substituent effect to  the 
carboxyl group is not obvious. Conlparison of the ionization constants reported in Table I11 
with those in Table I shonrs that  the range of ionizatio~l constants produced by changing 
substituents in salicylic acid is one-fourth as large as the difference in the ionization 
constants of salicylic and p-hydroxybenzoic acids. If the latter difference is produced 
elltirely bjr chelation, it is surprising that  the former one is independent of chelation. 
Several possible iilterpretations present themselves, but none is unequivocal. 

For example, i t  might be argued that the variation in phenolic acidity produced by 
substituents is not large enough to affect the strength of the intraniolecular hydrogen bond 

* T h e  external estilttate of error, se,r, i s  given by  se,t2 = C ( y  - j)?/7t, w l~ere  y i s  log I< observed, j; i s  log K 
calcz~laled fro77z the epzration, a7zd n i s  tlze degrees of freedolrz (72 = 14 for eq. [I] a7zd IS for eq. [S]). 
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significantly. Rubin and Panson (29), l i o ~ ~ e v e r ,  have shown that  substituents in phenols do 
produce significant changes in the strength of inter~iiolecular hydrogen bonds with pyri- 
dine. The  p value for this co~nplex formation in carbon tetrachloride is about + 1. I t  n.ould 
therefore seem probable that  substituents should have a significant effect on the strength 
of chelation in salicylic acids. 

An extension of the above argument suggests tha t  an  electro~iic effect which malies the 
phenolic group more acidic (strengthening chelation) will make the carboxylate group less 
basic (weakening chelation), so that  the intramolecular hydrogen bond mill be little 
affected by suhstitue~its. No doubt these opposing effects do  exist, bu t  they strengthen the 
expectation tha t  the data  should fit eq. [3] rather than eq. [I]. This can perhaps best be 
seen by considering them in an equation of the FIam~iiett form. The  total effect of a 
substituent on the ionization constaiit of a substituted salicylic acid would then involve 
three terms, \vIiich could be represented by 

The  first term (plul) corresponds to  the usual substituent effect found in benzoic acids, tlie 
second term represents the substituent effect on the acidity of the phenolic group, and the 
third tern1 represents the effect of the substituent on the basicity of the carbox).late ion. 
Since the first and third terms represent processes taking place a t  the carboxyl group, u1 

applies to both ; but since tlie second term represents the acidity of the phenolic group, 
u2 is different. For example, a 4-substituted acid has u l  = up and u? = u,, whereas a 
S-substituted acid will require c r l  = u, and u2 = u,. Hence, eq. [ 5 ]  reduces to  

~vliich is equivalent to  eq. [3]. Further~nore, since p3 will be negative and pl positive, some 
cancellatio~l will occur between pl  and pa, and this \\:ill tend to diminish the importance of 
the "direct" route for substituent influence in comparison with the "indirect" one via the 
intraniolecular hydrogen bond. 

Another obvious way to  explain tlie absence of an "indirect" substitue~it  effect is to 
suppose tha t  in aqueous solution intramolecular hydrogen bonding is replaced by inter- 
molecular hydrogen bonds between anion and solvent. The  probability of the survival of 
chelate hydrogen bonds in aqueous solutions of carboxylic acids has been debated much 
(30, 32), but  remains uncertain. Concerning salicylate ion, there is very little evidence, 
except tha t  from ionization constants. Voroshin and Vlasov interpret the ultraviolet 
spectrum of sodium salicylate as indicating the presence of a chelate hydrogen bond in 
ethanol solution (31), and Chapman et al. reach similar conclusions from an infrared study 
of sodium salicylate in heavy water (32). Certainly, i t  is very difficult to  account for the 
enhanced ionization of o-hydroxybenzoic acid over the para acid ~vi thout  recourse to 
chelation in the anion. I t  is true tha t  other be~izoic acids having bulky ortho substituents 
show a similarly enhanced ionization in aqueous solution, as  shown in Table IT7, and this is 
usually attributed to destabilization of the un-ionized acid by steric interference, with 
conjugation between the carboxylic group and the aro~iiatic ring (4,;3, S, 30,33).  I-lo~vever, 
the hydroxy group is much snialler than any of the other ortho groups \\-hi& increase 
benzoic acid ionization, and its effect is larger. I t  is possible tha t  in aqueous solution solva- 
tion of the phenolic group may increase its effective size, bu t  whether this could be large 
enough to account for the enhanced acidity of salicylic acids is, a t  present, i~npossible to  
say. Further worli on the transnlission of substituent effects through chelation is in 
progress. 
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