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ACIDITY CONSTANTS OF BENZAMIDE AND SOME 
ORTHO-SUBSTITUTED DERIVATIVES 

BEGOI;IA GARCIA,* ROSA M. CASADO, JULIO CASTILLO, SATURNINO IBEAS, 
INMACULADA DOMINGO AND JOSG M. LEAL* 

Universidad de Valladolid, Departamento de Quimica Fisica, Colegio Universitario Integrado, 09001 Burgos, Spain 

Acidity constants of benzamide and seven ortho-substituted derivatives were determined. Except for o-nitro- 
benzamide, all the amides exhibit medium effects. The data were treated by vector analysis. o-Aminobenzamide 
displays two protonation equilibria. The second acidity constant was determined by vector analysis and by the excess 
acidity function, since the acid strength provided by perchloric acid is insufficient for complete protonation. Different 
acidity functions and the ortho substituent effect on ionization of the amide group are eompared. 

INTRODUCTION 
We have previously obtained"' the acidity constants of 
weak bases from UV-visible measurements: the spec- 
tral curves recorded as a function of acidity showed well 
defined isosbestic points. Measurements of ionization 
ratios I= CBH+/CB from the absorbance readings and 
derivation of the corresponding acidity constants fol- 
lowed. However, unreliable ionization ratios may arise 
from direct measurements for bases with spectral curves 
distorted by medium effects, such as benzamide and 
some ortho-substituted derivatives. Several corrections 
for medium effects on spectral curves have been pro- 
posed. According to factor a n a l y ~ i s , ~ , ~  the absorbance 
of many carbonyl compounds is expressed as an 
average absorbance, A, corrected by two characteristic 
vectors, u1 and u2: 

(1) 

In this work, the weighing factors CI and cz 
were determined for the absorbances of benzamide, 
o-ethoxybenzamide, salicylamide, o-chlorobenzamide, 
o-bromobenzamide, o-toluamide, o-nitrobenzamide, 
o-aminobenzamide and o-fluorobenzamide. The sets of 
spectral curves for these bases, averaged curves and first 
characteristic vectors were obtained. Using the resulting 
sets of c1 values, ionization ratios were measured for 
each perchloric acid concentration, and applied to the 
calculation of ~ K B H +  values. Only o-nitrobenzamide 
exhibited no medium effects; its ionization ratios were 
measured using direct readings of absorbances. Only 
o-aminobenzamide displayed two protonation equi- 
libria; protonation of the amine group, which occurred 
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within the pH range 1-1-5-6, showed no medium 
effects and its ~ K B H +  value was obtained as described 
previously. 2*697 The acid strength of perchloric acid is 
insufficient for completion of the second protonation. 
Hence, direct calculation of the absorbances and c1 

factors is impossible; however, they can be determined 
by a simple procedure. Acidity constants of equilibria 
occurring at high acidity levels were calculated by 
means of Hammett-Deyrup', Cox-Yatesg and 
Marziano et al. lo equations. 

RESULTS AND DISCUSSION 

Medium effects were displayed by all the amides investi- 
gated except o-nitrobenzamide. o-Aminobenzamide 
undergoes two acid-base equilibria; the first acidity 
constant stems from absorbance readings at 208 nm6 
(Figure 1). Figure 2 shows the spectral curves corre- 
sponding to the second equilibrium. Figure 3 shows the 
results of vector analysis of the same spectral curves. 
Table 1 gives ionization ratios for o-nitrobenzamide, 
together with the c1 factors at different acidities for the 
other amides, from which ionization ratios were 
measured. Acidity constants were calculated from the 
following equations: 

Hammett-Deyrup: ' 
Corrected Hammett-Deyrup: 

Cox-~ates: '*lo 

log I =  - m H .  + pKBH+ 

log I =  - mHA + mpKBH+ 

(2) 

(3) 

(4) log I - log GI+ = m *X + ~ K B H +  
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Marziano and co-workers: 11,12 

log 1- log c H +  = - n ~ h f c  4- PKBH+ ( 5 )  

where CH+ is the molar concentration of solvated pro- 
tons, X i s  the excess acidity function, m, m* and nB are 
the slope parameters and KBH+ is the dissociation con- 
stant of the conjugated acid of base B. The acidity 
function HA was used as defined for amides and calcu- 
lated by Attiga and R~ches te r ’~  and Yates et The 
pK2 value for o-aminobenzamide was also estimated 
with unsatisfactory results using the acidity function H+ 
defined by Lowell et af.” for cationic amides. The 

acidity constants calculated by means of equation (3) 
using HA are in close agreement with those calculated 
by means of equations (4) and (9, regardless of which 
acidity function is used (Table 2). 

According to Levi et al.’s assumption of solvation, l6 
m = 1 for bases with the same solvation requirements as 
Hammett’s protonated indicators: rn > 1 if solvation of 
the first indicator is higher, and rn < 1 in the opposite 
case. Table 2 reveals that rn < 1 using HA only for ben- 
zamide, indicating that benzamide is more solvated 
than the ortho-substituted derivatives; values of rn < 1 
have also been reported for amides other than ortho- 
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Figure 1 .  Ultraviolet absorption spectra of o-aminobenzamide as a function of medium acidity between pH 5.59 and 1.08 (from 
top to bottom) between 200 and 340 nm 
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Figure 2. Experimental absorbances of o-aminobenzamide as 
a function of medium acidity: from bottom to top on the 
right, 1.00, 3.02, 5.03,  6.04, 7.05, 8.06, 9.06, 9.57,  9-82, 

10.07, 10.32 and 10.57 M HC104 

substituded benzamides. Also listed in Table 2 are 
the average values of ~ K B H +  calculated with HA and 
the excess functions X ,  XO and M,. The value of 
~ K B H +  = - 1.65 reported for benzamide in sulphuric 
acid5 is in good agreement with the value of - 1.60 in 
perchloric acid calculated in this work. 

Introduction of the ionization ratios calculated by 
vector analysis for o-aminobenzamide into equations 
(2)-(5) did not give a linear relationship, because full 
protonation was not achieved at 10.67 M HC104: hence 
the value for c1 calculated at this acid molarity is not 
reliable for the measurements of ionization ratios. In 
fact, plots of A vs HA should give sigmoid curves;" 
however, only a single curve was obtained, which 
lacked the highest acidity value; this effect was observed 
only with o-aminobenzamide (Figure 4). This difficulty 
was recently overcome by Zalewski and Geribaldi, l9 
who used principal component analysis (PCA) for the 
correction of the medium effects. Accordingly, 
absorbances at a wavelength X for the nth spectrum 
may be represented as: 

Ang= Cl.pLn,l + ct,pLn,t (6) 
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Figure 3. Reconstituted absorbances of o-aminobenzamide. 
For details, see Figure 2 

where c represents the principal components for wave- 
length p and L the loading for the nth spectrum. Hence 
the values for c calculated in this work by means of 
equation ( 1 )  are independent of the wavelength chosen, 
depend on the medium acidity only and have a more 
distinct meaning than c as defined by equation (6). 

A simpler method is suggested here for determining 
the coefficients c1 and/or the experimentally inaccessible 
absorbances of the protonated bases. The protonation 
of the base B may be represented by 

B + H + e B H +  (7) 
We introduce the additivity of absorbances of the base 
B and the conjugate acid BH+ at a wavelength X: 

A = A B  + ABH+ 

Ct = CB + QH+ 

(8)  

(9) 

KBH+ = (CB&+CBH+) X (10) 

and define the total concentration Ct as the sum 

Rearrangement of equation (4) in the form 

Leads to the straight-line equations 
1/A = l/AB + ( ~ / A & B H + )  [CH+(A - ABH+) 

x 10m*x/A] ( 1 1 )  
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Figure4. Variation of absorbances as a function of perchloric acid acidity, - H A :  (a) o-aminobenzamide at 240nm and 
(b) o-ethoxybenzamide at 248 nm 

Table 2. Values of acidity constants calculated with different acidity functions reported for HC104 

Hi' Hbp 

Amide m - pKa - pKb m - pKa - pKb 

Benzamide 0.90 1.45 f 0.03 1.61 2 0.03 0.88 I .48 f 0.05 1.68 f 0.04 
o-Toluamide 1.11 1 a45 f 0.03 1.61 f 0.03 1.12 1.88 f 0.04 1.68 f 0.04 
Salicylamide 1.10 1.85 f 0.03 1-68 f 0.03 1.12 1.89 f 0.01 1 -69 f 0.02 
o-Chlorobenzamide 1.08 2.16 f 0.04 2.00 f 0.03 1.10 2.27 f 0-03 2.06 -+ 0.03 
o-Bromobenzamide 1.01 2.28 f 0.05 2.26 f 0.04 1.11 2.53 f 0.08 2.28 f 0.08 

1.85 f 0.06 1.16 2.16 f 0.09 1.86 f 0.08 o-Nitrobenzamide 1 -08 2.00 f 0.06 
1.34 k 0.02 1-18 1.64 -+ 0.03 1.39 f 0.04 o-Ethoxybenzamide 1-28 1.72 f 0.03 

o-Aminobenzamidedl.09 3.00 f 0.05 2.76 f 0.04 1.11 3.18 f 0.19 2.86 f 0.10 
o-Fluorobenzamide 1.00 2.05 f 0.07 2.05 f 0.09 1 *01 2.13 f 0.10 2.13 f 0.09 

X with equation (4) XO with equation (4) - M, with equation ( 5 )  

m* - PK m* - PK nB - PK -* 
Benzamide 0.45 
o-Toluamide 0-46 
Salicylamide 0.48 
o-Chlorobenzamide 0.43 
o-Bromobenzamide 0.47 
o-Nitrobenzamide 0.49 
o-Ethoxybenzamide 0.58 
o-AminobenzamidedO * 30 
o-Fluorobenzamide 0.37 

1.57 f 0.01 
1.64 f 0.03 
1.66 f 0.01 
2.11 ? 0.01 
2.26 f 0.04 
1 -90 2 0.06 
1.32 f 0.02 
2.65 f 0.01 
1.98 f 0.05 

0.51 1.55 f 0.02 
0.51 1.60 f 0.02 
0.50 1.58 f 0.02 
0.43 1.98 f 0.02 
0.46 2.11 ? 0.02 
0.50 1-79 f 0-04 
0.70 1.36 f 0.03 
0.40 2-68 f 0-08 
0.35 1.83 f 0.06 

0.31 
0.31 
0.32 
0.28 
0.30 
0-32 
0.41 
0.15 
0.24 

1.59 f 0.01 
1.67 f 0.02 
1.68 f 0.01 
2.09 f 0.02 
2.23 f 0.03 
1.90 f 0-05 
1.40 f 0.02 
2-65 f 0.02 
1.95 f 0.05 

~~ 

1.60 f 0-02 
1 *65 f 0.03 
1.66 f 0.02 
2.05 f 0.02 
2.23 f 0.04 
1.86 f 0.06 
1.36 f 0.03 
2.72 f 0.05 
1-99 f 0.07 

'pK calculated with equation (2). 
pK calculated with equation (4). 

'Calculated with average HA. X, XO and - M,. 
dpK=pK2. 
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and 
1/A = ~ / A B H +  + (KBH+/ABH+)(A - AB)/ 

where the absorbances AB and ABH+ may be replaced 
by absorptivities EB and EBH+, provided that Beer's law 
is obeyed. An iterative procedure permits the determi- 
nation of the unknown ABH+ by introducing an initial 
value of m* into equation (12); the intercept of the 
straight-line plot of 1/A vs (A - A B ) / ( C ~ + A  x ZOm*X) 
provides ABH+, which, in turn, is introduced into 
equation (1 l), leading to a straight line of intercept 
~ /AB.  If this value does not match the experimental AB, 
the process is iterated, this time introducing another m* 
until convergence is achieved; m*, ABH+ and KBH+ 
must be self-consistent. This procedure is reliable 
assuming that the acidity function used is valid; never- 
theless, the validity of the excess acidity functions used 
here has been widely recognized in the study of both 
thermodynamic and kinetic processes at high acidity 
levels. For bases susceptible to medium effects, it is 
advisable to replace the experimental absorbances by 
corrected absorbances (Ac  = A + clul);  this allows the 
ionization ratios to be obtained starting from the Ac 
values provided by the method. 

As CI is independent of the wavelength chosen, a 
more convenient modified procedure consists in deter- 
mining c1 for BH', which yields similar results. Table 1 
gives the CI values of total9 protonated o- 
aminobenzamide; the results for m and ~ K B H +  deter- 
mined with equations (11) and (12) and those in Table 2 
calculated with the excess acidity X are in good agree- 
ment. Cox and Stewart" suggested that a variation in 
m* of 20 .1  units is needed between the bases for a 
series of compounds to form a suitable acidity function 
set; they reportedz1 a value of m*=0.51  2 0.07 
for amides in perchloric acid, and calculated the 
~ K B H +  values with equation (4) assuming that 
-HA - log CH+ = m*X. The m* values reported in this 
work fall within the 2 0.1 interval, except for o-amino- 
benzamide. 

EXPERIMENTAL 
All the benzamides investigated were commercially 
available in high purity (Aldrich, Merck and Fluka), 
and were further purified by sublimation in a vacuum 
line; melting points were in agreement with literature 
values. Doubly distilled, deionized water was used as 
the solvent throughout, over which nitrogen was 
bubbled before use. Freshly prepared solutions were 
always used. Spectral curves were recorded with a 
Milton Roy 3000 diode-array spectrophotometer; this 
permits standard and multiple expansion scales for both 
absorbances (k 0.001) and wavelengths (k 0.1) and 
also differential modes for measurements; it is fur- 
nished with a temperature cell holder adapter for l nm 
cells, electrically regulated and controlled by computer. 
The absorbance-wavelength data pairs provided by the 
equipment were stored in ASCII files, and used directly 

(&+A x 1 0 q  (12) 

for vector analysis. Twenty-five wavelengths were intro- 
duced for all the matrix analyses carried out and the 
number of absorbances was never less than twelve. 

Stock solutions were prepared in perchloric acid of 
acidity between the limits within which ionizations 
occur, and with a sufficient amide concentration that 
the final solutions give a suitable acidity and adequate 
absorbances. Volumetric manipulations were made 
with solutions thermostated at 25 k 0-01 "C with a 
Grant LTD 6 circulator. The reference cell contained 
the same solvent as the sample under measurement, and 
control of ionic strength was not necessary since this 
factor is included in the excess acidity function method, 
pH readings ( 2  0.01) were made with a Crison 501 pH 
meter. The stability of the solutions utilized and the 
absence of hydrolysis of benzamides during the time 
needed for the experiments was assessed. A table with 
the variations of absorptivities of the benzamides with 
medium acidity is stored in a supplemental data 
registry. 
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