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The title reaction has been studied in aqueous perchloric acid. The experimental pKsu+ values obtained
according to the Hammett, Bunnett and Olsen, and Yates and Cox methods give good Hammett cor-
relations with ‘ thiophen ' 6~ values. A comparison with the susceptibility constants measured for some
series of NN-dimethylanilines has been made and the influence of the hyper-ortho relation in determining
the pKeu+ values of the title compounds has been discussed.

The validity and the application of linear free energy relation-
ships have been extended to the study of equilibrium processes
and of reactivities of several heterocyclic compounds.! In
five-membered ring systems containing one heteroatom the
2,5- and 2,4-relations have been regarded as para- and meta-
like and this has enabled the use of the Hammett equation or
of more sophisticated relationships.!

Our research group has widely used these treatments to
study side-chain as well as ring reactions especially in thiophen
derivatives.2™ In connection with our interest in any facet
of SNAr processes in thiophen compounds we have studied the
application of Hammett-type relationships to piperidino-3
and anilino-substitutions * of some 2-L-3-nitro-5-X-thiophens
using as substituent constants the so-called ¢~ values. In
fact these values, since they are defined from acidity constants
of substituted phenols 3¢ and anilines,>” have been largely
used in studies of SyAr reactivities on the basis of the resem-
blance of the through-resonance interactions in anilines or in
phenoxide anions and in transition states or o-complexes of
SnAr reactions. Using the ‘ benzene ’ 6~ values and the Brown
and Stock method ® we have defined ‘ thiophen’ ¢~ values for
both nucleophilic aromatic piperidino-3 and anilino-sub-
stitutions.*

In order to test the general validity of these substituent
constants we have determined the protonation constants of
some 5-substituted 3-nitro-2-NN-dimethylaminothiophens
(Ia-—i) in aqueous perchloric acid. This reaction can be
regarded as a good reference reaction to check thiophen ¢~
values, in that the transmission of substituent effects in (I) is
similar to that present in substituted anilines and NN-
dialkylanilines.

Results

Acid dissociation constants, pKsuy+, have been determined
spectrophotometrically at 25 °C in aqueous solutions of
perchloric acid.

Protonation data have been analysed by three different
methods (see Table 1) as follows. (i) The first method essenti-
ally is the traditional Hammett method ° suitably modified
by using the acidity function appropriate to the *class’ of
bases under consideration. For each compound pKguy+ was
obtained by plotting log I against H,””” according to equation

log Ceu*/Cp = log I = —~mH,”" + pKeu*t (1)

(1), where Cgyt and Cp are molar concentrations of con-
jugate acid and base respectively and H,”” is the acidity
function for tertiary aromatic amines.'®!!

The data reported in Table 1 show that the present bases

NO;
X /S\ NMe,
(1)
a; X = H d; X = CO;Me g; X = CHO
b; X = Br e; X = SO;Me h; X = CN
c; X = CONH; f; X = Ac i; X = NO;

closely follow the H,”” acidity function with m values near
unity. When m differs from unity pKgzy+ values were cal-
culated from H,”” values at half-protonation H,”4,, accord-
ing to equation (2).

PKeu+ = mH," () 2)

(ii) The second, more general, method is to use the linear
free energy relationship (3), originally proposed by Bunnett
and Olsen.'> Modena and Scorrano *'* have shown that,

log I + H, = ¢(H, + log Cy*) + pKan* 3)

provided that a plot of the left-hand side of equation (3)
against (H, + log Cy+) is linear, thermodynamic pKgu*
values referred to infinite dilution in water as the standard
state can be obtained for a wide range of bases of different
structures. In fact Arnett and Scorrano !* criticized the
attemptof defining different acidity function scales for different
‘ classes ’ of bases [method (i) above] as ¢ each individual base
defines its own acidity function’, although ° experience has
shown that ¢ values for compounds containing the same
functional group lie in most cases in a narrow range ’.'

From the values reported in Table 1 it appears that tertiary
thiophen amines have @ values slightly lower than the parent
tertiary anilines (¢ from —0.33 to —0.48),'*!% and this points
to a smaller difference in solute-solvent interaction (activity
coefficients) between the free base and its conjugate acid in
the thiophen series. This is reasonable as the positive charge
of the ammonium ion could well be more deeply buried in the
more polarizable thiophen than the benzene moiety.

(iii) The third method is a recent version, developed by
Yates and Cox,'* of an earlier approach proposed by
Marziano and Passerini.!” These authors '¢!7 still criticized
the Bunnett-Olsen ! approach [method (ii) above] because it
also requires a Hammett-type acidity function, subject to an
arbitrary assumption of cancellation of activity coefficient
terms. This approach !¢ involves the determination of * excess
acidity ’ values, X, for aqueous solutions of strong acids using
a large number of bases of different structures. According to
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Table 1. pKpu+ Values of S-substituted 3-nitro-2-NN-dimethylaminothiophens (I) and of 5-nitro-2-NN-dimethylaminothiophen

A H)” Bunnett-Olsen Yates—Cox
Compound nm  —pKent m r —pKeu* —¢ r —pKau* m* r
(Ia) 430 1.69 1.00 0.999 1.60 0.68 0.994 1.56 1.60 0.996
(Ib) 435 3.02 1.02 0.995 291 0.65 0.978 292 1.50 0.994
(Ic) 415 4.32 0.93 0.998 4.21 0.39 0.990 4.25 1.25 0.997
(Id) 415 5.05 1.16 0.999 4.75 0.70 0.989 4.92 1.66 0.999
(Ie) 400 5.15 0.96 0.992 5.06 0.53 0.979 522 1.39 0.993
(Ih) 410 5.40 1.00 0.996 5.49 0.61 0.985 5.58 1.50 0.998
(Ii) 450 6.95 0.95 0.999 6.70 0.34 0.986 7.01 1.43 0.999
5-Nitro-2- 450 1.70 0.57 0.997 1.57 —0.37 0.987 1.54 0.588 0.998
NN-dimethylaminothiophen
Table 2. Linear free energy relationships * for pKsu+* values of 5-substituted 3-nitro-2-NN-dimethylaminothiophens
No. Relationship p =+ s i+ s r n
1 (—pKaut)a = p(67 e 412 + 024 0.08 + 0.18 0.992 7
2 (—pKaut)a = p(67)e 4.15 + 0.06 —0.06 4 0.05 1.000 5
3 (—pKput)s = p(67)p 4.07 + 0.20 0.08 4- 0.15 0.994 7
4 (—pKaut)s = p(67)p 4.10 4+ 0.11 —0.03 + 0.09 0.999 5
5 (—pKeut)c = p(c7)e 433 + 0.19 0.06 4 0.14 0.995 7
6 (—pKsu*)c = p(67)e 4.36 4- 0.08 —0.06 &+ 0.07 0.999 5
7 (—pKeut)a = P(67)a 3.80 4+ 0.30 0.11 + 0.25 0.984 7
8 (—pKeut)a = p(67)a 3.85 +0.12 —0.09 + 0.10 0.999 5
9 (—pKau*)s = p(67)a 3.75 + 0.27 0.11 4+ 0.22 0.987 7
10 (—pKau*)s = p(67)a 3.80 + 0.19 —0.05 4+ 0.17 0.996 5
11 (—pKaut)e = p(67)a 3.99 + 0.27 0.09 + 0.22 0.989 7
12 (—pKeu*)c = p(67)a 4.04 4+ 0.17 —0.08 4+ 0.15 0.997 5

¢ p, Reaction constant; i, intercept of regression line with the ordinate; sp and s, standard deviations of p and i, respectively; r, correl-
ation coefficient; n, number of points. All the correlations are statistically significant at better then the 0.1% level. The values of pKpyu+
used in correlations are shown in Table 1. The subscripts A—C refer to H,””’, Bunnett-Olsen, and Yates-Cox methods, respectively. The

substituent constants used in correlations are listed in Table 3.

this method '* pKgut values were determined as intercepts
by plotting the left hand side of equation (4) against X
values.'®

log I — log Cy+ = m*X + pKgu* )]

The slope, m*, is characteristic of the protonation behaviour
of the bases under consideration. The average value for this
present series of bases (m* 1.47 + 0.22) is quite close to the
value (m* 1.65 + 0.42) reported !¢ for tertiary anilines. In-
spection of Table 1 shows that the agreement among pKpy*
values calculated by equations (1)—(4) is good and their
thermodynamic significance is considered reliable at worst up
to {‘0.]5 pKBH+ uni(s.

Discussion
The pKgy* values obtained by analysing the protonation data
by the three different methods mentioned above correlate
with the ‘thiophen’ o~ values. The correlation is better
with substituent constants obtained from piperidino-sub-
stitution reactions (p 4.1-—4.3, n 7, r 0.992—0.995, see Table
2, lines 1, 3, and 5) than with those defined from anilinode-
bromination reactions (p 3.8—4.0, n 7, r 0.984—0.989, see
Table 2, lines 7, 9, and 11). However, the validity of these
substituent constants determined through the SxAr studies is
confirmed.

An examination of the plots obtained shows that in all the
relationships the points for X = CONH, (Ic) and CO,Me
(Id) fall above the line as if these substituents had an effect

higher than that expected: * this fact could be linked to
partial protonation of these groups, which would make them
more effective as electron withdrawers [this also pertains to
compounds (If and g)]. It is well known that amides and
esters can be protonated in strongly acidic media and the
pKeu+ values of these groups, estimated from literature data,
are such as to render possible extensive protonation of the
amide group,'® and, probably, minor protonation of the ester
group,'*' in the acidity ranges investigated.

All the calculated susceptibility constants (Table 2, lines
1—12) vary in the range expected for a reaction strongly
affected by substituent electronic effects [minor variations are
observed on exclusion of points referring to (Ic and d),
compare any odd-numbered line of Table 2 with the following
one).

The absolute values of susceptibility constants also deserve
some comment in comparison with the situation for the ben-
zene series. The 3- or 4-substituted NN-dimethylanilines 204-¢
have been extensively studied but only scanty data are avail-
able for 4-substituted 2-nitro-NN-dimethylanilines and 4-
substituted 2,6-dinitro-NN-dimethylanilines.?>-<:*' However,
it is noteworthy that the three series of compounds give
similar susceptibility constants (3.4, 3.1, and 3.4, respectively).

Thus our data for thiophens (I) indicate higher susceptibility
constants in five-membered than in six-membered ring
derivatives, as has been observed in some other instances.!'?

* The plots obtained by excluding these two points give about the
same susceptibility constants with higher correlation coefficients
(r 0.999—1.000 or 0.996—0.999, respectively; see Table 2, lines
2,4, 6, 8,10, and 12).
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Table 3. Substituent constants

Substituents (6™ ® (G’
H 0.00 0.00
Br 0.35 0.40
CONH, 0.55 0.58
CO,Me 0,71 0.72
SO,Me 0.85 0.95
Ac 0.85 0.89
CN 0.92 0.96
NO, 1.27 1.38

® Values from ref. 3. ? Values from ref. 4.

Some literature data concerning acidity constants of proton-
ated 2-nitro- and 2,4-dinitro-NN-dimethylanilines 2°¢ allow
comparison with the conjugate acids of the thiophen deriv-
atives (Ia and i). Both thiophen compounds are stronger
acids than their benzene counterparts (ApKgu+ 4.4 and 6.0,
respectively, have been calculated) and at least two factors
contribute to this situation. First, the thienyl is more electron-
withdrawing than the phenyl group; moreover the hyper-
ortho > relation, characteristic of 2,3-disubstituted thiophens
containing a strong electron-withdrawing and a strong electron-
donating substituent, can determine in thiophens a strong
resonance interaction between the NN-dimethylamino- and
nitro-groups at variance with what happens in benzenes,?%¢
where the steric hindrance between the two ortho-groups
prevents this through-resonance.

The predominance of this factor can be demonstrated by
comparing ortho- and para-isomers in the thiophen and
benzene series. 4-Nitro-NN-dimethylanilinium is a stronger
acid than 2-nitro-NN-dimethylanilinium (ApKguy+ ca. 2.0)
indicating some difference between the ortho- and para-
resonance interactions in the free bases, whereas 5-nitro- and
3-nitro-2-NN-dimethylaminothiophens (Ia) have about the
same pKgu+ values indicating similar para-like and hyper-
ortho-interactions in thiophen compounds. An analogous role
played by the hyper-ortho relation in thiophen derivatives
has been pointed out in many instances by studies of re-
activity 2 as well as of dynamic n.m.r. spectroscopy.'®

Experimental

Materials.—Compounds (Ia—f, h—i) were prepared and
purified according to the method reported.?* Compound (Ig),
m.p. 182—183 °C, was prepared according to ref. 23, purified
by crystallization from ethanol-dioxan and gave satisfactory
analytical data.

pKsu*+ Measurements.—Concentrated perchloric acid
(Merck) was standardized against standard borax and/or
sodium hydroxide. Acid solutions of appropriate concen-
trations were made up by diluting concentrated perchloric
acid with twice distilled water. The absorbance of equivalent
amounts of substrate in HCIO, of various molarities was
measured at appropriate ?* wavelengths, near A, of the base
B (see Table 1). A reference cell containing acid of the same
strength as that in the reaction cell was used in each case.
The absorbance, D, was recorded immediately after the addi-
tion of substrate. Ionization ratios I, were calculated from
equation (5) where Dy is the absorbance of the unprotonated
substrate and Dgay+ that of its conjugate acid.

I = Cpu*/Cs = (Dg — D){(D — Dgn+) &)

A well known ?* difficulty arises in interpreting optical
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NO,
- +
(R )Me(|:=(S—LNMeZ

OH
()

measurements in concentrated acid solutions, since the extinc-
tion coefficient of a given species may not be independent
of composition. Special corrections must then be made to
estimate how much of the absorbance change for B or BH* is
due to conversion into its conjugate species and how much is
due to a lateral medium shift of A, .** In this present work
we have adopted the simple graphical correction proposed by
Johnson and Katritzky.?* However, a more sophisticated
method of multivariate analysis of the spectra,”” to separate
the effect of protonation from the medium effect, has recently
been applied to thiophen-2-carboxamides,!® a system related
to ours. It appears '® that the introduced corrections lie, in all
but one case, well within the limits of reliability assumed for
pKsu+ of our substrates (see Results section).

In the case of compound (Ib) there is spectral evidence of a
relatively slow decomposition of BH* (or B) at HCIO, > 6M
and formation of a product with A, 475 nm. Therefore for
(Ib) we have studied the protonation only up to HCIO, 5m
(which corresponds to log I +0.292) and determined Dgy+ by
extrapolating to zero time.

An analogous slow decomposition at HCIO, > 6M has been
observed for S5-nitro-2-NN-dimethylaminothiophen and the
protonation followed only up to 6M-HCIO, (which corresponds
to log 7 +0.651).

We finally attempted to determine pKgy+ for (If and g) and,
in both cases, collected qualitative evidence of two over-
lapping protonation processes. The absorbance of (If) at 410
nm, corresponding to A, of B, first increases with increasing
HCIO, concentration in the range 0.5 << [HCIO,] < 6.5M.
The predominant species in HCIO, 6.5M has A, 415 nm.
A further increase of acid concentration shows a decrease in
absorbance in the range 6.4 < [HCIO,] < 11.5M with an
estimated H,’¢3) ~ —7.2 for the second protonation process.
The protonation behaviour of (Ig) is strictly similar. We
tentatively interpret these data as evidence of a preliminary
protonation of the carbonyl group, the conjugate acid of
which is stabilized by limiting structures such as (II). Sub-
sequent protonation of the tertiary amino-group occurs only
at very high acid concentration. It is noticeable that H, (4,
is in reasonable agreement with pKpuy+ expected from the
substituent constant of the protonated acyl group.
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