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The tautomeric equilibrium constants, K,=[ammonium ion]/[azonium ion], of the first conjugate acids of
4-dialkylaminoazobenzene derivatives were estimated by the spectrophotometric method. The K, values increase in

this order: pyrrolidino- <dimethylamino- < diethylaminoazobenzenes.

The effects of N-alkyl groups on the base

strength of the amino and azo nitrogens were examined in order to explain the effects on the tautomeric equilibrium.
The base strength of azo nitrogens is governed by the degree of the resonance interaction between the amino group

and the rest of the molecule.

For dimethylamino- and pyrrolidinoazobenzenes, the base strength of the amino

nitrogen can also be explained in terms of the resonance effects, but the amino nitrogen of diethylaminoazobenzenes
exhibits an anomalously high base strength, arising from the steric inhibition of the hydrogen bonding in the free

base.

The structures of the first conjugate acids of 4-amino-
azobenzene derivatives have been the subject of much
discussion.’=® Some authors»? have identified the
ammonium structure as the exclusive one of the con-
jugate acids of 4-dimethylaminoazobenzene. Others,3:%
on the other hand, have concluded that the conjugate
acid has the azonium structure.

Recently it has become clear, however, that there
is a tautomeric equilibrium between the ammonium
and the azonium forms.>-® The tautomeric equi-
librium constants have been determined by several
workers.”-?  Jaffé et al.”) determined the constants for
a series of substituted derivatives of 4-dimethylamino-
azobenzene by various methods, and found that the
constants follow the Hammett equation.

A number of attempts®1? have been made to
explain the structural effects on the basicities of alkyl-
anilines. The base strength of N,N-dialkylaniline
derivatives in 509%, aqueous ethanol are in this order: N-
phenylpyrrolidine < dimethylaniline < diethylaniline.!V
It has been proposed that solvation on the alkaline
side of the ionization equilibrium lowers the free
energy of N-phenylpyrrolidine and dimethylaniline,
and that it is, therefore, base-weakening. The steric
inhibition of solvation occurs with diethylaniline and
is base-strengthening. It can be expected, therefore,
that for 4-dialkylaminoazobenzenes the basicity of the
amino nitrogen atom is similarly influenced by the alkyl
groups, but the basicity of the azo nitrogen atoms is

1) I. M. Klotz, H. A. Fiess, I. Y. Chen-Ho, and M. Mellody,
J. Amer. Chem. Soc., 76, 5316 (1954).

2) H. H. Jaffé¢, J. Chem. Phys., 23, 415 (1953).

3) C. R. Bury, J. Amer. Chem. Soc., 57, 2115 (1935).

4) M. T. Rogers, T. W. Campbell, and R. W. Maatman,
ibid., 73, 5122 (1951).

5) G. M. Badger, R. G. Buttery, and G. E. Lewis, J. Chem.
Soc., 1954, 1888.

6) E. Sawicky, J. Org. Chem., 21, 605 (1956); 22, 365, 621,
743 (1957).

7) Si-Jung Yeh and H. H. Jaffé, J. Amer. Chem. Soc., 81, 3283
(1959) ; M. Isaks and H. H. Jaffé, ibid., 86, 2209 (1964).

8) F. Gerson and E. Heilbronner, Helv. Chim. Acta, 45,42 (1962).

9) I. Ya. Bershtein and O. F. Ginzburg, Zh. Org. Khim., 3,
2032 (1967); ibid., 4, 1260 (1968).

10) H. C. Brown and A. Chan, J. Amer. Chem. Soc., 72, 2939
(1958).

11) A. T. Botini and C. P. Nash, ibid., 84, 734 (1962); C. P.
Nash and G. E. Maciel, J. Phys. Chem., 68,832 (1964).

12) J. W. Eastes and M. H, Aldridge, J. Chem. Soc., 1969, 922,

The above order of K, can be explained in terms of these cumulative resonance and steric effects.

not so much influenced. As far as we know, there
has been no study of the effect of N-substituents on
the tautomeric equilibrium. The purpose of the pres-
ent paper is to examine to what extent the tautomeric
equilibrium of the first conjugate acids of 4-dialkyl-
aminoazobenzene derivatives is influenced by a change
in the alkyl groups.

Experimental

Compounds. The 4-dimethylamino- and 4-diethyl-
aminoazobenzene derivatives were prepared by procedures
described in a previous paper.!®) The 4-pyrrolidinoazo-
benzene derivatives were prepared by diazotizing aniline
derivatives and by coupling the resulting diazonium salt
with N-phenylpyrrolidine, which had been prepared by the
methods given in the literature.! These azo compounds
were purified by dissolving them into benzene, passing them
through an alumina column, and then crystallizing them from
benzene. The N,N,N-trimethyl-p-phenylazoanilinium chlo-
rides were prepared by procedures described by Jaffé and
Isaks.”

4-Dimethylaminoazobenzene:
120°C.

4-Methyl-4'-dimethylaminoazobenzene :
169.5—170°C).

4-Chloro-4'-dimethylaminoazobenzene:
158—158.5°C).

4-Diethylaminoazobenzene: Mp 97-—97.5°C (lit, 98°C).

4-Methyl-4'-diethylaminoazobenzene: Mp 112.5—113°C (lit,
113°C).

4-Chloro-4'-diethylaminoazobenzene: Mp 114°C. Found: C,
67.03; H, 6.42; N, 14.459,. Calcd: C, 66.77; H, 6.30; N,
14.60%.

4-Pyrrolidinoazobenzene: Mp 166—167°C. Found: C, 76.70;
H, 6.68; N, 16.69%,. Calcd: C, 76.46; H, 6.82; N, 16.729,.

4-Methyl-4'-pyrrolidinoazobenzene: Mp 187—188°C. Found:
C, 77.07; H, 7.03; N, 15.79%,. Calcd: C, 76.94; H, 7.22;
N, 15.849%,.

4-Chloro-4'-pyrrolidinoazobenzene:
C, 67.51; H, 5.72; N, 14.76%,.
N, 14.70%,).

N,N,N- Trimethyl-p-phenylazoanilinium Chloride: Mp 185.5—
186°C (decomp.) (lit, 186—187°C).

N,N,N- Trimethyl-p- ( 4-methylphenylazo ) anilinium Chloride: Mp

Mp 118—119°C (lit, 119—
Mp 170—171°C (lit,

Mp 158—158.5°C (lit,

Mp 197—198°C. Found:
Caled: C, 67.24; H, 5.64;

13) 8. Yamamoto, N. Nishimura, and S. Hasegawa, This Bul-
letin, 44,2018 (1971).
14) J. V. Braun and G. Lemke, Ber., 55, 3556 (1922).
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178.5—179°C (decomp.) (lit, 178-—179°C).

N,N,N-T7rimethyl-p-( 4-chlorophenylazo) anilinium Chloride: Mp
183—184°C (decomp.) (lit, 184—185°C).

Measurements. The dipole moments and the absorp-
tion spectra of the bases were measured by the methods
described in a previous paper.!® The absorption spectra
of unbuffered solutions were measured in ca. 509, aqueous
ethanol (25 ml of the solution contained 12.5 ml of commercial
999, ethanol) with various concentrations of acids. The
concentrations of all the azo compounds were about 3 X 10-°m.
The pH of the solutions was measured by means of a Hitachi-
Horiba pH meter, Model M-5, calibrated with standard
buffer solutions at 254-0.5°C. The dissociation constants,
pK,, were calculated by a standard method. The average
deviations for all the compounds were within 40.05 pH units.

Results

The spectra of some 4-dialkylaminoazobenzene de-
rivatives in ca. 1N hydrochloric acid (509, aqueous
ethanol), the acidity of which is necessary for the
complete formation of the first conjugate acid, are
given in Fig. 1. The A band at about 320 nm has
been attributed to the conjugation band of the species
of the ammonium form (II), while the C band at
about 510 nm has been ascribed to that of the azonium
form (II1).5-%) The spectra show that the first con-
jugate acids of 4-dialkylaminoazobenzene derivatives
are equilibrium mixtures of II and III, as has been
proposed by earlier workers.®-® It seems that the
&,/ ratio gives a crude idea of the tautomeric equili-
brium. The ¢, value is the apparent molar extinction
coefficient at the wavelength maximum of the A band,
and the ¢, value is that at the wavelength maximum
of the C band. The ¢,/¢, ratio for various substituted
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Fig. 1. Absorption spectra of 4-N, N-dialkylaminoazobenzene
derivatives in ca. IN hvdrochloric acid in 509% aqueous
ethanol.

—————— : 4-N, N-Dimethylaminoazobenzene
----- : 4-N, N-Diethylaminoazobenzene
——: 4-Pyrrolidinoazobenzene
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TaABLE |. ABSORPTION SPECTRA OF 4-N, N-DIALKYL-
AMINOAZOBENZENE DERIVATIVES AND THEIR
FIRST CONJUGATE ACIDS

Amax (£X107%)

No 8&/88
A band B band® C band
1 320(10.1) 400(30.4) 516(33.6) 0.30
2 331(13.2) 400(31.8) 528(30.1) 0.44
3 325(12.9) 410(34.1) 520(33.0) 0.39
4 318(19.1) 407(32.3) 516( 9.5) 2.03
5 332(21.8) 407(33.4) 528( 6.7) 3.23
6 325(21.0) 416(34.0) 518( 7.0) 2.98
7 324( 3.0) 407(33.0) 516(57.7) 0.05
8 335( 2.9) 407(32.8) 528(54.4) 0.05
9 329( 3.0) 417(35.0) 520(58.1) 0.05
a) Conjugation band of base in cyclohexane
No. Substituent

4-dimethylamino
4-methyl-4’-dimethylamino
4-chloro-4’-dimethylamino
4-diethylamino
4-methyl-4’-diethylamino
4-chloro-4’-diethylamino
4-pyrrolidino
4-methyl-4’-pyrrolidino
4-chloro-4’-pyrrolidino

OO ON -~

4-dialkylaminoazobenzenes are shown in Table 1.

As is shown in Table 1, ¢,/¢. varies widely from com-
pound to compound. This shows that the tautomeric
equilibrium is sensitive to N-substituents; especially for
4-pyrrolidinoazobenzene derivatives the equilibrium
greatly shifts to the azonium form.

It has been shown for 4-aminoazobenzene derivatives
that ¢, increases, and that, simultaneously, ¢, decreases,
with an increase in the sulfuric acid concentration.?
In a very concentrated sulfuric acid (>>12n), both
bands, A and C, disappear, and at the same time a
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Fig. 2. Plots of molar extinction coefficients (¢, and &) against
concentration of sulfuric acid.
Sem==- Eﬂ. 8(:
O: 4-chloro-4’-N, N-dimethylaminoazobenzene
@: 4-chloro-4’-N, N-diethylaminoazobenzene
@ : 4-chloro-4’-pyrrolidinoazobenzene
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new band appears at about 410 nm; this latter band
has been assigned to the diprotonated form.”® Figure
2 shows a plot of ¢, and ¢, against the sulfuric acid
concentration. As is shown in Fig. 2, for 4-dimethyl-
amino- and 4-diethylaminoazobenzene derivatives e,
increases and ¢, decreases with an increase in the
sulfuric acid concentration. For 4-pyrrolidinoazoben-
zene, however, ¢, and g, are almost uninfluenced by
the change in the acid concentration. This shows that,
for dimethylamino- and diethylaminoazobenzenes, the
tautomeric equilibrium shifts from the ammonium to
the azonium form with an increase in the sulfuric
acid concentration,” while for pyrrolidinoazobenzene
the equilibrium does not change, since it has almost
completely shifted to the azonium form even at lower
concentrations of sulfuric acid. The molar extinction
coefficient of the azonium form at ca. 510 nm (Band C)
for dimethylamino- and diethylaminoazobenzenes can-
not be obtained by direct photometric measurement,
since they exist in both the azonium and ammonium
forms. However, since pyrrolidinoazobenzenes exist
exclusively in the azonium form, the &, values can be
regarded as true molar extinction coefficients. If the
molar extinction coefficients of the azonium forms
(Band C) are the same for these three types of com-
pounds with the same 4’-substituents, the tautomeric
equilibrium constants can be estimated in the following
way':

Fraction of ITI = %

e

_ L

Fraction of 1T =
e

[11] Ee 1
= = = — l
ETUIII] e M
where £.9 is the ¢, value of 4-pyrrolidinoazobenzene
derivatives.

According to Gerson and Heilbronner,® the equili-
brium in question can be expressed as in the following

chart:
R'—@>—N=N-@>—NR2 + H

K /‘ / u . \\K.

— 13
11 II1
Chart 1.

Therefore,

In this case, the following equations may hold:

£,C = & [II] + &,"[III]

&,C = e "[1I] + & W[III] @)

C = [I1] + [IIT]
where &l! and &' are the molar extinction coefficients
of IT and III at the wavelength maximum of the A
band, where & and ¢ are those of IT and III at the
wavelength maximum of the C band, where [II] and
[III] represent the concentrations of II and III respec-
tively, and where C is the concentration of the free
base added. Since &" is small compared with &,
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and since ¢ is nearly zero, the tautomeric equilibrium
constant, K;, may be expressed as:

_ I _ s ™ e,

$T g T e o

Gerson and Heilbronner® assumed that the value of the

edl/e)l ratio for 4-dimethylaminoazobenzene is 3 on

the basis of the data of Isaks and Jaffé, and that this

value is valid for other 4-dimethylaminoazobenzene
derivatives as well.

In the present case, however, &'[e] was estimated

in a different manner. From Eq. (2), it follows that

I, 111

_ ScH— scm EcIIIEaII“ &,
& = II it | €a + 11 111
&y — &

&y &y
Since &>&l, and ef=~0,

& 111 -
& = — c—nsa + & (4)
&y

According to Eq. (4), there should be a linear relation-
ship between ¢, and ¢,. Various sets of ¢, and &, were
obtained by changing the sulfuric acid concentrations;
they were then plotted according to Eq. (4). A
representative one is given in Fig. 3, which shows the
validity of Eq. (4). The values of &'fef and &
were obtained from the slope and the intercept of the
line in Fig. 3. These values are given in Table 2.
In Table 2, &Y denotes the molar extinction coefficinet
of N, N, N-trimethyl-p-phenylazoanilinium chlorides (IV)
at the wavelength maximum of the band corresponding
to that of the ammonium form (II).

R—<§>—N=N-<@—ﬁ(cna)a ar-
v
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Fig. 3. Relationship between & and & for 4-chloro-4'-N, N-
diethylaminoazobenzene

TABLE 2. MOLAR EXTINCTION COEFFICIENTS OF CONJUGATE
ACIDS OF 4-N,N-DIALKYLAMINOAZOBENZENES

IIT II v

No® g /e, 1 &, &, e,
1 2.64 60400 22900 20400
2 2.54 61600 24200 22900
3 2.53 64000 25300 24100
4 2.67 59200 22200 —
5 2.43 58000 23900 —
6 2.43 56800 23400 -—

a) Key is shown in Table 1.
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TABLE 3. TAUTOMERIC EQUILIBRIUM CONSTANTS OF
4-N, N-DIALKYLAMINOAZOBENZENE DERIVATIVES

Tautomeric Equilibrium Constants

No*
A B G D
1 0.72 0.78 0.14 0.90
2 0.82 1.1 0.24 1.17
3 0.75 1.0 0.20 1.23
4 4.9 5.4 — —
5 7.3 7.8 — —
6 7.3 7.2 — —
7 0.0 0.14 — —
8 0.0 0.14 — —
9 0.0 0.14 — —

a) Key is shown in Table 1.

A : Obtained according to Eq (1).
B : Obtained according to Eq (3).
C :Ref. 7.

D : Ref. 8.

Since the electronic effect of the —lifI(CH:,)3 group

on the A band may be similar to that of the ~NH-
(CH,), group, it should be e&'~¢'. As expected,
the agreement is quite satisfactory (Table 2), indicating
again the validity of Eq. (4).

As is shown in Table 2, the &/¢}! ratio varies slightly
from compound to compound. The tautomeric equili-
brium constants calculated according to Eq. (3) are
shown in Table 3. These values are in fair agreement
with the corresponding values obtained according to
Eq. (1). According to Jaffé and Yeh,” the molar
extinction coefficient at ca. 320 nm of the azonium
form is about 2000. In this case, therefore, ¢, is the
sum of the contributions of both the ammonium and
azonium forms. When e, is sufficiently large, as in
the cases of dimethylamino- and diethylaminoazoben-
zenes, the contribution of the azonium form to ¢, can
be neglected. However, as is shown in Table 1, ¢,
is so small for pyrrolidinoazobenzenes as not to permit
us to neglect the contribution of the azonium form.
Therefore, the value (0.14) for pyrrolidinoazobenzenes
obtained by Eq. (3) must be overestimated.

The values for 4-dimethylaminoazobenzene and
the 4'-methyl and 4'-chloro derivatives are in good
agreement with the values given by Gerson and
Heilbronner,® but they differ from those obtained by
Isaks and Jaffé,” as is shown in Table 3. This large
discrepancy is due to the difference in the composition
of the solvent. The present values were obtained in
ca. IN hydrochloric acid, whereas Isaks and Jaffé
obtained theirs in much more acidic solutions. In
their case, therefore, the equilibrium must have shifted
to the azonium form, for the reason mentioned above.

Discussion

The tautomeric equilibrium constant, K;, is a measure
of the difference between the basicity of the amino
nitrogen (pK;) and that of the azo nitrogens (pK,).
Hence, an examination of the effects of N-alkyl groups
on both pK; and pK, is necessary in order to interpret
the effects on K;. The values of K; and K, were
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calculated according to the following equations:

11
X, ~ K, 14K,
1 1 1
S S 5
K~ K K ©)

where K; and K, are the acid dissociation constants
of the ammonium and the azonium ions respectively,
and where K, is the apparent acid dissociation constant
of the first conjugate acid (Chart 1). All the pK,
values were determined by using a standard spectro-
photometric method.!® These values are listed in
Table 4.

TABLE 4. VARIOUS EQUILIBRIUM CONSTANTS OF 4-N,N-
DIALKYLAMINOAZOBENZENE DERIVATIVES

Group® No”  pK, K pK" pK,® K pK" pK,»

1 1 2.00 0.72 1.62 1.76 0.78 1.64 1.75
4 2.89 4.9 2.81 2.12 5.4 2.82 2.09
7 2.38 0.0 — 2.38 0.14 1.46 2.38
2 2 2.17 0.82 1.83 1.91 1.1 1.89 1.85
5 3.09 7.3 3.03 2.17 7.8 3.04 2.12
8 2.43 0.0 — 2.43 0.14 1.57 2.43
3 3 1.88 0.75 1.52 1.63 1.0 1.58 1.58
6 2.65 7.3 2.59 1.73 7.2 2.60 1.71
9 2.15 0.0 — 2.15 0.14 1.23 2.15
a) Group 4’-Substituent
1 -H
2 -CH,
3 -Cl

b) Key is shown in Table 1.

¢) Obtained according to Eq. (1)

d) Obtained according to Eq. (5) using K values in
the fourth column.

e) Obtained according to Eq. (3).

f) Obtained according to Eq. (5) using K; values in
the seventh column.

For all three groups in Table 4, pK, increases in this
order:  pyrrolidino-<dimethylamino-<diethylamino-
azobenzenes. On the other hand, pK, increases in
this order: dimethylamino-<{diethylamino-<pyrroli-
dinoazobenzenes. The difference in pK, is rather
smaller than that in pKj.

The dipole moments of these compounds were meas-
ured in order to examine the electronic effect of the
N-alkyl groups on both pK; and pK,. As may be
seen in Table 5, the dipole moments increase step-by-
step in this order: dimethylamino-<diethylamino-<(
pyrrolidinoazobenzenes in each group. The incre-
ment is too large to ascribe to the inductive effect of
these substituents.

Nash et al.') have shown, from comparisons of the
13C chemical shifts, the ultraviolet spectra, and the
molar refractions of N,N-dialkylaniline derivatives, that
the degree of resonance interaction between the lone-
pair electrons on nitrogen and the m-electrons of the

14) In order to obtain pK., the absorption spectra of the com-
pounds were measured in various hydrochloric acid concentra-
tions up to ca. IN.  For all of the compounds, three isosbestic points
were observed in the range from 240 to 600 nm. This indicates
that K; is constant over these acid concentrations. Therefore,
the standard method can be used for the determination of pKa,.
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DiroLE MOMENTS OF 4-N, N-DIALKYLAMINO-
b)

TABLE 5.
AZOBENZENE DERIVATIVES WITH RELEVANT DATA®?

Group® No® a b IC{(’;" c}:: 1";
1 1 5.27 0.19 71.9 281.6 3.17
4 5.74 0.27 78.7 332.9 3.50
7 6.60 0.29 76.6 369.4 3.76
2 2 3.50 0.15 76.5 225.2 2.66
5 3.76 0.21 83.3 257.7 2.90
8 4.80 0.22 81.2 306.5 3.20
3 3 9.20 0.22 76.7 516.3 4.61
6 9.80 0.28 83.5 597.1 5.00
9 10.40 0.30 81.4 623.0 5.13

a) Measured in benzene.
b) For notations used here see Ref. 13,
c) Key is shown in Tables 1 and 4.

benzene ring increases in this order: dimethylaniline<(
diethylaniline~ N-phenylpyrrolidine. In the case of
dialkylaminoazobenzene derivatives, if it is assumed
that the degree of resonance interaction between the
amino group and the rest of the molecule increases in
this order: dimethylamino-<{diethylamino-<pyrroli-
dinoazobenzenes— if, that is to say, the degree of the
contribution of the type

R'-@>-1§I—N=<z >:1th2

is the greatest for pyrrolidinoazobenzene and the
smallest for dimethylaminoazobenzene— it can account
for the order of the dipole moments. If the above
proposal is reasonable, the transition energy of the
conjugation band of these free bases should decrease
and the molar extinction coefficient should increase
in this order: dimethylamino-<{diethylamino-<pyrroli-
dinoazobenzenes. An inspection of the data for B band
in Table 1 supports this idea.

The order of pK, is the same as that of the dipole
moments, as is shown in Tables 4 and 5. The basicity
of azo nitrogens is hardly subject to inductive and
steric effects of the alkyl groups, for the alkyl groups
are apart from the azo group. Thus, the factor govern-
ing pK, must be the same as in the case of the dipole
moments, since the greater the extent of the contribu-
tion of the above type, the greater the negative charge
on one of the azo nitrogens.

An inhibition of the resonance decreases the potitive
charge on the amino nitrogen and results in an increase
in the base strength of the amino nitrogen, all other
factors being equal. Therefore, pK; should increase in
this order: pyrrolidino-<diethylamino-<{dimethyl-
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aminoazobenzenes, but actually it increases in this
order:  pyrrolidino-<dimethylamino-<diethylamino-
azobenzenes, as is shown in Table 4. This latter order
is the same as that for N,N-dialkylaniline derivatives
given by Nash and Maciel.!Y They have suggested
that the alkyl groups in free diethylaniline produce so
cluttered a situation in the vicinity of the nitrogen
atom that the hydrogen bonding between hydroxylic
solvent molecules and the nitrogen atom is inhibited.
The resulting loss of solvation energy increases the
free energy of the free base, reduces the energy gap
between N,N-diethylaniline and its anilinium ion, and
correspondingly increases the base strength of the former
relative to dimethylaniline. Most of their discussion
holds in our case as well, thus accounting for the
anomalously high base strength of the amino nitrogen
of diethylaminoazobenzenes.

4_

K,

Relative free energy (kcal/mol)

K.

—N(C;Hs).

—-N(CHas).

-~
Fig. 4. The diagram of free energy.
a: ammonium 1on, b: base + H*, c: azonium ion.

On the basis of the data in Table 4, a diagram of the
free energy was obtained by assuming that the ammo-
nium ions of dimethylamino-, diethylamino-, and
pyrrolidinoazobenzenes have equal free energies,') the
energy of the ammonium ions being taken as the
standard. As may be seen in Fig. 4, the free energy
gaps between the ammonium ions and the azonium
ions, AG=G(ammonium ion)—G(azonium ion), in-
crease in this order: diethylamino-<dimethylamino-<{
pyrrolidinoazobenzene; hence, the K, values decrease
in this same order.

The authors are deeply grateful to Miss Hiromi
Ohtani for her elemental analysis.






