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Abstract

The dissociation constants of 3-benzamidorhodanine and its substituted derivatives have
been determined potentiometrically and spectrophotometrically. The data are discussed in
terms of the electronic character of the substituents and of the change in temperature and
medium of the solution. The pK™ values have been found to increase with increasing
electron-repelling nature of the substituents and with decreasing ionic strength and dielectric
constant of the medium. The resulting linear Hammett plots of pK" versus the Hammett
constant ¢ values indicates the coplanarity of the molecules of the investigated compounds.
The dissociation constants have been found to depend on the nature of the solvent as well
as on its content. The evaluated thermodynamic parameters indicate that the dissociation
processes are non-spontaneous, endothermic, and entropically unfavourable. These functions
are affected by the electronic character of the substituents.

INTRODUCTION

The importance of 3-benzamidorhodanine and its substituted derivatives
in the inhibition of mycobacterium tuberculosis has been reported [1].
Although work on acid—base properties has received the attention of many
workers, little attention has been paid to the acid—base properties of these
particular ligands, despite their role in the biological field [2, 3]. Accord-
ingly, in continuation of our studies on acid—base behaviour [4-7] and on
the effects of the medium and temperature on dissociation processes [6], the
present work presents a study of the effect of medium, temperature and
substituent on the dissociation of these compounds. Thus, their pK* values
were determined potentiometrically in different compositions of aquo-
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organic mixtures and are discussed in terms of their molecular structures.
These pK™ values were confirmed by a spectrophotometric technique.
Furthermore, their thermodynamic dissociation parameters have been eval-
uated and are discussed.

EXPERIMENTAL
Preparation of 3-benzamidorhodanine and its substituted derivatives
The organic compounds (I) were prepared according to the method of

Tadashi and Masaki [1]. The purity was checked and confirmed by elemen-
tal analysis and IR spectroscopy.
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Compound (I). X is H (BR), -NO, (PNBR), —Cl (PCBR), -CH, (PMBR) or —-OCH,
(PTBR).

Potentiometric measurements

The apparatus, general conditions and methods of calculation were the
same as those reported in previous works [4, 5]. The pH-meter readings in
different solvent compositions were corrected according to the Van Uitert
and Hass relation [8). The organic solvents were BDH extrapure (spectro-
scopic grade) and used without further purification.

Spectrophotometric measurements
The absorption spectra were recorded in the wavelength range 200-

400 nm on a Perkin-Elmer (Lambda 2) spectrophotometer with a ther-
mostatted cell-holder using 1-cm matched silica cells.

RESULTS AND DISCUSSION
Potentiometric studies

The average number of protons associated with the reagent molecule at
different pH values, 75, was calculated from the titration curves of acid in
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TABLE 1

Thermodynamic functions for the dissociation of 3-benzamidorhodanine and its derivatives
ad 0.1 M Kl

in 2% (viv) ethanal _watar m a
LU /8 YV) waillr I¥ ang M AL
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Comp. Temp. in Dissociation Free energy Enthalpy change Entropy change

K constant in kJ mol~! in kJ mol~! in J K=" mol-!
pK, pK, AG, AG, AH, AH, —AS, —AS,

PNBR 298.15 6.76 9.23 38.59 52.69
308.15 6.63 9.04 39.12 53.34 21.81 38.09 56.3 49.2
318.15 6.52 8.81 39.72 53.67

PCBR 298.15 7.45 10.31 42.53 58.86
308.15 7.31 10.08 43.13 59.47 22.72 39.06 66.4 66.3
318.15 7.20 9.88 43.86 60.19

BR 298.15 7.70 10.70 43.97 61.08
308.15 7.56 10.50 44.61 61.95 23.62 39.90 68.2 71.2
318.15 7.44 10.26 4532 62.50

PMBR 298.15 7.94 11.02 45.33 62.91
308.15 7.80 10.81 46.02 63.78 23.62 39.92 72.8 712
318.15 7.68 10.58 46.78 64.45

PTBR 298.15 8.10 11.20 46.24 63.94
308.15 7.95 10.96 46.91 64.67 24.54 40.88 72.7 713
318.15 7.83 10.75 47.70 65.49

* +(0.03-0.05).

the presence and absence of rhodanine compounds. Thus, the formation
curves (i, versus pH) for the proton-ligand systems were constructed and
found to extend between 0 and 2 for the rhodanine derivatives in the 7,
scale. This means that these compounds have two dissociable protons (the
enolized hydrogen ion of the carbonyl oxygen in the rhodanine ring and the
amidic proton, CONH). These curves could be utilized to obtain the
protonation constants, log K} and log K¥, by interpolation at 7i, = 0.5 and
1.5, respectively. These values were confirmed by different computational
methods [4, 9], namely, half 7, least-squares fitting, mid-point and successive
approximation. The average values obtained are listed in Table 1.

Substituent effect on pK*

An inspection of the results in Table 1 reveals that the pK™ values of BR
and its substituted derivatives appear to be affected by the substituent (X).
The p-OCH; and p-CH,; derivatives (PTBR and PMBR) have a lower
acidic character (higher pK™ values) than the p-Cl and p-NO, derivatives
(PCBR and PNBR). This is quite reasonable because the presence of
p-OCHj; and p-CH; groups will enhance the electron density by their high
positive mesomeric and positive inductive effects, respectively, whereby
stronger N-H and O-H bonds are formed. The presence of electron-with-
drawing groups (p-NO, and p-Cl) will lead to the opposite effect. There-
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fore, the electron-repelling properties of the methoxy and methyl groups
retard the removal of the ligand protons and hence increase the basicity of
the ligands, while the reverse happens for the electron-acceptor groups (NGO,
and CI). Thus, the pK¥ and pK} values for BR and its substituted
derivatives at constant temperature, solvent composition and ionic strength,
follow the sequence PTBR > PMBR > BR > PCBR > PNBR.

In an attempt to correlate quantitatively the dissociation constants of BR
and its substituted derivatives with the substituent (X), the Hammett
equation was applied

pK3 =pK§' + pox (D

where pK¥ and pK{' are the dissociation constants of the substituted and
unsubstituted derivatives, respectively, p is the reaction constant and oy is
the Hammett constant.

Straight lines are obtained on plotting pKi' or pK5 values at different
temperatures, solvent compositions and ionic strengths, versus ox (Fig. 1 is
a representative example). The slope and intercept values of these lines are
calculated statistically using the linear regression method and are given in
Table 2. Because the points drawn in Fig. 1 did not deviate from the most
probable straight line by more than the experimental error (correlation
coefficients in all cases ~1), the pK" values of BR and its substituted
derivatives correlate well with o, the Hammett constant. This means that the
para-substituents in the phenyl moiety have a direct influence on the pK*
values of the investigated compounds, revealing the coplanarity of the
molecule, and thus affording a maximum resonance via delocalization of its
m-system.

Moreover, a good agreement between the derived pK* values (intercepts)
and the experimental values for the unsubstituted derivative (BR) is ob-
tained (Table 2). The negative values of the slope (p) are an indication of
the increased acidity of the dissociable protons on increasing the acceptor
character of the substituent (X). Moreover, these reaction constants increase
with decreasing dielectric constants (Table 2) in accordance with relation (2)
observed for acid dissociation constants of phenol [10] and carboxylic acids

[11]
B, ’
p=\p +B: ) RTd (2
where D is the dielectric constant of the medium
Ionic strength and dielectric constant effects on pK*

As expected, the study of the dependence of pK™ values on ionic strength
(Table 3) showed that there is a regular, slow decrease in the values of pK*
with increasing ionic strength of the medium, in accordance with the
Debye—Hiickel equation [12].
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Fig. 1. Correlation of pK!' and pKY with the Hammett constant ¢ at 298.15 K in (a), pure
water; (b), 50% (v/v) ethanol-water; (c), 50% methanol-water; (d), 50% acetone—water; and
(e), 50% dioxane—water mixtures.

However, the observed increase in pK™ values (Table 4, Fig. 2) as the
content of the organic co-solvent in the medium is increased can be
attributed to [13]: (i) the increase in proton solvation, (ii) the decrease in
the dielectric constant of the medium, and (iii) the decrease of the extent of
hydrogen bonding by the organic solvent. This can be explained as follows.
Suppose a monoprotic ligand (HL) dissociates according to the equilibrium

HL=H*+L"

Therefore, its dissociation constant in pure aqueous medium, log K¥, is
related to that in an aquo-organic mixture, log Kt', by the following [14]

log K =log K¥ + log Yar o 3)

YHL
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TABLE 2

Statistical data for 3-benzamidorhodanine and its substituted derivatives in different ionic
strengths and solvents at various temperatures (correlation coefficients in all cases 1)

Solvent % KClin M Temperature in K pK}! pkY

Exp.? Cale.® —p° Exp.? Calc.? —p°

Ethanol 20 0.05 298.15 7.85 7.86 1.294 1095 10.88 1.932
Ethanol 20 0.10 298.15 7.70 7.73 1.260 10.70  10.71 1.879
Ethanol 20 0.10 308.15 7.56 7.58 1.235 1050  10.49 1.848
Ethanol 20 0.10 318.15 7.44 7.47 1.234 1026  10.27 1.853
Ethanol 20 0.15 298.15 7.61 7.64 1.275 1048 10.52 1.875
Ethanol 20 0.20 298.15 7.54 7.55 1.299 1031 10.33 1.874
Ethanol 40 0.10 298.15 7.91 7.94 1.300 1093  10.95 1.912
Ethanol 50 0.10 298.15 8.01 8.05 1.304 11.05 11.08 1.921
Ethanol 60 0.10 298.15 8.10 8.14 1.332 11.14 11.18 1.935
Ethanol 70 0.10 298.15 8.20 8.24 1.340 11.28 11.31 1.914
Methanol 50 0.10 298.15 7.88 7.93 1.272 10.85 10.87 1.870
Acetone 50 0.10 298.15 8.25 8.29 i.343 1136 i1.39  2.070
1,4-Dioxane 50 0.10 298.15 8.46 8.50 1.357 1163 11.68 2015

aPotenti()metrically. b Calculated using the Hammett equation. CSI()})C of the Hammett
.
equation.

where 7y is the activity coefficient of the subscripted species in the aquo—or-
ganic solvent relative to that in pure water medium.

With increasing amount of organic solvent, the dielectric constant of the
medium decreases, and thus the activity coefficients of the charged species
(H* and L") increase [14]. Consequently, according to eqn. (3), log K will
decrease, i.e. higher pK!' values are to be expected.

The dependence of pK* on the dielectric constant is given by the relation
[15]

TABLE 3

Acid dissociation constants (pK* + (0.04-0.08)) for 3-benzamidorhodanine and its deriva-
tives in different concentrations of KCI at 298.15 K and 20% (v/v) ethanol-water mixture

KClin M PNBR PCBR BR PMBR PTBR

pK; pk; pK; pkK; pK, pk, pK, DK, pK, pK;

0.20 6.52 885 7.29 995 7.54 1031 7.74 1064 790 10.82
0.15 6.62 9.05 7.38 10.14 761 1048 7.83 1085 798 11.02
0.10 6.76 923 745 1031 770 1070 794 11.02 810 11.20
0.05 6.88 934 751 1047 785 1095 8.08 11.17 824 11.35
0.002 725 1004 7.73 11.01 815 11.59 842 11.72 8.60 1190

2 These values were obtained by linear regression of pK™ versus u'/2.
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TABLE 4

Acid dissociation constants pK™ and free energies of transfer AS,G (kJ mol~") for 3-benzami-
dorhodanine and its derivatives in various aquo-organic mixtures at 298.15 K and 0.1 M KCl

Solvent composition in % (v/v)

Ethanol Methanol Acetone 1,4-Dioxane
02 20 40 50 60 70 50 50 50

PNBR

pK, 670 676 694 704 7.11 721 695 7.25 7.44
pK, 9.15 923 945 958 9,67 982 9.4l 9.77 10.12
NG, - 034 137 194 234 291 1.43 3.14 422
ALG, - 046 171 245 297 382 148 3.54 5.54
PCBR

pK, 739 745 765 176 785 793 1.65 8.00 8.21
pK, 10.23 10.31 10.55 10.67 10.77 1090 10.48 10.96 11.22
AsG, - 034 148 211 263 3.08 148 3.48 4.68
AG, - 046 1.83 251 308 38 143 417 5.65
BR

pK, 764 770 791 801 810 820 7.88 8.25 8.46
pK, 1062 10.70 1093 11.05 11.14 11.28 10.85 11.36 11.63
ALG, - 0.34 1.54 2.11 2.63 3.20 1.37 3.48 3.68
ALG, - 046 177 245 297 377 1.31 4.22 5.77
PMBR

pK, 787 194 816 826 837 847 8.14 8.51 8.71
pK, 1094 11.02 11.27 1141 11.51 11.66 11.20 11.74 12.02
NG, - 040 166 223 285 343 154 3.65 4.80
NG, - 046 188 268 325 4.11 1.48 4.57 6.17
PTBR

pK, 804 810 832 843 852 863 8.3l 8.68 8.89
pK, 11.13 1120 1146 1160 11.71 11.82 1137 11.95 12.25
AsG, - 034 160 223 274 337 154 3.65 3.85
ALG, — 040 188 268 331 394 1.37 4.68 6.39

* These values were obtained by linear regression of pX™ versus ethanol mole fraction.

0.43Ne? 712 (1 )

RT rn, D

KM = pKY
pK:' =pKy + 5

(4)

where z; and z, are the charges carried by the ions in equilibrium, r, and r,
are the radii of the ions, N is Avogadro’s number and e is the electron
charge. Therefore, pK!' versus 1/D plots should be linear, where D is the
dielectric constant of the medium. However, the slight deviation from
linearity (Fig. 3) reveals that the other two factors, apart from the electro-
static factor resulting from the variation in the dielectric constant, affect the
dissociation process.
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Fig. 2. Dependence of pK} and pK¥ on the mole fraction of the ethanol present in
ethanol-water medium at 298.15 K for (a), PNBR; (b), PCBR; (c), BR; (d), PMBR; and (e),
PTBR.

Therefore, because water molecules form hydrogen bonds more than
other solvents [16], the conjugate base L~ will interact less through hydro-
gen bonds with solvent molecules as the amount of organic co-solvent is
increased, i.e. it is less stable. Thus, the y,- values increase and the pKH
values decrease according to eqn. (3).

As shown in Table 4 for a particular composition (50% v/v) of
the organic solvent—water mixture, the pK" values for the investigated
compounds decrease dioxane—water > acetone—water > ethanol—water >
methanol-water, which is in agreement with the 1/D values and inversely
proportional to the hydrogen-bonding ability of the solvents [16].

Moreover, the more the solvent accepts a proton, the more the ligand
acid dissociates. The order of basicities of the pure solvent molecules is
water > dioxane > ethanol > acetone [17]. This order does not exactly fol-
low the dissociation constant order (Table 3). Therefore, the variation of
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Fig. 3. Dependence of pK}' and pK} on the dielectric constant of ethanol-water mixtures
at 298.15 K for (a), PNBR; (b), PCBR; (c), BR; (d), PMBR; and (¢), PTBR. »

the pK" values is mainly dependent on the dielectric constant of the
medium. In other words, the dielectric constant factor is the overcoming
and predominant among the above-mentioned factors.

Also, ion—solvent interactions are important in accounting for acid—base
equilibria [18]. The observed changes in the standard molar Gibbs free
energy of transfer from water (w), as reference solvent, to aquo—organic
solvents (s) were calculated from

AS,G = 2.303RTApK™ = 2.303RT[pK" — pK*] (5)

The calculated transfer free energies are given in Table 4. Inspection
reveals that these values are positive in all solvent compositions, suggesting
that the transfer of ions from water to aquo-organic solvents is not
favourable. Furthermore, the increase in AG with increasing ethanol
content indicates that the hydrogen ion, stabilized by solvation with water
molecules, i.e. the proton, interacts with water molecules more than with
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ethanol molecules in ethanol-water solvents. Furthermore, the order of
A3,G values for 50% (v/v) aquo—organic solvents is exactly the same as that
for the pK* values, which confirms the above theory.

Temperature effect and thermodynamic parameters

To obtain information about the dependence of the dissociation con-
stants of BR and its derivatives on temperature, the pK™ values were
calculated at 298.15, 308.15 and 318.15K and are listed in Table 1. The
corresponding thermodynamic functions (AG, AH and AS) were evaluated
using the relation

AG = 2.303RTpK" = AH — TAS (6)

The slopes and intercepts of the AG versus T plots provide the —AS and
AH values for the dissociation, respectively. Moreover, the slopes of pK*
versus 1/T plots could be utilized to evaluate the enthalpy change. All these
values are reported in Table 1. From these results the following conclusions
can be made.

(a) The pK™ values decrease with increasing temperature, i.e. the acidity
of the ligands increases, independent of the nature of the substituent.

(b) The AG values for the dissociation of BR and its derivatives are
positive and increase with increasing electron-repelling character of the
substituent (X). This reveals that the dissociation process is non-sponta-
neous and increases with an increase in the electron-acceptor character of
the substituent.

(c) The positive value of the enthalpy of dissociation of BR and its
derivatives indicates that such a process is endothermic and increases with
increasing temperature. Moreover, the constant value for the enthalpy
change (AH,=23.26+1.43 and AH,=39.57+0.51 kJmol™!) confirms
that the entropy term AS contributes significantly to the free energy change
AG.

(d) The dissociation processes for BR and its derivatives have negative
AS values due to increased order as a result of the solvation processes.
Furthermore, the order increases as the electron-repelling nature of the
substituent increases.

(e) The correlations of pK™ values versus 1/T are linear in all cases,
suggesting that the AC, values for the dissociation processes are zero [4]
over the studied temperature range (298.15-318.15 K).

Spectrophotometric studies
The electronic absorption spectra of 3-benzamidorhodanine and its

derivatives have been studied in absolute ethanol. The spectrum of each
compound shows two bands. The first (A) observed in the 231-251 nm
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Fig. 4. Absorption—pH curve for BR in 20% (v/v) ethanol-water mixture at 298.15 K.

region can be assigned to the = — n* transition of the aromatic system and
its conjugation. The second (B) in the 287—295 nm region is less intense and
corresponds to the n—n* transition of the carbonyl and thiocarbonyl
groups [19].

The spectra of BR (5 x 107° M) were studied in 20% (v/v) ethanolic
Britton—Robinson buffer solutions of varying pH values. Increasing the pH
leads to a decrease in absorbance until a constant value is reached at
pH 9.5. The bands at 251 and 292 nm exhibit a red shift as a result of the
ionization of the OH group (in the rhodanine moiety). At pH values higher
than 9.5, the absorbance decreases and it reaches a constant value at 11.5.
The last change is due to the dissociation of the hydrazo group [7] of BR
from the mono-ionized to the di-negative ion.

The absorption spectra of BR and its derivatives are characterized by the
presence of two isosbestic points at ~230 and 265nm, suggesting the
existence of two acid—base equilibria between the two forms existing in
solution

_H+ ~H+
H,L—=HL- —L*"
H+ H+

The absorbance—-pH curves at 251 nm (Fig. 4 is a representative example)
are typical dissociation curves supporting the hypothesis of an acid—base
equilibrium. Therefore, the variation of absorbance with pH is utilized to
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determine the mean values of pK}' and pK? using the different spectropho-
tometric methods [20]. The evaluated pK}' and pK3' values are found to be
in fair agreement with those obtained potentiometrically within an error of
<3%. The change in medium in the two techniques may be the reason for
the marginal change in the dissociation constants.

In conclusion, the increase in temperature and in the electron-acceptor
character of the substituent enhance the dissociation processes of 3-benz-
amidorhodanine and its substituted derivatives. However, their pK™ values
decrease with increasing ionic strength and organic content of the media.
These processes are non-spontaneous, endothermic, and entropically unfa-
vourable, as suggested by the derived thermodynamic functions. The sub-
stituents have no effects on the enthalpy of dissociation, while their effects
on the free energy change and the order of the system are pronounced.
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