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The acidity scale of HCI solutions in N,N-dimethylformamide
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The scale of the thermodynamic acidity of HCI solutions in DMF has been measured at
25 and 39.5 °C up to 15 mol L™ acid concentration by the indicator method. It is shown
that in the HCl—DMF system the jonization of the nitroaniline-derived indicators occurs by
the ion pair mechanism. Within the temperature range studied acidity is independent of
temperature. Indicators of the nitroaniline series are used.
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Solutions of HCI in DMF are efficient acid-catalytic
systems. In particular, they are considered to be promis-
ing systems for the hydrochlorination of acetylene de-
rivatives.

In order to understand the nature of the catalytic
effect of acids in non-aqueous solutions, one must know
the ion-molecular composition and the structure of the
proton solvates and the complexes of the acid with the
solvent. The thermodynamic scale of the ionizing ability
of a medium is a measure of the solution acidity.
Moreover, acid-base ionization of organic bases may
involve not only a protonation mechanism! but also the
formation of ion-pair complexes of various compositions
and structures.?

The study of ion-molecular interactions in the
HCI—DMF3 system made it possible to establish the
formation of three types of complexes between DMF and
HCI with the stoichiometric compositions 2:1 (K-0.5),
1:1 (K-1), and 1:2 (K-2) in which for all practical
purposes the dissociation of the acid does not occur. The
first two complexes have the structure of an uncharged
quasi-ionic pair where the proton is positioned between
the carbony! oxygen atom and the chlorine atom.
Protonation of the DMF molecule and the formation of
the (CL...H...Cl)~ ion take place in the K-2 complex.

The purpose of this work is to obtain an acidity scale
(ionizing ability) for solutions of HCI in DMF over a
wide range of concentrations of HCI at 25 and 39.5 °C
and to the elucidate the mechanism of the catalytic
action of HCI in a non-aqueous system with the help of
Hammett's basic indicators.

Experimental

An initial concentrated solution (48.55 % HCI in DMF)
was prepared by the saturation of purified and dried DMF4
with dry gaseous hydrogen chioride. The concentration of HCI
in the initial solution was determined alkalimetrically, and the
solutions of required composition were prepared by the gravi-
metric method. The previously determined densities of the
solutions® were used to calculate the molar concentrations.
3-Nitroaniline (1), 4-nitroaniline (2), 2-nitroaniline (3),
4-chloro-2-nitroaniline (4), and 2,5-dichloro-4-nitroaniline (5)
purified by recrystallization from aqueous ethanol were used as
indicators.

Concentrations of the non-ionized forms of indicators
1—5 at various concentrations of HCI were determined
spectrophotometrically on a Specord UV-VIS spectro-
photometer at 25 and 39.5 °C using thermostatted quartz
cuvettes. The measurements were performed at the maxima of
the absorption bands of the non-ionized forms of 1—5 in the
visible spectral range. The numerical values of the absorption
coefficients gy and ep, which were necessary for the calcula-
tion of the ratios of the concentrations (I) of the non-ionized
(N) and ionized (D) forms of 1—5, were obtained in the
following way. The values of gy for 15 were determined from
the optical densities of their solutions without the acid, and
those of ep for indicators 1, 3, and 4 were determined in
solutions of HCIl at concentrations that provided complete
ionization of these indicators. The values of ep could not be
determined for 2 due to the irreversible chemical transforma-
tion of this indicator at Cyc>3.3 mol L=, and for 5 due to
the insufficient ionizing ability of the initial concentrated HCI
solution in DMF. Hence, in the calculations gp for 2 and 5
were assumed to be zero.

The concentration ranges of the acid at which the values of
log] for 1—5 were obtained are given in Table 1.
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Table 1. Tonization constants of indicators (pKj,) and concen-
tration ranges for the HCI] solutions in DMF at 25 and
39.5 °C

Indicator pK, (C/M)
25 °C 39.5 °C
3-Nitroaniline(1) 0.91 —
(0.025—1.26)
3-Nitroaniline* (1) 0.59
(0.031—0.31)
4-Nitroaniline(2) —0.69 —
(0.52—3.12)
2-Nitroaniline(3) —2.02 =2.07
(3.36—11.37) (3.44—11.43)
4-Chloro-2-nitro (4) —2.67 -2.75
aniline (7.13—12.77) (6.97—12.68)
2,5-Dichloro-4- (5) —3.64 —3.88
nitroaniline (11.36—15.07) (11.1—15.02)

* For H,SO,—DMF.

Results and Discussion

The acidity of HCI solutions in DMF was deter-
mined using the method developed by Hammett.5 The
acidity scale obtained by the indicator method is a
thermodynamic characteristic of solutions. Its standard
state is an indefinitely dilute solution of the acid in the
solvent studied. It should be mentioned that the indica-
tor acidity scale may reflect both the protonating ability
of the solution! and some other type of acid-base inter-
action between the acid and a weak organic base.? This
depends on the ionization mechanism of the indicators
used. The ionization of nitroaniline derivatives in aque-
ous solutions of strong acids results in a quickly estab-
lished equilibrium of protonation:

PKEH, 0"
B + H O === (B..H...OH,)* + H,0

This ionization mechanism of Hammett's indicators in
aqueous solutions of strong acids is confirmed by the
fact that the value of pKpy,o+ does not depend on the
acid anion and by the fact that the thermodynamic
basicity constant Kpp,o+ is equal to the concentration
constant K, = 1-Cy,0,+ in weakly dilute solutions of
completely dissociated acids. For the nitroaniline de-
rivatives, the protonation mechanism takes place not
only in aqueous solutions of acids.57

The results of the previously published work3 and
those of the study of the ionization of indicator 1 in
solutions of two acids, HCl and H,S80,4, in DMF were
also taken into account to support the ionization mecha-
nism of indicators 1—35 in the solutions of HCI in DMF.
The extent of ionization of indicator 1 at the same

concentrations of HCI and H,50, in DMF is signifi-
cantly different (Fig. 1). This attests to the participation
of the acid anion in the ionization stage and makes it
possible to conclude that the ionization of indicator 1
proceeds via an ion-pair mechanism. Although HCI
does not dissociate in its dilute and moderately concen-
trated solutions in DMF3 it can form H-complexes
with a strong centrosymmetric hydrogen bond with the
structure of a quasi-ionic pair. We believe that the
structure of the quasi-ionic pair is still retained in the
ionized form of the indicator.

To plot the acidity scale by the indicator method one
has to know the ionization constant (K.} of the most
basic of the indicators used. For the rest of the indica-
tors the values of K, are determined using the method of
overlap. For indicator 1 in HCI and H,SO, solutions,
the values of K, were equated to the concentration
constants of ionization, which remain unaltered in the
concentration range 0.094 to 0.313 mol L™! for HCI
and 0.104 to 0.311 mol L™! for H,SO, and equal
0.91£0.03 and 0.59£0.02, respectively (see Table 1).
The steepness of the ionization curves of indicator 1
noticeably increases for Cyy<0.1 mol L™t (Fig. 1). This
dependence may be explained by the fact that partial
ionization of the acid occurs in such dilute solutions of
HC] but the ionization mechanism of 1 retains its
ion-pair nature. The values of pK; for 2—5 are also
presented in Table 1. They are obtained from a com-
parison of the plots logl vs. logCyc; (Chep) (Figs. 1, 2)
over a fairly wide range of variation of logl. The deter-
mination of the pK, value for 3 should be specially

logl, H,
2

Fig. 1. Plots of logl (/, 2, and 3) and H, (4) vs. 1gCP% ¢ for
3- (1, 2) and 4-nitroaniline (3); 7 and 3 in HCI—-DMF; 2 in
H,S0,—DMF, Hy; 4 in HCI—H,0, 25 °C.
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Fig. 2. Plots of logl vs. (% for 4-nitroaniline (1),
2-nitroaniline (2, 4), and 4-chloro-2-nitroaniline (3, 5) at
25 °C (1—3) and 39.5 °C (4, 5) in HCI-DMF.

mentioned. We have the values of logl for 2 with
sufficient accuracy only from 0.9 to —0.17 due to the
irreversible chemical transformation of indicator 2 at
Cucy > 3.3 mol L1 Therefore, the ranges of ioniza-
tion for indicators 2 and 3 do not overlap but only
approach one another. The value of Alogl, 3 at the
point of junction (see Fig. 2) was assumed to be equal
to the difference between the logarithms of the ioniza-
tion constants of 2 and 3.

The acidity scale (denoted by the symbol Hp)* of
HC]I solutions in DMF at 25 °C was obtained using the
values of pK,, (see Table 1) and logl of indicators 1—5

Hy = pk, + logl

The averaged values of Hj in the concentration range
0 to 15 mol L! for HCI are listed in Table 2. The
accuracy of the determination of Hj in the concentrated
HC1 solutions is £0.05.

The ionization of indicators 3—5 was studied only at
39.5 °C; the measurements cover the range of HCl
concentrations from 3.4 to 15 mol L~!. For each of the
indicators, the ionization curve at 39.5 °C is somewhat
shifted to the range of more concentrated solutions (see
Fig. 2) and the curves themselves are almost parallel. It
is accepted for 3 that for equal concentrations of HCl

* We do not introduce a new symbol for designating the acidity
parameter in the HCI—DMF system obtained by the ioniza-
tion of the indicators of the nitroaniline series. However, this
function reflects the ionizing ability of the medium according
to the ion-pair mechanism, unlike that of aqueous solutions in
which Hp is a measure of the protonating ability of the
medium.

Table 2. Values of Hj for various concentrations of HCl in
DMF at 25 and 39.5 °C

HCYM  —H, HCYM ~-H, HCYM  —H,
0.025  -178 4.0 1.05 10.6 269
0.04 ~1.49 45 115 10.8 2.80
0.07 ~1.16 5.0 1.24 11.0 291
0.1 -0.98 5.5 1.34 11.2 3.04
0.2 ~0.64 6.0 1.43 11.4 3.17
0.3 ~0.44 6.5 153 11.6 3.30

0.4 ~0.32 7.0 1.63 11.8 344
0.6 ~0.10 75 174 12.0 3.56
0.8 0.07 8.0 1.85 122 3.65
1.0 0.19 8.5 1.96 124 3.73
12 0.29 9.0 2.08 126 381
1.4 0.38 9.2 2.14 12.8 3.88
1.6 0.45 9.4 2.19 13.0 3.95
1.8 0.53 9.6 226 135 411
2.0 0.59 9.8 232 14.0 423
2.5 0.73 100 240 145 4.35
3.0 0.84 102 249 15.0 4.46
35 0.94 104 259

the difference between the logl values at 25 and 39.5 °C
reflects the change in pK, of 3 with increasing tempera-
ture. Thus, the value pK, = —2.07 was obtained for 3 at
39.5 °C. The values of pK|, for 4 and § at 39.5 °C were
obtained by the method of overlap (see Table 1). Then
the values of Hj at 39.5 °C of HCI solutions in DMF
were obtained by the usual method for the studied range
of acid concentrations. The dependences of Hy at 25 and
39.5 °C on the HCI concentration almost coincide. In
our opinion, this result is very important, and the values
of Hy (see Table 2) may be used with sufficient reli-
ability in the analysis of the kinetic data of HCI solu-
tions in DMF over a wider temperature range.

The relationships presented in Fig. 3 make it possible
to compare the values of Hy in the HCl—-DMF system
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Fig. 3. Plots of COHCII _HO (1), CK-I (3), and CK—2 (4) in
HCI—DMF, ~Hj in HCI—H,0 (2) vs. Cngy-
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with its equilibrium composition and with the acidity
function Hy of aqueous solutions of HCI. The acidities
in the two systems coincide quantitatively in a fairly
wide range of HCI concentrations, from 0.1 to
1.6 mol L™! (H, ranges from 0.98 to —0.45), while their
ratio varies considerably in a wider range (Hy of the
aqueous system is significantly higher for concentrated
HCI solutions). The value of H, changes much faster
than the acid concentration does in the whole range of
the compositions of the HCI—DMF system. H, changes
more steeple in relatively dilute (Cyc<2 mol L71) and
concentrated solutions of HCI, which is related to the
formation of K-2 complexes at Cy>10.5 mol L71 A
uniform change of Hy near the acid concentration of
-6 mol L™! confirms the conclusion that the addition
of a second molecule of DMF to the structural unit
(DMF -+ HC]) in the formation of the K-0.5 complex
does not distort the structure of the central hydrogen
bond in the quasi-ionic pair.3
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