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Tautomeric Equilibria.

V. The Basicities of Disubstituted Azobenzenes!?

By S1-Junc YEH AND H. H. JAFFE
RECEIVED DECEMBER 20, 1958

The basicities of 19 disubstituted derivatives of azobenzene are discussed. New evidence is produced indicating that the
conjugate acid of azobenzene derivatives is not a tautomeric mixture of two compounds involving localized NH bonds, but

involves a proton bonded to both N-atoms.

Azobenzene contains two equivalent basic cen-
ters, the azo-nitrogen atoms, which become dis-
tinguishable upon introduction of substituents into
one or both benzene nuclei. Since there is no
reason to expect that the substituents would exert
the same effect on the basicity of the two azo-
nitrogen atoms, it is of interest to investigate sub-
stituent effects on the basicity of each azo-nitrogen
separately. This has been done for monosub-
stituted azobenzenes in the preceding paper of this
series? where it has been proposed that the conju-
gate acid of azobenzene can be represented by a
structure (I) in which the proton is not bonded ex-
clusively to either nitrogen atom but shared by
both of them.
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one of which Y remains constant while X is being
varied. Aside from the monosubstituted com-
pounds (Y = H), there are three main series, the

m-(phenylazo)-nitrobenzenes (Y = m-NO,), p-
(phenylazo) - phenols (Y = p-OH) and p-
{phenylazo)-anisoles (Y = p-OCH,;). Use of the

same X in these four series further permits the
construction of three additional series, Y = p-Me,
p-Br and m-Br; these latter series, consisting of
only four compounds each, will not be discussed
extensively, The pK's in 209, ethanol-809,
water-sulfuric acid of all the compounds under
discussion are sumimarized in Table I. The pK’s
of the monosubstituted azobenzenes previously re-
ported by Jaffé and Gardner? have been recal-
culated on the basis of the revised H, function.?

The pK’s for the four main series of compounds
are plotted against ¢x in Fig. 1. Two distinctly
different patterns of Hammett plots appear; one
is represented by the plots for the series Y = H
and Y = m-NO,, the other by those of the series

TABLE I

pevor D)
X Y
Y

= m-NOz =H Y = $-OCHa Y = p-OH
X 4 —-pK -pK -pK —-K

4-OEt —0.250 2.48 = 0.03 1.28=0.02 ... Ll
4-OMe — .268 2.54 = .03 1.36 = .03 75 = 0.03 0.56 = 0.03
4-Me — .170 3.83 = .02 2.35 = .02 1.03 = .02 0.84 = .03
3-Me — .069 4.32 = .02 2.70 £ .03 ... L
H 0 4.63 = .02 2.90 = .02 1.36 = .03 1.02+x .01
4-Br 0.232 5.04 = .01 3.47 = .02 1.74 = .03 1.42 = .01
3-Br .391 5.62 = .02 3.83 & .03 06 = .02 1.67 = .01
3-COCH; .306 569 .02 ... Lo
4-COCH; .516 5.96 £ .02 3.98 + .04 223 .02 ...
4.CN .628 6.50 = .04 4.52+ .02 ... Ll
3-NO. .710 6.57 = .07 4,63 = .02 254+ 03 ...
4-NO, T8 L, 4,70+ .02  L.oooo. Ll

It is the purpose of this study to extend the
analysis of pK data to disubstituted azobenzenes
and to investigate the effect of substituents in both
benzene rings on the basicity of the azo group.
Some 19 disubstituted derivatives (II) of azo ben-
zene have been investigated; their preparation,
physical properties, analyses and the determination
of their basicities have been described previously.?
For the purpose of the present discussion, these
compounds are grouped into several series, in each

(1) This work has been supported by a Bonita Geho Memorial
Grant for Cancer Research from the American Cancer Society. This
support is gratefully acknowledged.

(2) For paper IV of this series, see H. H. Jaffé and R. W. Garduner,
THIs JOURNAL, 80, 319 (1958).

(3) Si Jung Yeh and H. H. Jaffé, ibid., 81, 3274 (1959).

Y = p-OH and Y = p-OCH;. For the first two
series, for electron-releasing groups in the p-posi-
tion. oxT-values?® must be used to obtain good
straight lines. On the contrary, for the series Y
= p-OH and Y = »-OCH;, normal ox-values for
the electron-releasing groups are required to ob-
tain satisfactory Hammett plots. The peculiar
pattern observed here, 7.e., the choice of substituent
constants. can be understood if we consider reso-
nance structures in the free bases and their conju-
gate acids. For the two series, Y = Hand Y =
m-NO,, resonance between structures III and IV is
important in the free bases, but this resonance is

(4) H. C. Brown and Y. Okamoto, ibid., 79, 1913 (1957); 80, 4979
(1958).
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Fig. 1.—A plot of pK vs. o, for the four maiu series.

greatly enhanced in the conjugate acids (¢f. struc-
tures V «—— VI); hence mesomerically electron-
repelling substituents require the use of ox*.
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For the Y = p-OCH; series and Y = p-OH series,
however, the situation is quite different. The
p-OCH; and p-OH groups themselves are capable

and the consequent lesser contribution of the reso-
nance structure IX, the use of (normal) sx-value, is

O
— H
1X

required. This is also true for symmetrically di-
substituted compounds, i.e., 4,4’-dimethoxyazo-
benzene, for which normal cocu, must be used to
obtain a good fit of the Hammett plot. It must
be remembered that, in these series, the conjugative
effect of one electron-repelling group through struc-
ture VII and VIII is already included in K° and
that ox only needs to express the additional effect

TaBLE I1
REACTIONX CONSTANTS FOR THE DI1SSOCIATION OF THE CONJUGATE ACIDS OF SUBSTITUTED AZOBENZENES

Y =m-NO: Y =mBr Y = p-Br Vv =H Y = p.CH:s Y = p-OCH; Y = p-OH Over-all
p 2.75 234 3.22 2.20 1.83 1.80 .61 230
¥ 0.996 1.00 1.00 1.995 0.998 0.997 1. 993 0. 088
s .13 0.03 0.04 12 Lo 05 .06 28
Sp .09 0.03 0.003 08 08 .06 02 07
log K° 4.61 3.85 3.47 3.00 247 1.31 1.04 307
n 10 4 4 9 4 7 3 31

of exerting a strong + E effect according to struc-
ture VII which is again enhanced in the conjugate
acid (¢f. VIII). Due to the important contribu-
tion of resonance structure VIII throughout the
whole of the ¥ = p-OCH; and Y = p-OH series,

DOt el O
VII

V111

of the X group. To the extent that contributions
from structure VIII are important. contributions
from structure IX are reduced. The reaction con-
stants for each of the series were calculated by the
method of least squares® and are summarized in
Table II.

Figure 2 shows the plot of pA’s of all the com-
pounds agaiust the sum of the substituent constants

(5) T, H. Jaffé, Chran. Revs. B8, 253 (1955}



July 5, 1959

BASICITIES OF DISUBSTITUTED AZOBENZENES

3281

-7.0 T T
-6.0

-5.0

a0}

-2.0r

-.8 -1.6 -.2

[o] +0.4 +0.8

Fig. 2.—A plot of pK ws. the sum of the substituent constants.

to test the applicability of the extended Hammett
equation®
log(K/K®) = pZo (1

Here K?° refers to the dissociation constant of the
conjugate acid of azobenzene, and the term, 2o
is the sum of substituent constants for the sub-
stituents present in both benzene nuclei. For
those substituents which have dual substituent
constants, 7.e., ¢ ¥ o1, the choice between ¢ and
o was made according to the principle discussed
above; for compounds with two mesomerically
electron-releasing substituents, ¢+ was used for
the more electron-releasing one, regular o for the
other. The reaction constant for eq. 1 is included
in Table II. The correlation coefficient, » =
0.988 indicates that eq. 1 represents quite ade-
quately the pK'’s of the mono and disubstituted azo-
benzenes. This finding suggests that the azo
group of both mono- and disubstituted azobenzenes
can be treated as a single reaction center, 7.e., a
single basic center, in agreement with our earlier
proposal.?

In a previous paper? we have discussed the var-
ious alternative formulations possible for the struc-
ture of the conjugate acid of azo-compounds. We
considered at that time the possibility of a tauto-
meric equilibrium between structures X and XI,
and rejected this possibility. Our argument has
been questioned by Wepster,” and hence we re-
examined this possibility in the light of the new
data. Assuming that the tautomers X and XI

(6) H. H. Jafié, Science, 118, 246 (1933).
(7) B. M. Wepster, private communication. We are indebted to
Prof. Wepster for an extensive discussion of this problem,

exist in equilibrium after a proton is added to the
azo-linkage of substituted azobenzenes, we must
consider the various equilibria

e,
w7 e N\
OB D0,

Here K, and K, refer to the dissociation constauts
of species X and XI, respectively; K, is the dis-
sociation constant of the conjugate acid (equilib-
rium mixture) of the substituted azobenzenes
measured experimentally. Let p; be the reaction
constant for the dissociation of the species X, p»
that of species XI. It can readily be shown that

K, = Ksz/(Kx + K2)
and for azobenzene (X = Y = H), K,®* = K,® =
2K’ K1° = 1. Dividing eq. 2 by K.° we obtain
K, 2 KK, 2 KK (3)

It is reasonable to assume that the effects of sub-
stituents X and Y on the basicity of each azo-
nitrogen atom are separately represented by the
Hammett equation, and that these substituent
effects are additive. Then we have

Ky/K9 = 10%xe + ox *p2) (4)
Ko/K0 = 106x"m + ave) (5)
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Fig. 3-—A plot of lug Kx/Kx=y against ox — ov.

Substituting egs. 4 and 5 into eq. 3, we obtain
K. R 10toxe1 + ov “m) % 1 (lox ez + avpr)
= “10G@xe F 0¥ pe) I 1((ex bz F o¥pp)

Ko~ (6)

Thus, we can calculate p; and p; by eq. 6 from avail-
able pK data, and expect p; and p,, to be constant
throughout the whole series. Values of p; and ps
calculated from each series are summarized in
Table I11, and are seen to vary widely.

TaBLE 111
COMPARISON OF p; AND p2 CALCULATED FROM DIFFERENT
SERIES”

Series, Y = ot p2
- NOs 3.08 or 1.85

1.85 3.08
p-OCH, 1.19 or 2.61

7.50 0.40
p-OH 0.95 or 3.06

8.72 0.33

e Two values are given for each since they arise as solu-
tions of quadratic equations.

It will now be profitable to consider the three
series of disubstituted azobenzenes, the Y = m-
NO,, ¥ = p-OCHj; and Y = p-OH series as deriva-
tives of symmetrically disubstituted parent com-
pounds, t.e., of 3,3’-dinitroazobenzene, 4,4'-di-
methoxyazobenzene and 4,4’ - dihydroxyazoben-
zenes, respectively. Then each series can be repre-
sented by eq. 7 in analogy with the monosubstituted

Kx 10(ex"av)m ¢ 1((oxTav) _
Kxavy =2 IO{UX'UY)PI + ]_O(UX'UY)pz (()

azobenzenes.? Thus, a plot of log Kx vs. (ox —
ov) for each disubstituted azobenzene should be
curved, and the appropriate plots for the four
series should fall on a single curve. This postulate
can be tested by plotting log (Kx/Kx = v) vs. (ox
— ov) for the four series as shown in Fig. 3. Itis
seen in this plot that each series is represented by
a separate straight line with a slightly different
slope rather than by a smooth curve. This analy-
sis serves as confirmatory evidence that we are not
dealing with the tautomeric equilibrium between
the two possible isomers X and XI.

In the foregoing discussions we have seen that
the azo-linkage of mono- and disubstituted azoben-
zenes can be treated as a single reaction center, and
that the existence of tautomeric isomers of the con-
jugate acid of substituted azobenzenes is highly
improbable. Based on these results of the analysis
of the pK data throughout the four series, we be-
lieve that the conjugated acids of substituted azo-
benzenes are best represented by a structure in
which the proton is shared by both azo-nitrogen
atoms (structure I). This conclusion is further
supported by the following consideration. In the
plot of pK’s vs. 2o (Fig. 2), although the over-all
correlation is quite satisfactory, close examination
of the plot reveals that the compounds of each of
the four series define a separate straight line with
appreciably different slopes (¢f. Table II). The
difference in p-values is probably related to the
relative importance of structures such as VIII;
the more important such structures, the greater
the extent to which the charge in the conjugate
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acid is placed on the Y group, far from the sub-
stituent.’

Separate p-values for the seven available series
of azo-compounds II with constant Y are given in
Table II and plotted against oy* in Fig. 4, where
a good correlation is observed. This is in accord
with the above interpretation of p’s, since the rela-
tive importance of structures like VIII is expected
to be related to the electronic character of the sub-
stituents Y. It is interesting to note that the
present reaction series is the first example of a series
in which a constant substituent Y in a compound

XQ R@Y

undergoing a reaction at R has an appreciable
effect on the reaction constant p for the effect of X
on the reactivity of R. We had previously found®
in a number of other reaction series that p-values
were generally not significantly affected by Y.

An additional piece of confirmatory evidence for
the proposed structure of the conjugate acid of azo-
benzene results from spectroscopic work recently
published.? In this work we had compared the
spectra of the isoelectronic series CgHgRyj=Ro-
CeH;, with Ry and Ry, = CH, N or NH*, and had
made assignments of the various observed bands
to separate electronic transitions. We had, in
particular, found that in the compounds with Ry
= R,, the 71 = m* transition was the most intense
one, and contained the ¢ — m* transition partially
submerged at the short wave length end. The
spectrum of the unsymmetrical compound benzal-
aniline (R, = CH, R, = N), however, was inter-

(8) See also the following paper, TrIs JoUrRNAL, 81, 3283 (1959).

(9) H. H. Jaffé, S. J. Yeh and R. W. Gardner, folecular Spectros-
copy, 3, 120 (1958).

TuE CONJUGATE ACID OF p-DIMETHYLAMINOAZOBENZENE
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Fig. 4—A plot of p-values against oy* for seven series.

preted to indicate that the most intense band was
the ¢ — m* transition, and contained the m; —
m* transition partially submerged at the long wave
length side. This reversal of the intensity relations
was explained in terms of the dissymmetry of the
molecule since the intensity of the 7y — m™* band
in the unsymmetrical compounds can be shown to
be necessarily lower than that in a comparable
symmetrical compound. By analogy one would
expect the spectrum of an unsymmetrical tautomer
such as X or XI to resemble that of benzalaniline
in the relation of the intensities of the =, — = *
and ¢ — m* transitions, and the spectrum of a
conjugate acid like I to resemble that of azobenzene
itself. Since the latter is the actual case, this
spectroscopic argument provides confirmation of
the proposed structure.
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Tautomeric Equilibria. VI.

The Structure of the Conjugate Acid of p-Dimethylamino-

azobenzene!:?

By S1-Ju~Ne YEH anD H. H. JAFFE
RECEIVED DECEMBER 20, 1958

The structure of the first conjugate acid of p-dimethylaminoazobenzene is discussed in detail and conclusive evidence

is presented that it consists of a tautomeric mixture of the ammonium (II) and azonium-quinoid (III) forms.

A series of

separate and independent estimates of the tautomeric equilibrium constant Kt = [II]/{I11] arereported. All but one of these

estimates lie in the region of 2-3.

The behavior of p-dimethylaminoazobenzene
(I) in acidic solutions, and particularly the struc-
ture of its conjugate acid have been discussed by
many authors, and several divergent views have
been expressed.® Probably the most profitable

(1) This work was supported by a Bonita Geho Memorial Grant
for Cancer Research from the American Cancer Society. This sup-
port is gratefully acknowledged.

(2) (a) Paper V of this series, see S.-J. Yeh and H. H. Jaffé, THis
JourNAL, 81, 3279 (1959). (b) For a preliminary report on some of
this work see H. H. Jafié and Si-Jung Yeh, J. Org. Chem., 22, 1281
(1957).

(3) (a) I. M. Klotz, H. A Fiess, I. Y. Chen-Ho and M. Mellody.
Tuis JourNaL, 76, 5316 (1954); (b) H. H. Jafié, J. Chem. Phys., 23,
415 (1953); (c) F. Kehrmann, Ber., 48, 19033 (1915); C. R. Bury, THis
JourNnar, 87, 2115 (1935); M. T. Rogers, T. W. Campbell and R. W,

way to discuss these views is to set up the equilib-
rium diagram given in Chart I, in which the two
possible conjugate acids are tentatively indicated
as being in equilibrium. One might, 1n addition,
have written a third conjugate acid, with the proton
on the nitrogen atom alpha to the dimethylamino
group, but this structure has apparently never
been considered as a probable one. Since we have
shown that no «-8-tautomerism occurs in the con-
jugate acids of simple azobenzene derivatives not
containing an amino group?, no a-protonated
Maatman, ¢bid., T8, 5122 (1951); (d) A. Hantzsch and A. Burawoy,
Ber., 68, 1760 (1930), G. M. Badger, R. G. Buttery and G. E, Lewis,

J. Chem. Soc., 1888 (1954); (e) E. Sawicki, J. Org. Chem., 21, 605
(1956); 22, 365, 621, 743 (1957).



