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Dissociation constants in water and in 50% ethanol have been determined spectrophotometrically for a series 
of 4-substituted phenols and for the corresponding 2,6-di-i-butyl-4-substituted phenols. Although the pK values 
for hindered phenols show a linear dependence on the <j-constant, there is a marked deviation from additivity, p 
being 57% greater than for the unhindered phenols in water and 73% greater in 50% ethanol. The results sug­
gest that ionization and solvation at the hindered site are interrelated and that the degree of solvation at the 
phenolate ion may be correlated with <r in the same way as electron density distribution. The anomalously 
high pA' value for 2,6-di-/-butyl-4-nitrosophenol is ascribed to the less acidic, but thermodynamically more 
stable, quinone monoxime tautomer. The anomalously low pK value for the di-/-butyl-4-nitrophenol is dis­
cussed in terms of alternative explanations. Facile tautomerism is demonstrated by the quantitative methyla-
tion of the hindered nitrophenol to the stable aci-nitro methyl ether XII I with diazomethane. 

If an aromatic ring is substituted as in I, the effect of 
variations in R on equilibria or reaction rates at Y may 
be correlated by the familiar Hammet t linear free 
energy relationship, log k = op + log &0-

2 If a fixed 
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X 

I n 
substituent, X, is now added ortho to Y, as in II , we 
may expect, according to the additivity principle,2 tha t 
the Hammet t relationship will still be obeyed, since 
interaction between X and Y, regardless of its nature, 
should remain essentially constant as R is varied. 

Such an argument may be tested by comparing the 
Hammet t plots for I and II under equivalent conditions. 
The slopes of the two line should be identical (within 
experimental error) and pn should be displaced from pi 
by an amount related to the total contribution of X 
to the aromatic system (the sum of inductive, res­
onant, and steric effects, etc.). The validity of the 
principle has been demonstrated experimentally in 
the effect of a 2-amino group on the carbonyl stretch­
ing frequencies of 4-substituted benzoic acids,3 in the 
effect of a 2-methyl group on the rates of esterifi-
cation of 4- and 5-substituted benzoic acids with di-
phenyldiazomethane,4 in the effect of a 2-nitro group 
on the dissociation constants of 4-substituted phenols,53 

and in the effect of 2-halo and 2-methoxy substituents 
on the first dissociation constants of 4- and 5-substi­
tuted benzenephosphonic acids.6b However, a slight 
variation in p was observed in the effect of 2-methyl on 
the ionization constants of 4- and 5-substituted benzoic 
acids4 and in the effect of 2-halo and 2-methoxy groups 
on the second ionization constants of 4- and 5-substi­
tuted benzenephosphonic acids.6b I t is evident that a 
small variation in p may occur when the solvation of Y 
is implicated in the property being measured (such as 
degree of ionization) and tha t the requirements for 
solvation of Y may vary with the nature of R. 

(1) Paper V of a series on phenol-dienone tautomerism. For paper IV' 
see L. A. Cohen and W. M. Jones, J. Am. Chem. Soc, 84, 1629 (1962). 

(2) (a) L. P. Hammett, "Physical Organic Chemistry," McGraw-Hill 
Book Co., Inc., New York, N. Y., 1940, Chapter 7; (b) H. H. Jaffe\ Chem. 
Rev.. BS, 191 (19.53); (c) V. A. Pa lm, Russ. Chem. Rev., 471 (1961); (d) 
R. W. Taft, Jr., in "Steric Effects in Organic Chemistry," M. S. Newman, 
Ed., John Wiley and Sons, Inc., Xew York, N. Y., 1956, Chapter 13. 

(3) A. E. Kellie, D. G. O'Sullivan and P. W. Sadler, J. Org. Chem., 22, 
29 (1957). 

(4) J. D. Roberts and J. A. Yancey, / . Am. Chem. Soc, 73, 1011 (1951); 
see also J. D. Roberts and C. M. Regan, ibid., 76, 939 (1954); H. L. Goering, 
T. Rubin, and M. S. Newman, ibid., 76, 787 (1954). 

(5) (a) M. Rapaport, C. K. Hancock, and E. A. Meyers, ibid., 83, 3489 
(1961); (b) H. H. Jaffe, L. D. Freedman, and G. O. Doak, ibid., 76, 1548 
(1954). 

One may, in fact, predict tha t some variation in p 
should occur whenever there exists a significant inter­
action between X and Y. Such interaction may take 
several forms, e.g., steric hindrance to solvation of the 
anion of a phenol (III) , strong hydrogen bonding (IV), 
electrostatic repulsion (V), and potential tautomeric 
coupling (VI). In the present communication, we deal 
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with the first of these systems, tha t of type I I I . The 
value of p for ionization of I I I should exhibit a sub­
stantial deviation from that for simple 4-substituted 
phenols for the following reasons: (1) among common 
substituents, the /-butyl group has one of the largest 
ortho steric effects2d; (2) resonance coupling between R 
and Y is maximal when Y is 0 ~ 2; (3) the size of the sol­
vation sphere for a phenolate ion is probably greater 
than tha t for a carboxylase ion or any other negatively 
charged substituent8; (4) the nonbonded distance 
between hydroxyl and /-butyl in III is very small; (5) 
the possibility for relief of steric interference in such a 
system by conformational flexibility or distortion is 
very small. 

In view of the fact tha t values of c for a given sub­
sti tuent are markedly dependent upon the type of reac­
tion studied,7a all values of <rp used in the present work 
were calculated solely from the thermodynamic disso­
ciation constants of 4-substituted phenols in water at 
25° (Table I, column 2).7b With the exception of two 
cases (4-/-butylphenol and 4-carboxamidophenol), pi£a 

values were drawn from the literature; in some in­
stances the values were confirmed by spectrophoto-
metric measurement. Substituent constants (op~) 
were calculated from the equation pi£a = 9.919 — 
2.229(7 derived by Biggs and Robinson8 and are recorded 

(6) Based on hydration numbers of hydroxyl and acetate ions, see E. 
Glueckauf, Trans. Faraday Soc, Sl, 1235 (1955); C. B. Monk, "Electrolytic 
Dissociation," Academic Press, Inc., New York, N. Y., 1961, p. 267. 

(7) (a) H. van Bekkum, P. E. Verkade, and B. M. Wepster, Rec trav. 
chim., 78, 815 (1959). (b) For the sake of consistency in symbolism, all 
(Tp values are reported as <rp~ since they are based on the ionization of 
phenols. It should be realized, however, that <TP

 - ^ trp for saturated 
4-substituents. 

(8) A. I. Biggs and R. A. Robinson, J. Chem. Soc, 388 (1961). 



3398 Louis A. COHEN AND WILLIAM M. JONES Vol. 85 

PKo. 

H I • I I 

0.2 0.4 0.6 0.8 1.0 1.2 1,4 1.6 

Fig. 1.—Correlation of pKa with ap (H2O, 25°): A, 4-substituted 
phenols (ref. 8); B, 2,6-di-t-butyl-4-substituted phenols. 

Fig. 2,—Correlation of pK' with <rp (50% ethanol, 25°): A, 4-
substituted phenols; B, 2,6-di-f-butyl-4-substituted phenols. 

in Table I, column 6. For comparison, the values 
given by JafK2b are also included (Table I, column 7). 

Only those di-i-butylphenols which carry charged p-
substituents (III, R = -COO-, -SO3-, -N(CHs)3

+) are 
readily soluble in water. A greater number are soluble 
in aqueous alkali but precipitate upon addition of acid; 
however, at the low concentrations necessary for spec-
trophotometric pK measurements, optical densities 
for the undissociated phenols could be determined by 
acidification of alkaline solutions and immediate re­
cording of the spectra. Precipitation of the phenol 
began, in most cases, 15-30 min. following acidification. 
By this method pK& values were determined for a 
number of di-<-butylphenols and the results are re­
corded in Table I, column 3. Since the five remaining 
members of the series are insoluble in aqueous alkali, 
their pKa values could not be determined.9 

The entire series of measurements was, therefore, re­
peated using 50% (v:v) nnueous ethanol as solvent. 
The pH values of buffers in the mixed solvent system 
were determined using a glass electrode and no efiort 
was made to obtain thermodynamic pK values by cor­
recting for activities. The apparent pK values (pK') 
thus obtained for 4-substituted phenols10 are recorded 

(9) Hypothetical pit,, values for these compounds may be obtained by 
extrapolatiun of curve B, Fig. 1. assuming a complete linear dependence of 
pK on substituent constant. 

'/[0H0], 

Fig. 3.—Determination of e for 2,6-di-i-butyl-4-substituted 
phenols by speetrophotometric extrapolation: A, R = Br; B, 
R = H; C , R = CH3. 

in Table I, column 4, and for 4-substituted 2,6-di-f-
butylphenols in column 5. Because the acidities of 
several members of the latter series are similar to that 
of the solvent itself, their pK' values could not be de­
termined by direct spectrophotometry or by titration. 
However, use of the speetrophotometric extrapolation 
technique11 (see Experimental and Fig. 3) furnished the 
data necessary to complete the series.12 

VALUES 
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C H 3 
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CHsO 
H 

cooe 

Br 
SOae 

CONH2 

CO2Et 
MeiN* 
COCH3 

C N 
C H O 
N O 2 

N O 

OP pK 

pKa 
X = H 

10.26f 

10.23 
10.21c 

9.99c 

9.39 
9.36" 
9 .03 ' 
8.56 
8.50 
8.21" 
8.05'' 
7.97' 
7.60 
7.15c 

6.36' 
" Values calcu 

TABLE I 

AND a FOR 4 - S l 

R-

(H2O) . 
X = /-Bu 

(12 23)e 

(12.19) 
(12.15) 
(11.70) 
10.80 

(10.83) 
10.40 
9.53 
9.50 
9.84 
8.68 
8.70 
8.05 
6.65 
8.18 

ated for 

<i 
BSTITUTED 

X 

—OH 

X 
pA' (50% EtOH) 

X = H 

11.60 
11.55 
11 .50 
11.16 
10.61 
10.57 
10.10 
9.65 
9.56 
9.20 
9.06 
8.80 
8.40 
7.89 
6.90 

use in 

X = (-Bu 

14.77 
14.75 

(14 82)d 

14.22 
13.10 
13.23 
12.53 
11 .52 
11.20 
11.24 
10.27 
10.15 
9 .33 
7.49 
9.41 

this invest 

PHENOLS 

"?'a 

- 0 . 1 5 
- .14 
- .13' 

0 
0.24 

.25 

.40 

.61 

.64 

.77 

.84 

.88 
1.04 
1,24 
1 .60 

igation. 

AT 25° 

°v-b 

- 0 . 1 7 
- .20 
- .27 

0 
0.13 

.23 

.38 

.63 

.68 

.86 

.87 
1.00 
1 .13 
1.27 
1 .63' 

b Values 
given by Jaffe(ref. 2b). c Ref. 8. The remaining pifvalues of col­
umn 2 were redetermined spectrophotometrically, confirming the 
literature values cited. d An experimental value could not be 
determined owing to the extreme sensitivity of an alkaline solu­
tion to oxygen. The value given is derived from infrared spec­
tral data (see following paper). '• Values in parentheses in 
column 3 are hypothetical and were obtained bv extrapolation 
of curve B, Fig. 1. ' E. E. Sager, M. R. Schooley, A. S. Carr, 
and S. F. Acree, J. Research Natl. Bureau Standards, 35, 521 
(1945). « S. Oae and C. C. Price, J. Am. Chem. Sac, 80, 3425 
(1958). ' F. G. Bordwell and G. D. Cooper, ibid., 74, 1058 
(1952). •' M. M. Fickling, A. Fischer, B. R. Mann, J. Packer, 
and J. Vaughan, ibid., 81, 4226 (1959). ' See ref. 7 for other 
instances in which ^-CH3O shows a low <r-constant. 

Plots of <7P~ vs. pKa and pK1 are shown in Fig. 1 and 
2, respectively. Values of p were calculated by the 
method of least squares and are collected in Table II. 

(10) Cf. G. Schwarzenbach and E. Rudin, HeIv. C him. Acta, 22, 360 
(1939). These workers have determined pK' values by titration for a num­
ber of substituted phenols in 48.9% ethanol. While several of our results 
agree well with the earlier values, significant differences appear in others. 

(11) R. S. Stearns and G. W. Wheland, J. Am. Chem. SoC, 69, 2025 
(1947); J. Hine and M. Hine, ibid., 74, 5266 (1952). 

(12) The validity of the pK values obtained from extrapolation is amply 
confirmed by infrared spectral correlation (c/. following paper). 
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The ratio, ppK'/ ppKa, for the unhindered series is 1.20 
and for the di-/-butyl series, 1.32. Therefore, the sensi­
tivity to solvent change is of moderate size for both 
series. The value of p for ionization of 2,6-di-i-butyl-
phenols shows a 57% deviation from additivity (where 
B/A = 1.00) in water and a 73% deviation in aqueous 
ethanol. Since p for the di-t-butyl series deviates so 
markedly from that for the unhindered series, it is ap­
parent that any substituent constant derived for the 
2-i-butyl group from pK data based on III (R = H) 
will not be valid for a 2,6-di-/-butylphenol with any 
other 4-substituent.ls-u 

TABLE II 

VALUES OF P FOR IONIZATION OF PHENOLS 

ppKa ppX' 

A. 4-R-phenol - 2 . 2 3 - 2 . 6 7 
B. 2,6-Di-2-Bu-4-R-phenol - 3 . 5 0 - 4 . 6 2 

B/A 1.57 1.73 

As the a value for R becomes more positive, an in­
creasing fraction of the negative charge of the phenolate 
anion is diverted to the ^-position (e.g., VIIa-c).2 If 
it is assumed that the total number of solvent mole­
cules necessary to solvate the negative charge is ap­
proximately constant with changing pK values,16 it is 
clear that the size of the solvent sphere at the phenolate 
oxygen should decrease as <rv~ becomes more positive, 
i.e., as dispersion of charge increases, and that the de­
viation from additivity should diminish. Therefore, 
the extremely weak acidity of hindered phenols with 
— o-p substituents may be attributed to the inability of 
the R group to disperse the negative charge and solvent 
sphere and virtually the entire burden of solvation is 
placed on the phenolate oxygen.16 The data in Fig. 1 
and 2 are in full accord with the above argument. A 
surprising result is seen, however, in the close correla­
tion between av~ and the pK values of the hindered 
phenols, indicating the extent of deviation from addi­
tivity, or the distribution of solvent density, to be itself 
linearly dependent on <JP~. When sufficient data are 
available, it should be possible to add a substituent-
dependent solvation term to the Hammett equation. 

VHc 
An unusual feature of Fig. 1 and 2 may be seen 

in the fact that the Hammett plots intersect within 
the range of real a values. It would, appear that, 
depending only on the identity of the 4-substit-
uent, two bulky o-i-butyl groups may provide either 
steric hindrance or steric enhancement for ionization. 
Indeed, 2,6-di-/-butyl-4-nitrophenol is a stronger acid 
than 4-nitrophenol itself.17 A better understanding of 

(13) K. U. Ingold {Can. J. Chem., 38, 1092 (I960)) has recently examined 
the correlation of phenolic hydroxyl stretching frequencies with a. Since 
both di-4-butyl and unhindered phenols were found to have the same p 
values, it is evident that the anomalous behavior of hindered phenols de­
scribed herein is probably limited to properties associated with ionization 
and solvation. 

(14) Using an approximate <r value for o-(-butyl equivalent to trp ( — 0.14), 
III (R = COCH3) shows a zero deviation from additivity in its pK>. value. 

(15) Such an assumption is based on the concept that solvation number 
depends primarily on over-all dimensions of the species and total charge 
(see ref. 6). 

(16) L. A. Cohen, J. Org. Chem., 22, 1333 (1957). 

such paradoxical behavior on the part of an o-substit-
uent is obtained from further study of two compounds 
which deviate markedly from the Hammett plots of Fig. 
1 and 2, viz. I l l (R = NO and R = NO2).

18 It has 
already been concluded from spectral data,19 and con­
firmed in the present work, that the tautomeric equilib­
rium between the nitrosophenol VIIIb and the qui-
none monoxime IXb lies almost entirely on the side of 
the latter. Although p-nitrosophenol Vil la is corre­
spondingly tautomeric with quinone monoxime IXa, 

NO 
VIIIa, R = H 

b, R=(-Bu 

NOH 
IXa, R=H 

b, R = Z-Bu 

the equilibrium is not as heavily one-sided and is solvent-
dependent.19 20 

It is reasonable to assume, from its low pK value, 
that Vil la dissociates normally, as a phenol. The 
unusually high pK value of VIIIb, however, suggests 
that its tautomer IXb is the species whose dissociation 
constant is being measured.21 Such behavior is to be 
expected, since the dissociation constant must represent 
the thermodynamically stable isomer.22 

The anomalous pK value for the nitro compound X 
cannot, however, be explained in the same way. 
Vaughan and Finch17 suggest that the negatively 
charged oxygen in the anion of X achieves special sta­
bilization by hydrogen bonding with the adjacent 
<-butyl groups. Were this to be the case, smaller, but 
observable, pK deviations would be expected for other 
members of the series (III, R = CHO, CN, COCH3, 
etc.); Fig. 1 and 2 demonstrate the absence of such de­
viations. The latter argument also excludes from con­
sideration distortion from coplanarity of the phenolic 
O-H bond. Again, such an effect should not be limited 
to the nitro compound and, as is shown in the following 
paper,23 spectral correlations indicate the achievement 
of maximal resonance by all members of the series. 
Any hypothesis based on a tautomeric equilibrium be­
tween X and XI is rendered difficult for several rea­
sons: (a) infrared and n.m.r. spectral data in a variety 
of solvents indicate the equilibrium between X and XI 
to lie overwhelmingly on the side of the phenolic tau­
tomer ; (b) the pK values of aliphatic aa-nitronic acids 
are considerably lower than that found for X22c; (c) the 
observed pK values were measured at equilibrium, 
which is established immediately, either from X or from 
its anion.220 

(17) The unusually high acidity of III (R = KO2) has been observed 
previously by W. R. Vaughan and G. K. Finch, ibid., 21, 1201 (1956). 

(18) The deviation of the pK value of III (R = NMes +) from correlation 
with (Tp" and its other anomalous properties are considered in a later paper 
in this series. 

(19) M. S. Kharasch and B. S. Joshi, J. Org. Chem., 27, 6Sl (1962). 
In 50% ethanol, IXb had Xm»x 305 mil (« 13,250), 420 m>i (< 3500); »™' 
3570 cm.^1 (2.80 M) (hydroxyl) and 1640 cm."1 (6.10 M) (carbonyl); n.m.r. 
(CCIi); vinyl H quartet 6.98-7.65 p.p.m., / = 3 c.p.s. 

(20) Infrared spectral data indicate the quinone monoxime form IXa 
to be highly favored in dilute CCh solution. Cf. A. W. Baker, J. Phys. 
Chem., 62, 744 (1958); D. Hadzi, J. Chem. Soc, 2725 (1956). 

(21) pK values for authentic oximes, of comparable structure, are not 
available. ,Simple oximes, such as that of acetone, have pK values in the 
range of 12.0-12.5 (C. V. King and A. P. Marion, J. Am. Chem. Soc, 66, 977 
(1944)). 

(22) (a) G. Wheland, "Advanced Organic Chemistry," 3rd Ed.. John 
Wiley and Sons, Inc., New York, N. Y., 1960, pp. 713-720; (b) L. K 
Creamer, A. Fischer, B. R. Mann, J. Packer, R, B. Richards, and J. Vaughan 
J. Org. Chem., 26, 3148 (1961); (c) S. Turnbull and S. H. Maron, J. Am. 
Chem. Soc, 68, 212 (1943). 

(23) L. A. Cohen and W. M. Jones, ibid., 88, 3402 (1963). 
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The action of diazomethane on />-cyanophenol, p-
nitrosophenol, and p-nitrophenol leads exclusively to the 
corresponding anisoles. Since 2,6-di-£-butyl-4-cyano-
phenol also forms the corresponding anisole,24 it is 
evident tha t diazomethane is not sterically prevented 
from reacting with a hindered phenol of sufficient acid­
ity. Nevertheless, both the hindered nitrosophenol IXb 
and the hindered nitrophenol X react with diazometh­
ane to form the respective iminoethers X I I and X I I I ex­
clusively. Support for the quinonoid structures is de­
rived from ultraviolet, infrared, and n.m.r. spectral data. 

OCH, 

XII 

O^ X0CH3 

XIII 

The latter data are of particular interest owing to the 
nonequivalent fields in the vicinity of the two ring-vinyl 
protons.26 Not only do the protons exhibit distinct 
chemical shifts (see Experimental and ref. 19), but also 
show a significant coupling constant (3 c.p.s.), despite 
their separation by a cross-conjugated system. 

Although X I I I is a stable, orange compound, even in 
solution,26 it decomposes at its melting point, or in hot 
solvents, to the quinone monoxime IXb and formalde­
hyde,27 possibly via a cyclic process 

H 
I 

0-Ka^r 
VH 

XIII IXb 

\ OH 
CH2O 

The preparation of X I I and X I I I permits a compari­
son of ultraviolet spectral data for the quinonemethine 
ethers and for the phenolate anions of IXb and X, in 
which the quinonoid forms are probably dominant in 
the resonance hybrids. As shown in Table I I I , the 
anions absorb a t considerably longer wave lengths than 
the quinonemethine ethers, demonstrating the fact tha t 
the energy needed for electron excitation is markedly 
decreased by the presence of the negative charge in the 
anionic species.28 

(24) E. Midler, A. Rieker, K. Ley, R. Mayer, and K. Scheffler, Chem. 
Ber., 92, 2278 (1959). 

(2.i) Chemical shift differences arising from syn-anti isomerism in ket-
oximes may be observed in aromatic solvents, or if an aromatic ring is pres­
ent in the molecule. Sec E. Lustig, / . Phys. Chem., 65, 491 (1961). 

(26) The aei-nitro methyl ether of 2-nitrophenol has been reported 
and found to be quite unstable (A. Hantzsch and H. Gorki, Ber., 39, 1073 
(1906)). The corresponding ad-nitro ether of 4-nitrophenol could not be 
obtained by these workers. The stability of XIII should not be surprising, 
in view of the general tendency of 2,6-disubstitution to stabilize quinonoid 
and quinonemethine structures. Cf. L. J. Filar and S. Winstein, Tetra­
hedron Letters, No. 25, 9 (1960); C. I). Cook and B. E. Norcross, J. Am. 
Chem. Soc., 78, 3797 (1956); 81, 1176 (1959). 

(27) A similar decomposition of aliphatic oci-nitro methyl ethers has been 
described by F. Arndt and J. D. Rose, J. Chem. Soc, 1 (1935). Such 
decomposition may be taken as additional proof for the assigned structure 
XIII . 

(28) Strained 2,6-polymethylene-4-nitrophenolate anions also absorb 
in the range 450-458 m,u- See V. Prelog, K. Wiesner, W. Ingold, and O; 
Hafliger. HeIv. Chim. Acta. 31, 1325 (1948). 

TABLE III 

ULTRAVIOLET SPECTRAL DATA (50% EtOH) 

X1 m ^ 

IXb 305 
XII 315 
X 325 
XII I 355 

Neutral 
0) 

(13,250) 
(19,500) 
(10,000) 
(13,600) 

X, HlM 

382 

450 

Alkaline 
OJ 

(18,500) 

(30,500) 

I t is our opinion tha t the anomalously high acidity of 
the hindered nitrophenol X is related to a facile tau to-
merism between X and XI , but in a manner which is 
neither obvious nor explicable by the usual mathe­
matical analysis of tautomeric systems.22 

Experimental29 

Materials.—Commercial phenols were purified as necessary. 
4-Hydroxybenzamide30" and 4-hydroxyphenyltrimethylammo-
nium chloride30*1 were prepared according to published procedures. 

2,6-Di-<-butylphenol is commercially available, as are its 4-
rnethyl and 4-<-butyl homologs. The 4-methoxy and 4-acetyl31 

derivatives were the gift of Dr. H. Cahnmann of this Institute; 
the 4-nitrophenol was provided by the Ethyl Corporation, 
Detroit, Mich. The preparation of several hindered phenols has 
been described in earlier papers of this series: 4-formyl-,16 4-
cyano-,16 4-carboxy-,15 4-carbethoxy-,15 4-bromo-,16 and 4-car-
boxamido-2,6-di-*-butylphenol.29 The 4-nitrosophenol was pre­
pared by nitrosation of 2,6-di-<-butylphenol using sodium nitrite 
in acetic acid.32 

3,5-Di-f-butyl-4-hydroxybenzenesuIfonic Acid.—To a solution 
of 0.25 g. of 2,6-di-£-butyl-4-mercaptophenol33 in 10 ml. of 97% 
formic acid was slowly added 1 ml. of 30% hydrogen peroxide, 
with ice cooling. The mixture was stored at room temperature 
overnight, excess performic acid reduced by saturation with 
sulfur dioxide, and the mixture concentrated in vacuo to a color­
less oil. The sulfonic acid was extracted from the oil with warm 
chloroform and crystallized from chloroform-ligroin as hydrated 
prisms or as plates, m.p. 100-105°. 

Anal. Calcd. for C14H22SO4-H2O: C, 55.24; H, 7.95; S, 
10.53. Found: C, 55.25; H, 7.88; S, 11.13. 

Water of hydration could not be removed without decomposi­
tion of the acid. The compound is readily soluble in water, giv­
ing a strong acid reaction. 

3,5-Di-<-butyl-4-hydroxyphenyltrimethylammonium Chloride. 
—In early experiments, 2,6-di-<-butyl-4-nitrophenol was hydro-
genated in the usual manner and the mixture worked up to obtain 
the aminophenol. The latter compound, however, was found to 
be extremely sensitive to oxidation34 and, in subsequent runs, the 
amine was methylated in situ. Hydrogenation was performed 
in a round-bottom flask suitable for subsequent reflux operations 
without transfer of the contents as follows: 

To a solution of 7.5 g. of 2,6-di-<-butyl-4-nitrophenol in 150 ml. 
of purified dioxane was added 2 g. of 10%. palladium-charcoal 
and 10 ml. of 6 N hydrochloric acid. The calculated amount of 
hydrogen was absorbed in ca. 48 hr. and the flask was then flushed 
with a stream of purified nitrogen while 20 g. of powdered, an­
hydrous sodium carbonate and 25 ml. of methyl iodide were added. 
The mixture was refluxed with magnetic stirring and protection 
from air for 16 hr. Following filtration, the hot dioxane solution 
was concentrated to a red solid. Despite repeated purifications, 
the quaternary ammonium iodide could not be freed of color 
(probably due to free iodine); it was converted to the chloride by 
shaking a methanolic solution with wet, freshly prepared silver 
chloride. The colorless filtrate was concentrated to dryness 
and the quaternary ammonium chloride crystallized from 
dichloromethane-ligroin as fine needles (75% yield), m.p. 212-
214°. Analysis and infrared spectra indicated the material to 
be hydrated. Several at tempts to dehydrate the compound at 
elevated temperatures resulted only in decomposition with partial 
loss of halogen. 

Anal. Calcd. for C T H 3 0 X O C I H 2 O : C, 64.23; H, 10.15; N, 
4.41; Cl, 11.15. Found: C, 64.08; H, 10.36; N, 4.51; Cl, 11.15. 

(29) Melting points were determined on a Kofler block and are uncor­
rected. Ultraviolet spectra were determined on a Cary recording spectro­
photometer, Model 14. Infrared spectra were measured on a Perkin-Elmer 
Infracord; n.m.r. spectra were obtained on a Varian A-60 spectrometer. 

(30) (aj L. A. Cohen and W. M. Jones, J. Am. Chem, Soc, 84, 1625 (1962); 
(b) H. v. Pechmann, Ber., 32, 3682 (1899). 

(31) T. Matsuura, A. Xishinaga, and H. J. Cahnmann, J. Org. Chem., 27, 
3620 (1962). 

(32) Preparation of this compound by nitrosation in ethanol has recently 
been described (ref. 19). 

(33) Gift of the Consolidated Coal Co., Library, Pa. 
(34; T. J. Barnes and W. J. Hickinbottom, J. Chem. Soc, 953 (1961), 

have Observed a similar sensitivity of the aminophenol to oxygen. 
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TABLE IV 

ULTRAVIOLET SPECTRAL BANDS FOR 4-SUBSTITUTED PHENOLS (50% EtOH) 

R 

H 
CH, 
t-Bu 
OCH, 
Me1N8 

Br 
SO3

9 

CO2
9 

COOH 
CONH2 

CO2Et 
CN 
COCH3 

CHO 
NO2 

NO 

,-V HCl 
>>mai , HIM 

211 
219 
219 
226 
220 
223 
228 
244 
255 
252 
255 
247 
277 
285 
316 
303 

First 
C 

6,400 
6,550 
8,000 
7,500 
7,700 

10,300 
11,600° 
12,500" 
13,900 
14,500 
18,350 
19,000 
15,800 
16,700 
10,600 
18,100 

primary band 
. .V NaOH m 

232 
239 
238 
242 
243 
244 
253 
278 

292 
296 
282 
327 
336 
401 
403 

e 

10,300 
9,350 

12,000 
9,700 

11,100 
13,700 
16,500 
16,350 

20,400 
25,400 
22,600 
25,800 
24,800 
20,500 
32,500 

«m*x i 1 1I /1 

271 
278 
275 
288 
272 
281 
272 

Secc 
e 

1650 
1800 
1800 
2770 
1380 
1500 
925 

indary band 

288 
296 
292 
306 
288 
300 
282 

e 

2625 
2550 
2600 
3200 
2250 
2350 
2520 

At pH 3. b At pH 

ULTRAVIOLET SPECTRAL BANDS FOR 2,< 

TABLE V 

-DI-(-BUTYL-4-SUBSTITUTED PHENOLS (50c EtOH) 

R 

H 
CH, 
J-Bu 
OCH, 
Me 8 N 9 

Br 
SO3

9 

CO2
9 

COOH 
CONH2 

CO2Et 
CN 
COCH3 

CHO 
NO2 

NO 

^ max, triM 

214 
222 
223 
229 
224 
226 
233 
250 
260 
258 
261 
252 
284 
293 
325 
305 

First 

6,250 
6,900 
9,500 
8,200 
6,350 

11,500 
12,300" 
13,70O6 

13,300 
12,000 
14,800 
16,900 
13,300 
15,000 
10,000 
13,250 

primary band — 

c;„N«0H , m„ 
244 
250 
251 

C 

261 
257 
270 
302 

321 
324 
307 
363 
370 
450 
382 

« 
11,000' 
10,600e 

10,200" 

8,800 
16,000 
18,400 
20,400 

22,200 
29,600 
31,200 
32,500 
38,400 
30,500 
18,500 

vv H c l „ ^niiix , TOM 

271 
278 
272 
285 
270 
280 
272 

Secoi 

1600 
1800 
1700 
3400 
1025 
1275 
1150 

idary band 

*(LN'"0 H , m„ 
295 
303 
300 

' 
298 
305 
300° 

, 
3630' 
3780'' 
3450" 

4200 
3580 
3000 

" At pH 3. b At pH 7. c Spectra could not be measured for the anion because of rapid oxidation to quinone. d Xm„x and t are est i-
mated values, the band at 300 mu appearing as a shoulder on the 270 mp first primary band. • Values of e for the anions were deter­
mined by spectral extrapolation (ref. 11). 

2,6-Di-i-butylbenzoquinone-4-oxime Methyl Ether (XII).—To 
a solution of 2,6-di-i-butyl-4-nitrosophenol (VIIIb) in ether was 
added an excess of ethereal diazomethane and the mixture was 
stored for several days in the dark. The reaction mixture was 
taken to dryness, the residue extracted with petroleum ether 
(30-40°) and the extract absorbed on a column of neutral 
alumina. Following elution of the column with ligroin (60-70°), 
the product was obtained as a pale yellow solid which was re-
crystallized from acetonitrile-water as needles, m.p. 81-81.5°; 
X ?̂xH 315 mM (t 19,500); & 1634 em.^1 (6.12 n) (s), 1585' 
c m . - ' (6.31 M) (m); n.m.r. (CCl4): CH3O 4.10 p.p.m.; vinyl 
H quartet 6.81-7.35 p.p.in., 7 = 3 c.p.s. 

Anal. Calcd. for C15H13NO-,: C, 72.25; H, 9.30. Found: 
C, 72.09; H, 9.23. 

When methylation of VIIIb was attempted with dimethyl 
sulfate and alkali, 3,5,3',5'-tetra-/-but\idiphenoquinone was the 
only product isolated. 

2,6-Di-<-butyl-4-nitrophenol-fl«-methyl Ether (XIII).—A solu­
tion of 2,6-di-/-butyl-4-nitrophenol in ether was treated with 
ethereal diazomethane. A brisk evolution of nitrogen was 
accompanied by the development of a deep red color. After 
several hours, the solvent was removed and a solution of the 
residue adsorbed from ligroin onto neutral alumina. The 
column was eluted with ligroin (60-70°) and the orange, crystal­
line product recrystallized from petroleum ether (30-40°). 
The methyl ether melted at 105-106° in a bath preheated to 90°. 
When the temperature of the bath was raised slowly, the com­
pound underwent a transition in form and color at 105° and 
finally melted at 210-215°. The higher melting material was 
identified as VIIIb. When a sample of NI l I was heated to 110° 
in a test tube, a white solid sublimed onto the walls of the tube, 
identified as a polymer of formaldehyde by conversion to the 

2,4-dinitrophenylhydrazone of formaldehyde. The residual 
material was identified as the oxime VIIIb by mixture melting 
point and ultraviolet and infrared spectra. The same trans­
formation was observed by heating XII I in solution in toluene or 
dioxane; \f°R 355 mM (e 13,600); PpnS

1 1653 cm." 1 (6.05 u) (m), 
1625 cm.- 1 (6.15 M) (S) ; n.m.r. (CCl4): CH3O, 3.95 p.p.m., 
vinyl H quartet 7.28-7.55 p.p.m., 7 = 3 c.p.s. 

Anal. Calcd. for C15Ho1XO,: C, 67.89; H, 8.74; N, 5.28. 
Found: C, 68.02; H, 8.63; N, 5.24. 

Determination of Dissociation Constants in Water.—Spectral 
measurements and calculations were performed according to the 
standard procedure35 using buffer salts supplied by the National 
Bureau of Standards. Values of X„,ax and e for the various 
phenols and phenolate ions are summarized in Tables IV and V. 
Calculations were based on optical density values taken from the 
long wave length slope of the spectral curve.36 All operations 
were performed in a constant temperature room at 25°. A dilute, 
aqueous solution of the phenol (0.5 nil.) was added to 2.5 ml. of 
acid, alkali, or buffer in a 3-ml. silica cell and the stoppered cell 
allowed to reach temperature equilibrium.3 ' Following spectral 
measurements, pH values of the solutions were determined using 
a Beckman Model G pH meter; no significant changes from the 

(35) R. A. Robinson in "Structure of Electrolytic Solutions," W. J. 
Hamer, Ed., John Wiley and Sons, Inc., New York, X. Y., 1959, Chapter 
16. 

(36) In the case of III (R = SOs-), spectral peaks in acid occurred at 
234 and at 272 mn. In alkali, the 234 mM shifted to 270 mn, completely 
masking the longer wave length band by its higher extinction coefficient. 
Accordingly, the short wave length slope was used in pX calculations. 

(37) The high sensitivity to oxygen of the di-Z-butylphenuls, particularly 
in alkaline media, necessitates the use of a cell containing minimal air space. 
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pH values of the original, undiluted buffers were observed; pA 
values were calculated according to eq. 1 where a is the optical 
density of a solution of the pheno! in acid at a given wave length, 

1>A" = pH + log (b — f/e — a) - log 7 (1) 

h the optical density of the phenolate anion at the same wave 
length, and t the optical density in a buffer medium of known 
pH; log -f is a small correction (0.05-0.10 pAT unit) for the ac­
tivity coefficient of the buffer.38 

For those di-j-butylpheuols which were insoluble in water, 
solutions were prepared in 0.01 A"sodium hydroxide. When such 
solutions were diluted to concentrations appropriate to spectral 
measurement, the additional ions made a negligible change in the 
ionic strength of the buffer. However, pH values of the buffers 
were altered slightly, and the values of pH used in pA"„ calcula­
tions were those obtained by direct measurement of the spectral 
sample. 

Determination of Dissociation Constants in 50'/c Ethanol.— 
Acid, alkaline, and buffer media were prepared as above, at 
twice the ionic strength, and each diluted with ethanol in the 
volume ratio 3:2. Volume changes accompanying such a 
procedure were disregarded. When 2.5 ml. of each solution was 
mixed with 0.5 ml. of ethanol containing a low concentration of 
the phenol, the final solution (3.0 ml.) was 50'/c in ethanol and at 
the same ionic strength as the aqueous buffer mixture. Im­
mediately following spectral measurements, pH values of the 
spectral samples were determined, using a blue tip electrode 
(Beckman Type E-2) for such highly alkaline media. Micro-
beakers containing the buffer solution were fitted with poly­
ethylene caps and a stream of purified nitrogen passed through 
during the measurement to exclude both oxygen and carbon 
dioxide. ,Since meter readings drifted gradually in the mixed 
solvent system, the average of three readings, taken at 2-min. 
intervals immediately following immersion of the electrodes, was 
used. Calculations were based on apparent pH values deter­
mined in this way as far as a meter reading of pH 12. For those 
phenols which were too weakly acidic to ionize sufficiently at 
pH 12, the following extrapolation procedure was used. 

(38) A n u m b e r of values for log -, were t a k e n from the l i t e r a tu r e : see 
I). T. Y. Chen and K. J. I.aidler, Trans. Faraday Soc, 58, 480 (1962); A. I. 
Biggs, ibid., 52, 35 (1958). 

The demonstration tha t the pK values of 2,6-di-i-
butylphenols vary directly with a-constants for 4-sub-
stituents, but with almost twice as great a p value as in 
the unhindered series,' prompted us to a t tempt the cor­
relation of other physical properties of the hindered 
phenols with substituent parameters. Accordingly, 
their ultraviolet, nuclear magnetic resonance, and in­
frared spectra have been examined and are discussed in 
sequence. 

The conformation of the hydroxyl group is a mat ter of 
particular interest in the chemistry of 2,6-di-/-butyl-
phenols. Space-filling models indicate tha t the proton 
of a planar phenolic hydroxyl is barely accommodated 
between two CH3 's of an adjacent /-butyl group. Al-

(1) Paper YI of a series on pheno l -d i enone t a u t o m e r i s m . For paper V1 

see L. A Cohen and W. M. Jones , J. Am. Chem. Six., 85, 3397 (1963). 

Determination of pA Values by Spectral Extrapolation." 
Carbonate-free M sodium hydroxide and .1/ potassium chloride 
were mixed in appropriate ratios to yield solutions varying in 
alkali content from M to 0.001 M and of constant ionic strength. 
Each solution (50 ml.) was diluted with 33.3 ml. of ethanol and 
stored in a polyethylene bottle under nitrogen. Titration 
of the solutions at 3-day intervals demonstrated that their alkali 
content did not drop appreciably over several weeks at 0°. 
Ethanolic solutions of di-(-butylphenols (0.5 ml.) were added to 
2.5 ml. of aqueous, ethanolic alkali and optical density deter­
mined at a wave length at which the contribution to spectral 
absorption of the undissociated phenol was small. When 
values of D/c ( = 1/V, where t' = apparent extinction coefficient) 
were plotted against l / [OH~ | , straight line plots were obtained 
(Fig. 3) whose slopes and intercepts were calculated by the 
method of least squares. Since the intercept on the ordinate 
corresponds to 1/e, the true extinction coefficient for the pheno­
late ion may be calculated, although it is spectrophotometrically 
inaccessible. The dissociation constant for the weak acid 
(AT11) may be obtained from tire equation" A"„ = KB/me, where m 
is the slope of the line, e the true extinction coefficient, and A"„ the 
ion product for the solvent. Although ion products are known 
for both water and ethanol,39 no data were available for 50' ', 
ethanol. A value for K, (50''J ethanol) was obtained indirectly 
by applying the extrapolation technique to several phenols whose 
pA values had been determined by the spectrophotometry 
procedure described above, but which were sufficiently weak to 
remain incompletely dissociated in 0.001 M to 0.05 .1/ alkali 
(e.g., I l l , R = Br, COO •). From the slopes and intercepts ob­
tained for these phenols, values of A8 were calculated. A mean 
value of 1.2 ± 0.2 X 10 "1S was obtained, which was then used 
in A"a calculations for less acidic phenols. 
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(39) F r o m es t ima ted d a t a of P. Ballinger and K. A. Long ( / . Am. Chem. 
Soc, 82, 795 ( I960)) , a K, value of 1.7 X I O " 1 ' ( 6 % a q u e o u s e thanol ) may­
be ca lcu la ted . 

ternatively, the O-H bond may be rotated about the 
C-O axis until it is perpendicular to the aromatic plane. 
Should coplanarity of the O-H bond with the aromatic 
ring be altered to any extent, overlap of the p-electrons 
of oxygen with the aromatic 7r-system would be im­
paired, as would resonance coupling between the phenol 
and a 4-substituent.2 The infrared stretching fre­
quencies of phenolic hydroxyl groups have been shown 
to vary linearly with crp values for 4-substituents, both 
in the simple and in the 2,6-di-f-butyl series.3 Since p 
was found to be the same for both series, it was con-

(2) L. L. I n g r a h a m . in "S tc r i c Effects in Organic C h e m i s t r y , " M, S 
N e w m a n , Bd,, J o h n Wiley and Sons, Inc. , New York, N. Y., 1956, C h a p t e r 11 
R. W. Taf t , J r . , and H, I). E v a n s , J Phys. Chem., 6 1 , 1427 (1957): B, M 
Weps te r , Rec. trav. Mm., 76, 335, 357 (1957). 

(3) K. U. Ingold, Can. J. Chem., 38 , 1092 (1960), and references cited 
there in . 
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A Study of Free Energy Relationships in Hindered Phenols. 
Correlation of Spectral Properties with Substituent Constants1 
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A linear correlation of ultraviolet spectral data with substituent parameters has been achieved for 4-sub-
stituted phenols, 2,6-di-<-butyl-4-substituted phenols, and for their corresponding anions. The incorporation 
of both electron-withdrawing and electron-releasing substituents into a single slope was achieved by: (a) the 
use of Aa, the difference in the ultraviolet frequencies of the 4-substituted phenol and the corresponding mono-
substituted benzene, and (b) the use of CTR', a new resonance parameter. The latter was calculated as <rp~ — 
(2/3)crm, on the basis that the inductive effect of a substituent in the ^-position is only two-thirds as great as when 
in the m-position. From the fact that p (ultraviolet spectral shifts) for the 2,6-di-i-butylphenols is only slightly 
greater than that for the unhindered phenols, it is concluded that the phenolic O-H bond is coplanar with the 
aromatic ring in the former series. Chemical shifts for the hydroxyls in the n.m.r, spectra of hindered phenols 
have been shown to vary linearly with crp

_. Similarly, a linear dependence on <rp
- is demonstrated for the 

infrared stretching frequencies of the phenolic hydroxyl groups. 


