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ABSTRACT: Substituent effects in substituted thiobenzanilides were investigated by the acid dissociation constants
in water and the half-wave potentials of the anodic oxidation in acetonitrile; the substituents were chosen with respect
to related pharmacological research. Thevalues are well correlated by the Hammett equation, and the effects of
substituents in the two benzene rings are additive. Since the acid—base equilibrium is combined with an equilibrium of
conformersZ = E, the general mathematical consequences for a Hammett correlation were calculated. In the
common case, a Hammett correlation is not obeyed for the apparent dissociation constants even when it is obeyed fol
all partial processes. In the present case, the effect of conformation is relatively slight and insufficient to disturb the
overall Hammett correlation of the acidities. The half-wave potentials gave bad correlations, only an additive
relationship is roughly valid. Copyrighii 2000 John Wiley & Sons, Ltd.
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INTRODUCTION 1) with substituents in both benzene rings. The choice
of substituents in—30was dictated by the intention to

Our systematic investigation of thioamides has beenuse the same compounds also in pharmacological
proceeding along two lines. On the one hand, we studies®® 31-38have been used already in a study of
followed their pharmacological activity as tuberculo- the transmission through the thioamide gr8uplere
statics and antimycotic$, inhibition of photosynthests both sets are treated together. The range of substituents
and hepatotoxicity. On the other, we investigated their is thus somewhat restricted, in particular strong
physico-chemical properties with particular respect to acceptors are lacking. However, the two substituents
QSAR. In the latter case, the thioamide group may either 3,4-C, are together almost as strong as any common
act as a substituent’ characterized by constanisof a acceptor, which would not be acceptable in studies of
different kind, or as a functional group on which some pharmacological activity. The dissociation constants
observable properties are measuted or ultimately as have been fundamental quantities in the theory of
a connecting group characterized by its ability to transfer substituent effects and may also be of importance for

the substituent effecfs® the mechanism of pharmacological activity. In addition,
we have measured the half-wave potentials in voltam-
metric oxidation. In our previous studiés:® all
/@CS-NH@ properties measured were compared with those of the
Rt R2 corresponding amides. In the present case, we do not

have this possibility. On the other hand, these

The present paper may be classified in the secondcompounds offer a rare opportunity of studying

category. We are dealing with the dissociation simultaneous ionization and conformation equilibria.

constants of disubstituted thiobenzanilides38 (Table Both thiobenzanilides and their anions exist in an
equilibrium of two relatively stable conformatioi’s=

*Correspondence toO. Exner, Institute of Organic Chemistry and  E.*>*® The abundance of the conformers was deter-
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Praha 6, Czech Republic. . . . .
Contract/grant sponsor:Grant Agency of the Czech Republic; N-—H bands in the infrared specttd. With  this
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Table 1. Physico-chemical properties of substituted thiobenzanilides 1-38

Substituents

Compound X Y pK Eiz2v Population[ZJ/[E]? LogKc?

1 H H 11.12 1.04 16 1.194

2 H 4-CHg — 1.01 15 1.170

3 H 4-OCH; 11.72 0.95 18 1.263

4 H 4-Cl 10.85 1.08 26 1.411

5 H 3,4-Ch 9.96 1.14 41 1.616

6 H 4-Br 10.42 1.09 26 1.417

7 4-CH; H 11.50 — 14 1.161

8 4-CHs 4-CHg — 1.03 14 1.131

9 4-CHs 4-OCH, — 0.96 17 1.226
10 4-CHs 4-Cl 10.80 1.13 22 1.349
11 4-CHs 3,4-Ch 10.18 1.16 37 1.567
12 4-CHs 4-Br 10.81 1.04 23 1.354
13 4-OCH; H 11.65 1.04 12 1.093
14 4-OCH; 4-CHg 11.81 0.99 12 1.070
15 4-OCH; 4-OCH; 11.85 — 13 1.118
16 4-OCH; 4-Cl 10.93 1.02 20 1.293
17 4-OCH; 3,4-Cb 10.14 1.03 32 1.504
18 4-OCH; 4-Br 10.95 1.03 20 1.309
19 4-Cl H 10.76 1.07 10 1.012
20 4-Cl 4-CHg 11.18 1.05 9 0.943
21 4-Cl 4-OCH; 11.26 0.97 11 1.057
22 4-Cl 4-Cl 10.25 1.13 18 1.245
23 4-Cl 3,4-Ch 9.51 1.15 28 1.454
24 4-Cl 4-Br 10.24 1.10 18 1.259
25 3-Br H 10.49 1.01 20 1.307
26 3-Br 4-CHg 10.89 1.09 20 1.300
27 3-Br 4-OCH; 10.99 1.01 23 1.369
28 3-Br 4-Cl 10.10 1.15 41 1.608
29 3-Br 3,4-Ch 9.26 1.15 91 1.957
30 3-Br 4-Br 9.96 1.14 45 1.650
31 H 3-F 10.29 — 24 1.372
32 4-CHs 3-F 10.63 — 21 1.316
33 4-Cl 3-F 10.16 — 17 1.226
34 3-Br 3-F 10.01 — 35 1.546
35 H 4-F 10.77 — 27 1.434
36 4-CHs 4-F 10.97 — 24 1.388
37 4-Cl 4-F 10.41 — 19 1.280
38 3-Br 4-F 10.32 — 39 1.586

@ Ref. 13; the valuesgiven areroundedoff to 1% andwerecalculatedby peakseparatiorusinga mixture of GaussiarandLorentzianpeakshapes;
peakseparatioraccordingto Voigt gaveonly insignificantly differing results.

dence of the apparentpK on substitution and even
attemptto estimateseparatelythe acidity of the Z andE
conformers As far aswe know, a problemof this kind
has not yet been encounteredn correlation analysis:
only the effect of conformationwithin a substituenhas
sometimesbeenmentioned’**

EXPERIMENTAL

Substitutedthiobenzanilides1-3¢** and 31-38° have
been described previously. Dissociation constantsin
waterweremeasuredy the spectrophotometrimethod:
experimentaldetails were given previously® The pK
values are listed in Table 1. Each measurementvas
repeatedive times. Standarddeviationsfrom the mean

Copyrightd 2000JohnWiley & Sons,Ltd.

were for individual compounds0.01-0.04 pK units,
hencethe overall standarddeviationof the meanvalues
may be estimatedas0.015pK units. Anodic oxidationon
a platinum electrodein acetonitrile was carried out as
describedpreviously in the case of the unsubstituted
benzanilide'® The valuesof E;,, aregivenin Table1l.

RESULTS AND DISCUSSION
Hammett correlation of the acidities

In the case of thiobenzanilides1-38 the Hammett
equationcanbe appliedin threeways:
(a) with a variable substituentX while Y is fixed,

J. Phys.Org. Chem.2000;13: 127-132
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Table 2. Statistics of the correlations of pK and E;,, of substituted thiobenzanilides 1-38

Regressiorcoefficientd

Line Quantity Eqn Px oy R° soP f* Y°

1 pK (1) 1.39(11) 0.912 0.15 30 0.42
2 pK 2 2.03(10) 0.964 0.15 33 0.26
3 pK (3) 1.41(8) 2.00(8) 0.983 0.12 32 0.18
4 pK (8) 1.55(8) 2.15(7) 0.987 0.10 32 0.16
5 pK (10) 0.10 23 0.16
6 (= (11) 0.12(3Y 0.16(2f 0.863 0.033' 25 0.52
7 Ei (12) 0.023 18 0.37

& Standarddeviationin parentheses.

R = Correlationcoefficient,SD = standarddeviationfrom the regressiorandf = degreef freedom;no ‘outliers’ wereeliminated.
© Statisticmeasuringhefit in a generalcaseincluding alsothe linearregressiorf® ) <0.1 meansagoodfit, ) > 0.5 meansno correlaion existing.

In volts.

accordingto Eqgn. (1):
logKx y = l0gKny + pxox + ¢ (1)
(b) with avariableY andfixed X, Eqn.(2):
logKxy =10gKx x + pyoy + ¢ (2)

(c) with bothX andY variable.In this casethe Hammett
equationtakesthe form of Eqgn. (3):

logKx,y = logKnn + pxox + pyoy +¢ (3)

with ox and oy belongingto the two sidesof the
molecule This extensiorof thevalidity rangé”’ is not
self-evidenandassumesimultaneousalidity of two
independentelationshipsthe Hammettequationand
the principle of additivity.*®*°In all the equationse
represent& randomvariable (fitting error): the sum
of squares_¢? is minimizedin thefitting procedure.
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Figure 1. Hammett plot of relative acidities of thiobenzani-
lides XCeHaCSNHCgH4 vs constants o, of the substituent
Y, Egn. (2): X=(4) H; (x) 4-CHs; (V) 4-OCHs; (0) 4-Cl; (O)
3-Br

Copyrightd 2000JohnWiley & Sons,Ltd.

The resultsof the correlationsare given in Table 2,
lines 1-3. In all casesthe correlationsare satisfactory
and the standarddeviationsare nearto the estimated
experimental uncertainty. Equation (2) is worth a
graphical representation:Fig. 1 reveals no specific
deviationsof certainsubstituentsno outliersandonly a
markedscatter.The constants are equal (within their
uncertainty)n thedifferentequationspy in Eqns(1) and
(3), py in Egns (2) and (3). The p values are also
comparableo thosefor otherreactionse.g. pv is equal
to that in the same, position of substitutedN-phenyl-
benzenesulfonamidés.As expected py is greaterthan
px owing to the shorterdistanceof the substituenteven
when the systemis conjugated For the substituentsy,
conjugation through the benzenering should require
merely the modified constantse™ but our set is
insufficientfor a decision.

Acidities of conformationally non-uniform com-
pounds

Correlation of our apparentpK values with the ¢
constantgor with any other parametersj)s in principle
a complexproblemsinceboth the thioanilidesandtheir
anionsexistin anequilibrium of two conformersZ and
E, with theformer prevailing? Let ustreatthis problem
in somedetailsinceit maybeencounteredlsowith other
compoundsin Schemél, the equilibrium constanbf the
conformationalequilibrium Kc = [E]/[Z] is known from
previouslR measurementsin carbontetrachloridewith
someapproximationsliscussedater,it canbe usedeven
in water solution. The remainingconstantKg, K-, and
Kca are not directly accessibleand shouldbe estimated
from the correlationof pK.

The effective experimentalonization constantKeyp, is
relatedto the ‘partial’ ionizationconstantKg andK, by

Kexp = (KZ + KCKE)/(l + KC) (4)

For our compoundswe may supposethat thesepartial
J. Phys.Org. Chem.2000;13: 127-132
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equilibrium constantsK, and Kg are controlled by the
Hammettequation:

logKze = l0gKzg°® + pzeo (5)

wherethe parameterp; and pg, andalsoKz° andKg°,
arein principle unequal.For K¢, it was found" that it
does not dependon ¢ constantsof any kind. By
introducing Kz and Kg from Eqgn. (5) into Eqgn. (4) we
obtain

Kexp(l + Kc) = Kz°10°27 + KcKEo].OOEU (6)

It follows thatthe dependencef K, 0n o is curvilinear
even when K, and Kg dependlinearly on . It may
becomeinearonly in trivial casessuchasfor Kc =0, or
for pz=pe and simultaneouslyKz®° =Kg®: it will be

nearlylinearwhentheseconditionsareonly approached.

WhenKc is knownfrom a directdeterminationit would
be still necessaryo obtainfour parameters,°, Ke°, pz
and pg, by an optimization procedure (non-linear
regression)on the basis of experimental Key, This
numbercanbe reducedby meansof two constraintsone
is Eqgn. (4) appliedfor Kc°, Kz°, Kg® andKey, andthe
secondconstraintis obtainedby calculatingthe tangent
to the curve of Eqn. (6) in one point, say at ¢ =0. By
differentiating Eqn. (6) with respectto ¢ we obtain

= (Kz°pz + K Ke’pe) /(1 + K )Kexp” (7)

The apparentreactionconstantp, can be obtainedby
plotting Kexp VS ¢ asthe slopeof the tangentat o = 0.
There still remain two unknown parametersto be
obtainedby non-linearregression,Eqgn. (6), and data
of necessanaccuracyandextentare not easyto obtain.
In our case,it is mainly the low valuesof Kc which
makeEqn. (6) hardly sensitiveto both pg andKg°. The
Z conformer prevails and the observed Hammett
correlation describesapproximately the behaviour of

Copyrightd 2000JohnWiley & Sons,Ltd.

pK of this conformer.We usedEqn. (2) with peyx,=2.03
andtried different combinationof pz, pg, Kz° andKg®,
satisfying the two constraints.It turned out that for
Keg® = K5°, pg canbe varied from being equalto 0.5,
up to 2pz without affecting noticeablythe fit with Eqn.
(6). Similarly for pg = pz, onecanvary Kg° from 0.5K;°
up to 2K;°. SinceEqn. (6) is so insensitiveto both pg
and Kg°, there remainsonly the dependenceon the
experimentalKe which could possibly improve the fit
overthatof the simplelinear Hammettcorrelation.With
this idea, we correctedthe experimentalKc,, by the
factor (14 K¢) with K taken from previous experi-
ments™® and correlatedthe whole set of databy Eqn.
(8), derivedfrom Eqn. (6) by omitting the seconderm:

log[Kx v (1 + Kex,v)] = 10g[Knn(1+ Kepn)]
+ pxox + pyoy +¢€ (8)

Table 2, line 4 revealsthat the improvementover Eqn.
(3) is small, statistically insignificant (confidencelevel
a=0.15, F-test). It is therefore possible that the
Hammettcorrelationfor one conformerwould be better
than that for the apparentvalues belonging to their
mixture.

We concludethat the fairly close correlationof the
acidity is only slightly disturbedby the conformation
equilibrium. For this reason also the fundamental
assumptionappearsto be lessimportant, the extentto
which the K¢ valuesin carbon tetrachloride can be
transferred into water. The Z = E equilibrium is
controlled partly by the steric hindrance in the E
conformerand partly by the inner stability of the CS—
N grouping in the Z conformation, similarly as in
monoalkylamidesestersand other compoundswith the
structure —C(=X)—Y.??> These effects would be
relatively little affected by the solvent. A weak intra-
molecularbondbetweerthe sulphuratomandanorthoH
atom in the Z conformer can be also taken into
consideration(this possibility was kindly suggestedy
areferes)lIn this casethe dependencen solventwould
be greater,but in our opinion this bond has a tour
probability: the exactpositionof thebenzeneging in 1 is
not known but in benzanilideit is not coplanarwith the
CON plane?®

Additive relationship

Equation(3) presumedoththe dependencen constants
¢ andthe additivity of substitueneffects.Sincethe two
presumptionsare independent? the additivity can be
testedn aseparatéest.lts simplestrepresentatiois Eqn.
(9). However this equatiorhasthe defectof giving more
weight to mono-derivativeghanto bis-derivativesThe
statisticallycorrectEqn.(10) givesthe sameweightto all
derivatives?* All the de novo constantsay andby, are

J. Phys.Org. Chem.2000;13: 127-132
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fitted at oncein order to obtain the minimum sum of
squaresy €%

|Og Kxy = |Og KX,H + |Og KH,Y — Iog KH,H +ée (9)
logKxy =logKyn +ax + by +¢ (10)

ThepK valuesfrom Tablel wereprocesse@ccording
to the describedprogram?* this programcorrespondso
the procedurecalled in QSAR the Free-Wilsontreat-
ment® andis appliedhereto only two substituentsThe
resultsaregivenin Table2, line 5. TheyrevealthatEqn.
(10) is fulfilled only with a slightly betterprecision(the
confidencelevel o = 0.2, F-test) than the corresponding
Hammettrelationship,Eqn. (3). The deviationsfrom the
lattermaythereforebe causednly slightly by thevalues
of ¢ constantsmainly they are dueto the experimental
uncertaintyor to unknownfactors.For this reason,t is
alsonotusefulto tabulateor discusghederivedconstants
ay andby: theywould bevery nearlyproportionalto the
customarys in the properposition. This resultis justthe
oppositeof thatin the correlationsof the conformation
equilibria of the samecompounds? In that case,the
additivity relationshipwas much more precisethan any
Hammett correlation, showing that the experimental
accuracy was good but the ¢ constantswere not
appropriate.

The additive behaviorcould be anticipatedtaking into
accountthe distanceof substituentssituatedin the two
benzenegings. The accuracyof dataandrelatively small
effects of substituentsdid not allow a test of the non-
additive equation with a cross-ternf*2® One must
concludethatthe effectsareadditivewithin the precision
of the experiments.

Half-wave potentials

With the half-wave potentialsof electrochemicabxida-

tion, E4 /5, the samecorrelationswerecarriedout aswith

the pK values.The resultswere similar but mostly less
preciselt appearghatthe accuracyof E;,,, in relationto

theextentof valuesjs not sufficientfor anymoredefinite
results.In Table 2, we give only the most significant
figures.The Hammettequation Eqn.(11), yieldeda bad
fit (Table2, line 6) comparedvith Eqn.(3) (comparison
accordingto the correlationcoefficientsor accordingto

the ) value$®). Also theadditiverelationship Eqn.(12),

yielded a worse fit than the correspondingeqgn. (10)

(comparisoraccordingto the ¢ value$9).

(El/Z)xA,Y = (El/Z)HﬁH + pxox + pyoy +e  (11)
(By2)xy = (Eyj2)ypy +ax + by +¢ (12)

In this case,however,the additive Egn. (12) is valid
with a higherprecisionthanthe Hammettequation Eqgn.

Copyrightd 2000JohnWiley & Sons,Ltd.

(11): «=0.005, F-test. We must conclude that the
commong constantsare not completely adequatefor
describinghereactivityin thisreaction Many deviations
from the Hammett equation, both expectedand un-
expectedwere observedon the half-wave potentialsof
electrochemicateductionor oxidation?’ theyaremostly
attributedto adsorptiorphenomenarlhe only ‘chemical’
conclusion could concern the site of reaction. The
assumedeactionmechanisr’® startedwith one-electron
oxidation on the sulphuratom but was more complex,
producing two products, 2-phenylbenzothiazoleand
benzanilide. Accordingly, one would expectin Eqgn.
(11) a greatervalue of px than py. Actually, the two
valuesareequalwithin theiruncertaintyandtheprecision
of the correlationdoesnot allow a decision.

CONCLUSIONS

Substitutedthiobenzanilidesoffered an exampleof an

ionization equilibrium connectedwith a conformation
equilibrium. The mathematicahnalysispresentedhereis

valid moregenerally for anyequilibriumof two arbitrary
forms each of which is capable of ionization. This

analysisrevealedthat the observedonization constants
neednotdependegularlyonsubstitutionevenwhenboth

the partial ionization constantsand the conformation
equilibrium constantsdo so. However, in practical
examplesa regular pattern of substitution effects (as
expressedor instanceby the Hammettequation)may be

obtainedwhenionization dependsstrongly on substitu-
tion andonly slightly on conformation.This patternmay
be observedilsowhenevethe conformationequilibrium

is shifted strongly to one side. In such cases,the

conformationequilibrium cannotbe revealedfrom the

ionization constantsalthoughit can be provenspectro-
scopically: this is the casedescribedin this paper. It

follows further that many systems might be more
complexthanone could guessfrom their simple control

by substitution,e.g. from the validity of the Hammett
equation.
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