
2240 

C* _ C * + 

VI VII VIII 

the axes of polarizability of a mono-substituted ben
zene. Our data are consistent with the octant rule 
portrayed in VIII where plus and minus indicate the 

W e were interested in examining the effect of an 
ionic solubilizing substituent on the activity 

coefficient ratios of weak organic bases in which the 
basic center is nonionic. The establishment and evalua
tion of acidity function scales have to date been largely 
confined to weak bases where the unprotonated species 
is a nonionic molecule. The Hammett H0 scale, as 
modified by Jorgenson and Hartter,1 is based on nitrated 
primary anilines. It has been established that other 
bases that differ little in structure from the nitrated 
primary anilines2 show different indicator properties, 
and generate their own acidity function scales that 
vary somewhat from the H0 scale. Other weak bases 
whose indicator behavior has been examined include 
tertiary anilines,2 aliphatic ethers,3 amides,4,5 azo-
benzenes,6 azulenes,7 arylolefins,8 indoles,9 phenols10 

and phenolic ethers,10,11 pyrroles,12 and uracils.13 

(1) M. J. Jorgenson and D. R. Hartter, / . Am. Chem. Soc, 85, 878 
(1963). 

(2) E. M. Arnett and G. W. Mach, ibid., 86, 2674 (1964). 
(3) E. M. Arnett and C. Y. Wu, ibid., 84, 1680(1962). 
(4) J. T. Edward and I. C. Wang, Can. J. Chem., 40, 966 (1962). 
(5) R. B. Moodie, P. D. Wale, and J. J. Whaite, J. Chem. Soc, 4273 

(1963). 
(6) (a) H. H. Jaffe and R. W. Gardner, J. Am. Chem. Soc, 80, 319 

(1958); (b) S. J. Yeh and H. H. Jaffe, ibid., 81, 3340(1961). 
(7) F. A. Long and J. Schulze, ibid., 83, 3340 (1961). 
(8) N. Deno, P. Graves, and E. Jaines, ibid., 81, 5790 (1959). 
(9) R. L. Hinman and J. Lang, Tetrahedron Letters, 21, 12 (1960). 
(10) A. J. Kresge, G. W. Barry, K. R. Charles, and Y. Chiang, / . Am. 

Chem. Soc, 84, 4343 (1962). 
(11) E. M. Arnett and C. Y. Wu, Md., 82, 5660(1960). 
(12) Y. Chiang and E. B. Whipple, ibid., 84, 2763 (1963). 

sign of the lLh Cotton effect due to a strongly inter
acting group above the plane of the ring. Effects of 
this nature do not seem to have been considered in 
detail in the theoretical treatments of the phenyl 
chromophore.4f'39 We do not feel qualified, however, 
to pursue the theoretical analysis beyond this point and 
hope that it will be taken up by someone else. 

(39) D. J. Caldwell and H. Eyring, Ann. Rev. Phys. Chem., 15, 281 
(1964). 

In each case, the indicator properties did not paralle 
those of the nitrated anilines used to fix the H0 scale, as 
indicated by slopes, d log (CBH-ICB)I^H0, that deviated 
from unity. Somewhat less work has been done on 
evaluating acidity function scales for ionic indicators. 
Michaelis and Granick utilized the successive protona-
tion of 3-aminothiazine and of 3,9-diaminothiazine to 
define part of a scale in aqueous sulfuric acid that was 
based on the mono- and dications.14 Boyd has defined 
a scale (H-) based on cyanocarbon acids that are anionic 
in their basic form.13 With the latter indicators, the 
charged center and the basic center are the same. 
DeLigny and co-workers have measured the pK^'s 
of 4-aminophenylazobenzene-4 '-sulfonic acid and sev
eral of its N-substituted derivatives in methanol-
water mixtures (pK') and found that the differences, 
pK' — pK, vary with solvent composition in quite dif
ferent ways from the differences for uncharged indi
cators. 16 From this they conclude that H0 is not a use
ful measure of acidity for these indicators in aqueous 
methanol. 

We have investigated the indicator behavior of a 
series of structurally similar ionic azo compounds in 
aqueous sulfuric acid to determine the extent to which 
they conform to existing acidity function scales. 

(13) A. R. Katritzky and A. J. Waring, / . Chem. Soc, 1540 (1962). 
(14) L. Michaelis and S. Gran ick , / . Am. Chem. Soc, 64, 1861 (1942). 
(15) R. H. Boyd, ibid., 83, 4288 (1961). 
(16) C. L. DeLigny, H. Loriaux, and A. Ruiter, Rec Trav. Chim., 

80, 725 (1961). 
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Abstract: The effect of ionic solubilizing groups on the indicator behavior of weak organic bases has been examined. 
The concentration ratios, CBH+/CB, and apparent basicities, pK'BK+, of a number of anionic and zwitterionic para-
substituted phenylazobenzenes and 2-(para-substituted phenylazo)-l-naphthols were measured in 1-80 wt % sulfuric 
acid. Several monoanionic and all the zwitterionic bases behaved as H0 indicators, whereas other monoanionic and 
a dianionic base showed small deviations from this scale. Poorer parallelism was obtained with other acidity func
tion indicators. Apparent p£'BH+ values, based on the H0 scale, gave excellent correlation with <rp constants for 
the phenylazonaphthols and with tr+ constants in the case of the phenylazobenzenes, with the exception of the 
P-NMe2 derivative. The unprotonated phenylazonaphthols exist almost exclusively as the tautomeric phenyl-
hydrazones in water, whereas the protonated species exist as the resonance-stabilized azonium ions. Monoprotona-
tion of methyl orange gives a mixture of the azonium ion and ammonium ion in which the former is predominant. 
Monoprotonation of the /?-NMe2 derivative in the azonaphthol series gives the ammonium ion almost exclusively. 
Possible reasons for adherence to the H0 scale and the significance of the apparent pK'Ba + values are discussed. 
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Table I. Spectral Properties of Azo Compounds in Aqueous Solution at 25 ° 
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A. '°3s-^3- N'N"^3" X 

S t r u c t u r e 

1 

2 

3 

4 

5 

6 

B. 

NMe2 

NMen 

NMen 

{ 

Medium 

H2O 

( l ) a ( m | i ) 

0.1N H2SO4 

86.5% H2SO4 

H2O 
54.0% H2SO4 

H2O 
53.0% H2SO4 

H 0 
67.§% H2SO4 

H2O 
. + 7 0 . 6 % H 2 S O 4 

I e 3 4 1 . 1 % H 2 S O 4 

IeJ 7 9 . 7 % H2SO4* 

OH 

463 
508 
407° 
350 
464° 
350 
4 6 2 c 

320 
418° 
327 
435° 
315 
4 0 8 c 

1 0 " 4 £ ( 1 ) 

19 
04 
14 
54 
08 
32 
36 

37 
20 
36 
60 
49 

3.23 

X1118x<2)b (mji) I O ' 4 * (2) 

316 0 . 6 0 

7 

8 

9 

10 

11 

12 

[NMe2 

^ NMe2 

( .NMe2 

f OMe 
{ OMe 
( Me 
< Me 
( Me 
( C l 

Cl 
( C l 

^ C F 3 
( C F 3 

1S03 
lso-

H2O 
0 . 1 N H 2 S O 4 

7 3 . 7 % H 2 S O 4 

H2O 
6 5 . 4 % H 2 S O 4 

' H2° 
65.4% H2SO4 

96% H2SO4 

H2O 
77.1% H2SO4 

96% H2SO4 

H2O 
73.7% H2SO4 

H2° 
77.1% H2SO4 

520 
485 
518° 
5 0 8 c , d 

5 6 5 , 5 4 5 
4 9 7 c , d 

5 5 0 , 5 2 4 ' 
555 , 5 2 7 ° , d 

4 9 4 e , d 5 5 0 , 5 2 4 ' 
5 5 5 , 5 2 8 ° ' d 

486 
517° 

490 

520° 

2 . 2 1 
2 . 1 5 
2 . 4 9 
2 . 1 8 

4 . 0 , 3 . 9 
2 . 2 8 

3 . 0 , 3 . 2 
3 . 2 , 3 . 4 

2 . 2 5 
2 . 8 , 3 . 1 
3 . 0 , 3 . 3 

2 . 0 8 
2 . 3 4 

2 . 4 5 

2 . 8 3 

416° 
372 
445° 
365 
430 
440 
363 
430 
440 

358 
414 

362 

420 

1 . 9 3 
0 . 9 7 
1 .1 
0 . 9 3 
1 .3 
1 .14 
0 . 9 8 
1 .50 
1 .30 

1 .00 
1 .64 

1 .13 

2 . 0 1 

C. 
OMe 

M ^ 

JCH3 
13 I CHo c4 
1 4 f C l 

i c i 

15 oir1™2 

SOo 

H2O 
56.7% H0SO. 
96% H2

5SOJ 
H2O 

96% H2SO4 

10% DMF-H2O 

0.099N H2SO4 

43.3% H2SO4 

330 
5 3 0 , 5 0 5 
5 3 7 , 5 1 2 

328 

5 3 7 , 5 1 2 

493 

383 
4 5 4 ° 

1 . 3 5 
2 . 7 , 2 . 7 
2 . 6 , 2 . 6 

1 .36 

2 . 8 , 3 . 0 

2 . 0 7 

1 . 9 1 
3 . 3 4 

300 
422 
430 
300 
435 

375 

1 . 4 3 
1 .19 

.88 
1 .44 
1 .20 

0 . 4 8 

Absorpt ion maximum a t t h e l o n g e s t wave l ength . Absorpt ion maximum a t t h e second l o n g e s t w a v e l e n g t h 
^Uncorrected f o r the medium s h i f t - d A n u n r e s o l v e d compos i t e band. 

The sulfonated para-substituted phenylazobenzenes 
(1-6) and phenylazonaphthols (7-12, Table I) seemed 
well suited for the study because they are very weak 
bases and differ sufficiently in basicity to permit meas
urement of concentration ratios, CBH+/CB, over a wide 
range of acidity. They permit the examination of 
several charge types since they include monoanionic, 
dianionic, and zwitterionic bases. In addition, the 
molecular charge is not associated with the entire mole

cule in the sense of an inorganic ion, or with the basic 
center, but with a localized hydrophilic group that is 
somewhat removed from the basic center. No sys
tematic study has been made of this type of ionic indi
cator in concentrated aqueous acid and we hoped that 
such a study might provide an indication of the rela
tive importance of net molecular charge to isolated 
charge in determining the indicator properties of the 
dyes. We have found that a number of these ionic in-
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T r 

400 500 600 

Figure 1. Absorption curves of dye 11 in aqueous sulfuric acid: 
A, 32.0%; B, 49.0%; C, 54.6%; D, 60.5%; E, 68.6%; upper set, 
data curves; lower set, curves reconstituted from the "mean" curve 
and the first vector. 

dicators show indicator behavior that parallels that of 
the nitrated primary anilines, irrespective of charge 
type. 

Results 
Analysis of Spectrophotometric Curves. Protonation 

of the simple phenylazobenzenes gives the usual large 
bathochromic shift of the long-wavelength band.17 

At sulfuric acid concentrations greater than 40%, a 
medium shift of the absorption curves causes loss of the 
isosbestic point. A small lateral shift of the super
imposed curves restores the isosbestic point so that, for 
the simple indicators, satisfactory CBH+/CB ratios could 
be obtained from the shifted curves at a single wave
length. 

Protonation of the phenylazonaphthols causes more 
complex changes in the spectra from which the effect of 
the medium could not be removed by a simple lateral 
shift. The curves of compound 11 shown in Figure 1 
are typical of all of the phenylazonaphthols. The 
effect of changing medium did not appear to be the same 
throughout the entire spectral region examined. A 
lateral shift of the curves to improve one of the three 
isosbestic points failed to improve the other two. In 
addition, the bathochromic shift in the long-wave
length band is not as pronounced as it is for the simple 
azobenzenes, so that distortion from the medium shift 
becomes relatively more important. Indicator ratios of 

(17) H. H. Jaffe, S. J. Yen, and R. W. Gardner, / . MoI. Spectry., 2, 
120(1958). 

sufficient accuracy for our purpose could not be ob
tained by any subjective manipulation of the curves. 

We were able to separate the medium effect from the 
larger change due to the protonation by analysis of the 
curves using characteristic vectors. The general appli
cation of this method for treating multivariate optical 
response data has been described.18 The method can be 
used empirically for estimating the number of inde
pendent factors contributing to the total variation ob
served in a family of spectrophotometric curves.19 

Briefly, for each acidity, absorptivities, At, taken at r 
wavelengths (/ = 1 to r), constitute a one-row /--column 
data vector. For n acidities, the n vectors can be ar
rayed to form an rc-row, /--column data matrix. De
scription of multivariate response data in terms of 
characteristic vectors involves the determination of linear 
transformations of the data to an intrinsic minimum 
number of parameters containing all the information in 
the original data. The procedure involves calculation 
of the variance-covariance matrix from the original n by 
r data matrix of absorbance vectors. 

The characteristic vectors, Vi, are uniquely de
termined for one family of curves and apply to all the 
data vectors. When the characteristic vectors are 
added in proper amounts to some base vector, which 
we have taken as a "mean absorption curve," At, any of 
the original curves can be reproduced. The Y's are 

Ai = At + Y1V1^ + Y2V2}i. .. + YpVVti 

p < r ~ 1 

scalar multiples which give the amount of each char
acteristic vector to be added to the base vector to re
produce a data vector. These will be different for each 
absorption curve in the family. In the discussion that 
follows, V1 will be referred to as the first vector, V2 

as the second, etc. The vectors are orthogonal and 
represent statistically independent types of variability. 
The power of the method lies in the fact that, empiri
cally, the number of vectors that must be added to 
the base vector to reproduce the data vector equals the 
known sources of variability. In this respect, the 
method is similar to other matrix methods for the anal
ysis of spectrophotometric curves, where the rank of 
the matrix is related to the number of independent 
absorbing species in the system.20'21 In the present 
case, the known sources of variability are the protona
tion equilibrium and the medium effect. The method by 
which the vectors are derived ensures that the first 
vector accounts for the largest amount of variability, 
the second vector accounts for the second largest 
amount, etc. 

Application of the method to data where the medium 
shift appeared to be unimportant invariably required 
only one vector in addition to the base vector for a 
complete reproduction of the data curves. In those 
cases where the medium shift appeared to be impor
tant, two vectors plus the base vector were always re
quired. In several early analyses, the residuals re
maining after the second vectors exceeded the known 
error for the spectrophotometry. This was traced to a 
small amount of bleaching of the dyes by impurities in 

(18) J. L. Simonds, J. Opt. Soc. Am., 53, 968 (1963), and references 
cited therein. 

(19) G. J. Wernimont, private communication. 
(20) S. Ainsworth, J. Phys. Chem., 65, 1968 (1961); 67, 1613 (1963). 
(21) D. Katakis, Anal Chem., 37, 876 (1965). 
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the acid. Subsequent experiments with pure acid al
ways reduced the residuals remaining after the second 
vector to within the limits of experimental error. The 
first vector always accounted for 96% or more of the 
total variability. The second vector was usually larger 
in those cases where concentrated acid solutions were 
required to measure the C B H+/CB ratios, indicating that 
the second vector could be associated largely with a 
medium effect on the spectra. Thus, analysis of the 
spectral change accompanying the second protonation 
of methyl orange in 59-87% sulfuric acid required a 
second vector that embraced 3.7% of the total vari
ability. On the other hand, protonation of 2 in 
10-50% acid required a second vector that hardly 
exceeded the limits of experimental error (0.06% 
of the total variability). In those cases where the 
medium shift is negligible, the numerical analysis offers 
little advantage beyond the fact that the entire absorp
tion curve is used in determining C B H + / C B ratios. 

In our treatment we assume, as a first approximation, 
that the large first vector can be associated wholly with 
the spectral change accompanying protonation, whereas 
the small second vector reflects only the medium effect 
on the spectra. On this assumption, the reconsti
tuted absorption curves obtained by addition of the 
first vector alone to the base vector will give a family of 
curves that reflect the acid-base equilibrium, unper
turbed by the medium effect. Reconstitution of the 
curves of 7-12 produced families of curves having three 
excellent isosbestic points. Figure 1 shows a com
parison of the data curves (upper set) with the recon
stituted curves (lower set). Although there appears to 
be no theoretical justification for assigning the derived 
vectors to known chemical or physical effects, the 
method appears to be a powerful empirical tool for 
separating sources of known variability where one 
source is much larger than others. 

Plots of the Fi scalar multiples against H0 produce S-
shaped neutralization curves (Figure 2). The same H0 

value for half-neutralization is obtained from a plot of 
7i or of absorbance (from shifted curves) in the case of 
each of the azobenzenes 1-6. Indicator ratios were 
therefore determined in the usual way by using CBH+/ 
C B = (YB - F ) / ( i W - Y), where YB and YBH + 

are the Yi scalar multiples belonging to absorption 
curves obtained at acidities at which only the basic form 
or the protonated form, respectively, contributes to the 
observed spectra, and the Y scalar multiples belong to 
spectra obtained at intermediate acidities. 

With most of the compounds studied, the absorption 
curves became essentially constant after complete 
protonation, so that the curve measured at H0 values 
equal to pK'BH + — 2 could be taken as the curve of 
the conjugate acid. This was not the case, however, 
with the solutions of compounds 8 and 9. The absorp-
tivities of these solutions continued to change with 
increasing acidity beyond pA"'BH + — 2, so that use of 
the absorption curve taken at this acidity as a measure of 
the curve for the conjugate acid resulted in curvature 
of the plots of log ( C B H V ^ B ) against H0. The neutrali
zation curve of 8 is shown in Figure 2. The method 
of interpretation is that of Khaldna,22 by which absorp
tion curves are measured at a number of acidities 

(22) Yu. L. Khaldna in "Reaktsionnaya Sposobnost' Organicheskikh 
Soedinenii," Vol. 1, No. 2, Tartuskit Gosudarstvennyi Universitet, 
1964, p 180. 
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Figure 2. Plot of Yi scalar multiple against H0 for dye 8. 

greater than those needed for complete protonation in 
order to extend the shoulder of the neutralization curve 
well beyond the region of curvature to where a linear 
increase in absorptivity is obtained. It is then assumed 
that eBH+is n ° t constant but is a linear function of H0 

throughout the entire region of the neutralization 
curve and that it varies in the same way at the lower 
acidities as it does at the acidities above which protona
tion is complete. The linear shoulder of the neu
tralization curve (segment AB) is then used to extra
polate eBH+ or the corresponding Yi scalar multiple to 
the acidities at which the CBu*/CB ratios are deter
mined (segment BC). The assumption of a linear 
variation of eBH+ could be tested with solutions of 
methyl orange (1) since the monoprotonated ion exists as 
the sole ionic species over a very wide region of acidity 
(Table II). Solutions of 1 did show a small increase in 
«BH + over the H0 range —2 to —4 and this increase was 
linear. Use of the Yi values for BH+ obtained graph
ically by this procedure gave linear plots of log (C B H+/ 
C B ) against H0 for both 8 and 9. 

Apparent Basicities and Applicability of Acidity 
Function Scales. The bases studied here do not con
form perfectly as a series to any existing Hu but indi
vidual members of both structural series adhere either 
to the H0 or to the Boyd H- scale.1S Table II gives the 
values of the slopes of log (CBn*/CB) plotted against 
Ho and against H- with 95% confidence limits on the 
slopes. The values of d log (C-Bn+ICB)ldH0 were ob
tained by least-squares fit of the unweighted data taken 
within the range pK ± 1.0. The confidence limits 
were computed from the standard error of the slope 
and the appropriate Student t factor.23 The values 
of d log (CBH+/CB)/d//- were determined graphically. 
Several of the bases that gave poor conformity to both 
the Ho and the H- scales were also tested against the 
Ho'" scale of Arnett and Mach, which is based on 
nitrated tertiary anilines,2 and against the scale derived 
by Jaffe for nonionic azobenzenes in 20% ethanol.6 

(23) R. L. Anderson and T. A. Bancroft, "Statistical Theory in 
Research," McGraw-Hill Book Co., Inc., New York, N. Y., 1952, p 
156. 
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Table II. Apparent Basicities of Ionic Azo Compounds in Aqueous Sulfuric Acid at 25 ° 

Structure 
d log 

(CBH+/CB)/d/fo0 
Sb0 P ^ ' B H + 

d log 
( C W / C B ) / 

dH-

A. "O3S N = N -

1 

2 
3 
4 
5 
6 

JNMe2 

(NME, 
OH 
OMe 
H 
Cl 
NMe3

+ 

1.008 ± 0.025 
1.041 ± 0.063 
1.171 ± 0.019 
1.142 ± 0.041 
1.173 ± 0.036 
1.011 ± 0.010 
0.984 ± 0.078 

0.0078 
0.0246 
0.0088 
0.0166 
0.0148 
0.0042 
0.0320 

10 
7 

13 
8 
8 
9 
8 

+ 3.49 
- 6 . 0 9 
- 1 . 4 5 
- 1 . 4 9 
- 3 . 1 3 
- 3 . 5 5 
- 4 . 9 5 

1.008 
d 

0.84 
0.86 
1.12 
1.06 
1,02 

N = N - / ^ 

7 
8 
9 

10 
11 
12 
16 

(NMe2 

JNMe2 
OMe 
Me 
Cl 
CF3 

SO 3 -

0.983 ± 0.018 
1.006 ± 0.036 
1.068 ± 0.063 
0.984 ± 0.073 
0.867 ± 0.017 
0.908 ± 0.045 
0.845 ± 0.042 
1.107 ± 0.034 

0.0077 
0.0138 
0.0245 
0.0296 
0.0072 
0.0186 
0.0181 
0.0149 

8 
7 
7 
8 
9 
8 
9 

11 

+ 3.80 
- 4 . 1 7 
- 2 . 4 2 
- 2 . 7 0 
- 3 . 3 9 
- 3 . 9 8 
- 3 . 9 9 
- 0 . 1 6 

0.98 
d 

0.97 
0.94 
0.98 
0.90 

" Least-squares slopes of unweighted data, taken within the range pK ± 1.0. The limits of the slopes are for 95 % confidence, 
ard error of the slope. c Number of log (CBH

 + / C B ) values used in determining the slope. d Nonlinear plot. 

1 Stand-

Neither of these latter two scales gave any improvement 
in the results. For example, the slopes for 3 using 
the H0, H-, and H0'" scales are 1.17, 0.86, and 0.84, 
respectively, whereas a nonlinear plot was obtained by 
using Jaffe's scale. 

Plots of log ( C B H + / C B ) against per cent acid for 
most of the azo compounds are as nearly parallel in the 
region of overlap as similar plots for the H0 indica
tors.24 The apparent failure of some of our indicators 
to conform perfectly to the H0 scale in certain acidity 
regions may reflect some shortcomings of the H0 

indicators in meeting the basic criterion of parallel 
overlapping log ( C B H V ^ B ) plots.25 It seems signifi
cant that the maximum apparent deviations of our 
indicators from the Ho scale occur at acidities where 
drastic changes in the properties and structure of the 
medium are found.26 

Because our dyes conform more frequently to the H0 

scale than to the H- scale, and because the azo nitrogen 
bears no charge, we have based our experimental 
P.K'BH+ values on the H0 scale. The derived P.K'BH-
values are given in Table II. The two pK'BH.+ values 
given for 1 correspond to pK'al and p£ ' a 2 (eq 1). 
Throughout, the primed values for the K's indicate 
that they are relative to the H0 scale, whereas unprimed 
constants are thermodynamic constants. The second 
acid dissociation constants, K^, for 1 and 7 (mono-
protonation) are sufficiently positive to permit measure
ment of the indicator ratios in very dilute acid where pH 
can be measured with a glass electrode. These 
P-K'BH- values correspond closely to values for infinite 
dilution so that pK'SH- — P-KBH+. 

(24) M. A. Paul and F. A. Long, Chem. Rev., 57, 1 (1957). 
(25) (a) L. P. Hammett, "Physical Organic Chemistry," McGraw-Hill 

Book Co., Inc., New York, N. Y., 1940, p 264; (b) E. M. Arnett, Progr. 
Phys. Org. Chem., 1, 236 (1963). 

(26) E. B. Robertson and H. B. Dunford, / . Am. Chem. Soc, 86, 
5080 (1964). 

Tautomeric Equilibria. The azo compounds studied 
here may exhibit two types of tautomerism. (1) 
The unprotonated phenylazonaphthols exist in solution 
as equilibrium mixtures of the azo and hydrazone 
forms.27 The position of equilibrium is quite sensitive 

. N = N - N — N H -

to the polarity of the solvent, the hydrazone form being 
the predominant species in polar solvents.28 (2) The 
monoprotonated azo compounds possessing /vamino 
groups exist as tautomeric mixtures of the azonium 
(HA+) and ammonium (AH+) cations.29 The two 
experimental acid dissociation constants are defined by 

N—(^A-NHMe, " ^ * 

A1, \ 

-^ -=N -O - ™Ml 

HA+ 

^ K 1 

K31 = ([AH+] + [HA+])[H+]/[AH2
2+] and K^ = 

[A][H+]/([AH+] + [HA+]). The specific acid dissocia
tion constants, K1, are related to the empirical con
stants through the tautomeric equilibrium constant, 
Kr = [HA+]/[AH+]: K1 = KJ(I + KT); K, = 
K„KTl(l + ^ T ) ; ^ 3 = ^a2(I + * T ) ; K4 = KM/ 
KT + 1). 

The unprotonated azo and hydrazone species, as 
well as the azonium and ammonium ions, exhibit 
markedly different absorption curves so that the values 

(27) H. Zollinger, "Azo and Diazo Chemistry," translated by H. E. 
Nursten, Interscience Publishers, Inc., New York, N. Y., 1961, p 322. 

(28) R. Kuhn and F. Bar, Ann., 516, 143 (1935). 
(29) (a) See ref 27, p 328; (b) G. E. Lewis, Tetrahedron, 10, 129 

(1960), and references cited therein. 
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of the tautomeric constants are usually estimated from 
spectrophotometric measurements. It can be shown 
that, in general 

KT = [AMB] = («M - «B)/(«A - «M), (2) 

where eM is the molar absorptivity of the mixture and eA 

and £B are the absorptivities of the individual tautomers. 
The absorptivities of the pure tautomers cannot be 
measured directly and are estimated from the spectra 
of model compounds that exist only in a single form. 

Azonium-Ammonium Tautomerism. The spectral 
properties of the unprotonated and protonated forms of 
the compounds studied here are given in Table I, 
along with several derivatives used as model tautomers. 
The first conjugate acid of methyl orange (1) has bands at 
508 and 316 mju; these are assigned to the azonium and 
ammonium ions, respectively. The value of KT 

was calculated by first assuming that eHA+ ^ 0 at 316 
ray. and that «AH+ is equal to e for 6 at 316 m^ in water. 
These assumptions give a value of 3.2 for KT. As a 
second approximation, €HA+ was set equal to 0.2 X 
104, a value obtained by Wepster30 for the first conjugate 
acid of 4-amino-3,5-di-?-butylazobenzene which exists 
solely as the azonium species. By using this value and 
the same approximation regarding «AH*, a value of 4.7 
is obtained for KT. These values of KT are only 
slightly larger than those calculated for />-dimethyl-
aminoazobenzene by Yeh and Jaffe using similar 
approximations.31 The calculated values of pKi' to 
pAV for this compound are —5.47 (—5.33), —5.97 
-6.04), +2.87 ( + 2.73), and +3.37 (+3.40), respec
tively. The values in parentheses are based on KT = 
4.7, whereas the others correspond to KT = 3.2. 

The first conjugate acid of 2-p-dimethylaminophenyl-
azo-4-sulfo-l-naphthol (7) appears to exist predom
inantly as the ammonium ion. Monoprotonation 
shifts the broad band at 520 mju to shorter wavelengths 
and gives an absorption curve that is very similar to the 
spectra of unprotonated analogs having strong elec
tron-withdrawing para substituents (12 and 13). 
The characteristic azonium absorption is absent. 
Thus KT is small for the conjugate acid of 7, so that 
A.i =* K1 and Ka2 ~ K1. 

Azo-Hydrazone Tautomerism. Comparison of the 
spectra of unprotonated 9 and 10 with their O-methyl 
derivatives (13 and 14) in the 300-600-mju region shows 
that neither of the bands exhibited by 9 and 10 in water 
corresponds to the azo absorption bands of 13 and 14. 
We conclude that 9 and 10 exist predominantly as the 
phenylhydrazones in water, although the spectra do not 
preclude the presence of small concentrations of the 
azo tautomer. The similarity of the absorption curve 
of the diphenylhydrazone (15) in 10% DMF-water to 
the spectra of 8-12 indicates that all of this series exist 
as hydrazones in water. The fact that the absorptivities 
of the hydrazone bands of 8-12 are very similar indi
cates either that the ratio of the two forms is constant 
for the entire series or that the tautomeric equilibrium 
constant, KT' = [hydrazone]/[azo], is large. The 
value of KT' is reported to increase markedly with 
electron-withdrawing X substituents in similar com
pounds where 0.1 < KT' < 10.32 The fact that the 

(30) A private communication referred to in ref 31. 
(31) S. J. Yeh and H. H. Jaffe, J. Am. Chem. Soc, 81, 3283 (1959). 
(32) H. Shingu, Sci. Papers Inst. Phys. Chem. Res. (Tokyo), 35, 78 

(1938); Chem. Zentr., 110, 4456 (1939). 

intensity of the strong hydrazone band remains con
stant with varying X substituents in 8-12 suggests that 
KT' > 10, for each member of the series. 

The absorption curves of the protonated phenyl-
azonaphthols show a strong band in the 500-560-mjU 
region and a weaker one in the 400-450-m/x region. 
The ratios of the intensities of these tw.o bands change 
systematically with the nature of the substituent. 
This suggested that protonation of these substrates 
produces a tautomeric mixture of monoprotonated 
species, since a similar change in the ratio of band in
tensities is observed with monoprotonated derivatives 
of 4-aminoazobenzene bearing systematically varied 
substituents.33 Comparison of the spectra of proton
ated 9 and 10 with their corresponding protonated 
O-methyl derivatives showed, however, that the same 
two bands were present in the ethers (Table I). This 
indicates that the two bands may be associated with 
different electronic transitions in a single conjugate acid 
rather than with single transitions in more than one 
species. The spectral results also show that the pro
tonated azonaphthols exist as the resonance-stabilized 
azonium ions, despite the fact that the unprotonated 
compounds exist predominantly as the phenylhydra
zones. The same conclusion was reached by Burawoy 

SO3" 

+ Ĥ  

:N—NH -O 
and Markowitsch from similar evidence.34 

Discussion 

Although the P-TY'BH+ values based on H0 give good 
measures of relative basicities, the question of how 
closely the pA^'BH+ values approach the thermodynamic 
values implicit in the use of the H0 scale still remains. 
The value of an equilibrium constant lies in its use in 
calculating concentration ratios outside the narrow 
concentration range in which they can be measured. 
If the derived K'Bu* values are not constant outside the 
range of measurement, the calculated CBH+/CB ratios 
may be in serious error. 

The fact that the indicator properties of any base, B, 
parallel those of an H0 indicator, A, means only that 

pK'BH* = P^BH+ + log 
/ B H M _ / A / B 

/ A H * 

P-KBH+ + constant (3) 

then P.K'BH+ = P-KBH+. The If / A / / A H + — / B / / B H + 

(33) G. Cilento, E. C. Miller and J. A. Miller, J. Am. Chem. Soc, 78, 
1718(1956). 

(34) A. Burawoy and I. Markowitsch, Ann., 503, 180 (1933). 
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calculated from correlation line determined by solid data points. 

parallelism between H0 and the H- function16 and be
tween H0 and the H+ function35 over certain ranges of 
acidity has been noted. 

While the degree of solvation of the ionic indicators 
employed here will certainly be greater than that of the 
H0 indicators, this fact may not be important since it is 
the difference in solvation between the indicator species 
that influences the activity coefficient ratios. The sol
vation of the ionic solubilizing groups will probably be 
the same in the protonated and unprotonated species. 
The experimental fact that /B / /BH- changes in the 
same way as f JfAH* with changing medium suggests 
that the over-all molecular charge due to the presence of 
ionic solubilizing groups in an indicator may not have a 
significant effect on the indicator properties compared to 
similar nonionic indicators. Although the question of 
whether K'BH~ is equal to # B H + for those indicators 
where d log (CBH +/CB)/dflo = 1 cannot be completely 
answered at this point, the data and our model of the 
system certainly allow the possibility. 

The slope, d log (CBil+lCB)/dH0, is 1.107 ± 0.034 
for the dihydroxyazobenzene, 16. The true pA^H + 
can be determined for this compound, so an estimate of 
the magnitude of the difference, p/vBH^ ~ P ^ ' B H + , 
is available for one of the compounds showing deviation 
from H0 behavior. The log ( C B H + / C B ) values for this 
base can be measured over the concentration range 0.1 
to 2 M, where a plot of log(CBH+/CB) - log CH + against 
CH+ is linear. Extrapolation of such a plot to zero 
CH+ gives pA^H- as the intercept, and is —0.48 for this 
dye. The difference, pA:BH+ - pA:'BH-, is -0 .32, an 
error that is not too great for many purposes. The 
difference should be smaller for the compounds dis
playing more ideal H0 behavior. 

The results in Table II show that the failure of some of 
the bases to adhere exactly to the H0 scale is not related 
to a particular substituent or to a particular charge 
type. Thus, the methoxy-substituted base conforms in 
the phenylazonaphthol derivative but not as the azo-
benzene, whereas the reverse is true with the />-chloro 

(35) T. G. Bonner and J. C. Lockhart, J. Chem. Soc, 364 (1957). 

derivatives. AU four of these bases are anionic. If 
any generalization can be made, it is that the bases 
that are zwitterions (6, and monoprotonated 1 and 7) 
behave as nonionic bases. This behavior suggests that 
local charged centers may not affect the indicator be
havior as long as the net charge is zero. Considerably 
more zwitterionic indicators will have to be studied be
fore this observation can be generalized. The separa
tion of charge centers in zwitterionic bases could well 
affect their behavior. 

The fact that some of the bases do not adhere per
fectly to the H0 scale does not introduce large errors in 
comparing relative basicities on this scale. Figure 3 
shows Hammett plots of pK'BH + against a or CT+ for both 
series. Most of the CTP constants are based on the 
ionization of substituted benzoic acids and are known 
with fairly high precision.36 These constants were used 
to fix the correlation lines in the lower figure; other 
CTP constants were evaluated from these lines and the 
corresponding ptf'BH + values. The largest deviation 
of any pA:'BH+ in the azonaphthol series from the 
correlation line is 0.05 log unit, which is of the magni
tude of the combined uncertainties in H0, log (CBH+/ 
CB), and CTP. The largest deviation in pK'Bn- of the 
azobenzene series, excluding the two pK'BH*s of 1, is 
0.13 log unit. The CTP constant (or p-S03~ as calculated 
from the pA:'BH + of 12 is +0.54, the same as the con
stant for /7-CF3. This is considerably more positive 
than the value determined from the pKa of />-sulfo-
benzoic acid in water at 25°, but is in good agreement 
with the value derived from the pK^s of /?-sulfonani-
linium and/>-sulfophenol.37 The CTP value for NHMe2

+ , 
derived from the P-K1' of 7, is +0.65. The cp value 
for NHMe2

+ is usually set equal to the value for NMe3
+, 

which is 0.82 ± 0.2, based on the ionization of benzoic 
acids. Our <rp value for NHMe2

+ agrees exactly with 
the (Tp value for NMe3

+ based on the ionization of 
para-substituted dimethylanilinium ions in water at 
25 °.38 The CT+ constants for OMe and Cl are those of 
Brown and Okamoto,39 and the value for OH is that 
derived by Deno and Evans from the triarylmethanol-
trialkylmethyl cation equilibrium.40 

Neither pK4' nor pJCi' for methyl orange (1) gives 
acceptable correlation with the other pK'BH+ values for 
the azobenzenes if reasonable CT+ constants for NMe2 

or <7p constants for NHMe2
+ are used. Figure 3 

shows the large deviation for NHMe2
+ when either the 

CTP value of +0.65 or +0.82 is used. The point for 
NMe2 is not shown in Figure 3, but the deviation 
amounts to 2.4 log units when the most negative value 
reported for this substituent (-1.8740) is used. In 
order to obtain a good correlation, a <J+ value of - 3 . 0 
would have to be assigned to NMe2 for this equilibrium. 
Although it is recognized that the unusually high ba
sicities of azobenzenes containing para-ammo groups 
are due to a large contribution of the quinone diimine 
structure to the conjugate acid 

- N H = N - / ^ -NR2 - N H - N = / V=NR2 

(36) D. H. McDaniel and H. C. Brown,/. Org. Chem., 23, 420 (1958). 
(37) H. Zollinger, W. Buchler, and C. Wittwer, HeIv. Chim. Acta, 36, 

1711 (1953). 
(38) J. D. Roberts, R. A. Clement, and J. J. Drysdale, J. Am. Chem. 

Soc.,73, 2181 (1951). 
(39) H. C. Btown and Y. Okamoto, /JW1, 79, 1913 (1957). 
(40) N. C. Deno and W. L. Evans, ibid., 79, 5804 (1957). 
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we hestitate to assign this <r+ value on the basis of these 
data since p ^ 4 for 1 is very close to the thermodynamic 
constant and the other pK'BK* values may not be. 

Experimental Section 

The sulfonated azobenzenes 1, 2, 4, and 16 were Eastman grade 
or Eastman Certified grade products that were recrystallized to 
constant absorption curves. Compound 3 was prepared from 2, 
and 5 was obtained by sulfonation of p-chloroazobenzene. The 
phenylazonaphthols were prepared in the usual way. 

The methyl ethers of 9 and 10 (13 and 14) were prepared by 
reaction of the dyes with methyl iodide in DMF containing a small 
amount of aqueous sodium carbonate. Methyl orange was 
quaternized by warming the dye with a large excess of methyl 
iodide in DMF. The very insoluble inner salt precipitated from 
the reaction medium and was purified by repeated digestions with 
50% ethanol on a steam bath. The diphenylhydrazone 15 was 
prepared by condensation of 1,2-naphthoquinone with 1,1-di-
phenylhydrazine in aqueous acetic acid, mp 173-175° (lit.41 mp 
171-172°). AU compounds except 14 gave elemental analyses 
within 0.3 % of the theoretical for at least two elements. 

(41) L. Pogany, Dissertation, Zurich, 1909, p 71. 

Early attempts to prepare and isolate aryldiimides 
(Ar—N=N—H) led to nitrogen and the hydro

carbons ArH, and to the conclusion that the diimides 
were unstable and decomposed to these products.3 

Phenyldiimide (C6H5N=NH) has been suggested as an 
intermediate in the oxidation of phenylhydrazine; 
when the oxidation was carried out in water, only 
benzene and nitrogen were isolated.4 When ether5a 

(1) We are pleased to acknowledge generous support of this work by 
the National Science Foundation, GP 1833, and predoctoral fellowships 
under title IV of the National Defense Education Act, and of the National 
Institutes of Health, GM 24864. 

(2) For previous reports, see S. G. Cohen and J. Nicholson, (a) J. 
Am. Chem. Soc, 86, 3892 (1964); (b) J. Org. Chem., 30, 1162 (1965). 

(3) (a) O. Widman, Ber., 28, 1927 (1895); (b) W. Vaubel, ibid., 33, 
1711 (1900); 46, 1115 (1913); (c) L. Wolff, Ann., 394, 59 (1913); (d) 
M. O. Forster and J. C. Withers, /. Chem. Soc, 109, 266 (1913); S. 
Goldschmidt, Ber., 46, 1529 (1913). 

(4) (a) L. KaIb and O. Gross, ibid., 59, 727 (1926); (b) O. A. Seide, 
S. M. Scherlin, and G. J. Bras, J. Prakt. Chem., 138, 55 (1933); (c) 
L. Maaskant, Rec. Trav. Chim., 56, 211 (1937). 

(5) (a) E. Fischer, Ann., 190, 102 (1878); E. Fischer and W. Erhard, 
ibid., 199, 332 (1879); (b) F. D. Chattaway, J. Chem. Soc, 91, 1323 
(1907); 93,270 (1908). 

Baker and Adamson reagent grade sulfuric acid gave the most 
reproducible results. At the low concentrations of substrates used 
here (2.5 X 1O-6 M), trace impurities present in other sources of 
acid caused partial reduction of the substrates. The acid solutions 
were prepared by diluting predetermined volumes of concentrated 
acid, delivered from a buret. Replicate determinations of indica
tor ratios in solutions prepared by this method gave identical 
results. The acidity function values, Hi, corresponding to a given 
acid concentration were obtained from large plots of Hi against 
weight per cent sulfuric acid. The values of H0 given by Paul and 
Long24 were used up to 60% acid. At higher acidities, the Ht> 
values determined by Jorgenson and Hartter1 were used. 

The absorption curves were measured on a Cary Model 14 spec
trophotometer over a sufficiently wide wavelength range to include 
the bands characteristic of both the azo and the azonium species. 
To avoid deviations from Beer's law the concentration of azo com
pound was 2.5 X 10~6 M; 10-cm cuvettes were used for the meas
urements. 
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or phenylhydrazine6b itself was solvent other products 
were isolated, including biphenyl. Subsequently, oxida
tion of phenylhydrazine6 and of pentafluorophenyl-
hydrazine7 in aromatic solvents led to appropriate 
biaryls, indicating that phenyl and pentafluorophenyl 
radicals had been formed by decomposition of or by 
oxidation of the diimides. 

We have recently reported2 that the thermally stable 
compounds N-phenyl-N'-carbethoxydiimide (CeH5N= 
NCO2C2H6) and N-phenyl-N'-benzoyldiimide (C6H5N= 
NCOC6H5, I) undergo rapid acid- or base-catalyzed 
alcoholysis and lead to free phenyl radicals, presum
ably via phenyldiimide II. Detailed investigations of 
the parent compound, diimide H N = N H , have been 
reported in recent years.8-10 Some spectral observa-

(6) R. L. Hardie and R. H. Thomson, ibid., 2512 (1927). 
(7) J. M. Birchall, R. N. Haszeldine, and A. R. Parkinson, ibid., 4966 

(1962). 
(8) E. J. Corey, W. L. Mock, and D. J. Pasto, Tetrahedron Letters, 11, 

347 (1961); E. J. Corey, D. J. Pasto, and W. L. Mock, /. Am. Chem. 
Soc, 83, 2957 (1961); E. J. Corey and W. L. Mock, ibid., 84, 684 (1962). 

Phenyldiimide. III. Ferric Ion Catalyzed Formation of 
Free Radicals in Heterolysis of Azo Compounds1,2 
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Abstract: Ferric ion catalyzes effectively the methanolysis of N-phenyl-N'-benzoyldiimide (C6H5N=NCOC6H5,1) 
leading to higher yields of methyl benzoate and phenyldiimide (C6H5N=NH, II) than the acid- or base-catalyzed 
reactions. The ferric ion oxidizes II efficiently, minimizes its reaction with I, and leads to high yields of phenyl 
radical from I at room temperature. In methanol the phenyl radical is converted to benzene, in the presence of 
benzene to biphenyl, in the presence of nitrobenzene to nitrobiphenyls, and in the presence of carbon tetrachloride 
to chlorobenzene in high yield. Ferric ion catalyzed methanolyses of compound I, of N,N'-dibenzoyldiimide 
(C6H5CON=NCOC6H5, III), and of diethyl azodicarboxylate (C2H5O2CN=NCO2C2H5, IV) lead to free radicals which 
add to acrylonitrile and initiate its polymerization more effectively than the acid-catalyzed methanolyses of these 
azo compounds. 
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