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The tautomerism of 4-(4’-substituted-phenylazo)-1-naphthol [azo form (1) vs. hydrazone form (2)] is estimated
by means of electronic spectra in various solvents. With electron-donating substituents the azo form is stabilized,
while electron-withdrawing ones stabilize 2. The azo form is stabilized in pyridine, acetone, ethanol, and methanol,
while the hydrazone form predominates in chloroform and acetic acid based on the equilibrium in benzene as stan-
dard. The equilibrium fits the Yukawa-Tsuno equation, log K/Ko = p(¢® + rAGgr*), r and p values being deter-
mined in the solvent system mentioned above. The proton-donating solvent (chloroform) gives a larger r value; the
values for the proton-acceptor solvents are smaller than that of benzene, the standard solvent. In polar aprotic sol-
vents such as dimethyl sulfoxide and N,N-dimethylformamide 4-(4’-substituted-phenylazo)-1-naphthol is found

to be present as a dissociated form.

Introduction

The physical properties of azo dyestuff (e.g., tone, color)
are closely related with the tautomerism of the dyes. 4-(4'-
Substituted-phenylazo)-1-naphthols (4-azo dyes) prepared
by the coupling reaction of 4-substituted benzenediazonium
salts with 1-naphthol are profoundly interesting as funda-
mental azo compounds. They may have two tautomeric iso-
mers, 1 and 2, as shown in eq 1. The tautomeric equilibration

g SN W

1
O 6 NNH—@—X (1)
- O
2

X = OCH,, CH,, H, Cl, NO,

is found to depend upon their substituents as well as ori sol-
vents.3-5 Every study reported so far has been qualitatively
treated. In this paper we wish to describe experimental results

on the tautomerism investigated quantitatively by means of
electronic spectra and to discuss the effects of substituents
and solvents.

Experimental Section

Materials. The 4-azo dyes®7? 1-methoxy-4-phenylazonaphthalene
(3)8 and 1,4-naphthoquinone-N-methylphenylhydrazone (4)® were
prepared according to the literature.

CH,

CH30N=N_@ ONJI@

Methods. Spectra were taken on a Shimadzu MPS-50L spec-
trometer in 2 X 10~5 M solution with 10-mm cuvettes; Beer’s law was
shown to be valid at this concentration.

The 1/2 ratios were estimated by assuming that 3 and 4 represent
the extreme forms for 1 and 2 and that the spectral shape of 1 and 2
and the ratios of the molecular extinction coefficients of 1 and 2 at the
maximum absorptions are constant irrespective of the kinds of sub-
stituents when recorded in the same solvent.

Results and Discussion
Figure 1a exhibits the electronic spectra of 4-(4’-methox-
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Figure 1. Electronic spectra of 4-(4’-substituted-phenylazo)-1-
naphthols: (a) 4-OCHj derivative; (b) 4’-CHj derivative; (c) H de-
rivative; (d) 4’-Cl derivative; (e) 4’-NO; derivative. Solvents: —
C5H5N; --- CH30H, .- CsHe; —.—- CchOOH

yphenylazo)-1-naphthol (4’-OCHj derivative) in typical sol-
vents. In pyridine, methyl alcohol, or benzene the sole band
appeared at about 410 nm ascribable to the azo form (1);1¢ the
absorption (~480 nm) due to the hydrazone form (2) was
virtually negligible. In acetic acid form 1 was still favored,
though the latter peak was observed slightly. The electronic
spectra of 4-(4’-methylphenylazo)-1-naphthol (4’-CH; de-
rivative) is shown in Figure 1b. Small absorptions at ~480 nm
were recognized in methyl alcohol and benzene, whereas in
acetic acid this was preferred. The unsubstituted compound,
4-phenylazo-1-naphthol (H derivative), gave the spectra
shown in Figure 1c. The band at 480 nm was observed even
in methyl alcohol. In benzene the absorbance at 410 nm was
approximately equal to that at 480 nm. In acetic acid the
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Figure 4. Relation of log K to (¢° + rAgg*) in CH;COOH.

longer wavelength absorption predominated. The 4’-chloro
derivative gave the spectra exhibited in Figure 1d. The 480-nm
absorption appeared as a discernible shoulder even in pyri-
dine. The nitro derivative showed the absorption near 480 nm
only in every solvent used (Figure le).

The spectrum of 3 (see Figure 2 of supplementary material)
in various solvents exhibits the absorption maximum at
393-405 nm corresponding to the azo form (1); on the other
hand the absorption maximum of 4 (460-469 nm, see Figure
3 of supplementary material) may be related to the hydrazone
form (2).

Tables I and IT exhibit the molecular extinction coefficients
(e410 and e4g0) and wavelengths (A410 and A4g0) at the absorp-
tion maxima of 4-azo dyes, and the ratios of the molecular
extinction coefficients (eqi0/ess0), respectively. From the
€410/ €480 values, the 1/2 ratios were determined in the following
way.

If the molecular extinction coefficients of 1 (or 2) at about
410 and 480 nm in each solvent are expressed by e41022° and
€48022° (OT €4107Y9 and e4g9h¥9), and the mole fractions of 1 and
2 by x and y, respectively, then eq 2 should be:

.{6410520 + e410hyd
€410 _ X€410°%° + yeqo™d _ y )
€480  X€480%%° + yeqgod 620 4 ¢ onhvd

€480 €480

Y

Substituting a, b, and ¢ for e41082%/e4802°, €4102¥4/ 48019, and
€410%2%/ e480"Y4, respectively, eq 2 yields the equation

X X

—6410820 + b6430hyd c—+ b
€10 _ Y - U b 3)
€480 lx cx c

— = e410%%° + t4gohyd -—+1 . +1

ay ay ay

Figure 1 shows that the 4’-OCHj derivative exists almost
100% as 1 in pyridine, acetone, ethanol, methanol, or benzene.
Similarly, the 4’-CHjy derivative takes only the azo form (1)
in pyridine. In this case the €410/€450 ratio (Table II) is equal
10 @ (= €41022%/e430%2°). On the other hand, the hydrazone form
(2) is completely formed for the 4’-nitro derivative (Figure 1e).
Therefore, e510/ess0 (Table II) is equal to b (= e410P¥9/egg0h¥9)
in every solvent. The value for chloroform and acetic acid was
estimated to be 5.2, the average value for other solvents.!!

The ratio of the molecular extinction coefficients of 3 to 4
(Table III), 41022/ e40h¥d = ¢, is listed in Table IV as well.

On the assumption that a, b, and ¢ values are independent
of the kind of substituents in the same solvent the 1/2 ratio
can be calculated according to eq 3 (Table V). The assumption
is valid in the case of 4-OCHjz and 4'-CHj3 derivatives in pyr-
idine (Table II).

The logarithm of the equilibrium constant K (= x/y) was
plotted against the substituent constant to give a linear rela-
tionship satisfying the Yukawa-Tsuno equation;12
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Table I. Molecular Extinction Coefficients (eq19 and e450) and Wavelengths (Ag10 and Aggp) at the Absorption Maxima of
Azo and Hydrazone forms of 4-(4’-Substituted-phenylazo)-1-naphthols in Various Solvents

substituent
4-0CH;y 4’-CHj3 H 4'-Cl 4-NQO,
solvent eX 1073 Apa,nim e X 1073 Apap, B € X 1070 Apar, DM € X 1073 Apag, 1M € X 103 Amay, DM
pyridine 22.5 418 20.6 413 18.2 414 19.8 423 8.2 410%
4.7 480¢ 4.3 480 6.1 470 9.4 470 34.6 475
acetone 23.0 412 22.0 408 19.0 408 19.1 418 10.5 405¢
3.5 4804 5.5 480 9.1 470 10.0 470 49.0 462
ethyl alcohol 22.6 413 18.0 410 17.4 410 18.0 420 410%
4.8 480¢° 5.9 480 9.8 470 9.4 470 467
methyl aleohol 22.2 410 17.9 406 15.6 408 18.0 415 9.4 410%
4.6 4809 7.3 480 11.2 470 124 470 42.2 470
penzene 20.3 412 19.8 408 14.2 412 15.0 412 400¢
3.8 480¢ 10.6 470 12.9 470 9.7 470 457
chloroform 18.5 410 119 412 11.0 410 13.3 410 405¢
6.8 475 13.4 475 20.0 467 17.0 463 463
acetic acid 18.2 408 11.0 410 9.2 410 10.9 410 9.5 410%
7.2 490 16.2 490 22.0 480 20.5 480 424 470

@ The average value (480 nm) of Amay in chloroform and pyridine. ® The average value (410 nm) for other derivatives in various solvents
is listed. ¢ The estimated value is shifted according to the absorption of the hydrazone form.

Table II. Ratios of Molecular Extinction Coefficients
(es10/€450) at the Absorption Maxima of Azo and
Hydrazone Forms of 4-(4'-Substituted-phenylazo)-1-
naphthols in Various Solvents

substituent
7

solvent OCH; 4-CHj3 H 4-Cl 4'-NO,
pyridine 4.79 4.79 2.98 2.11 0.237
acetone 6.57 4.00 2.09 1.91 0.214
ethyl alcohol 471 3.05 1.78 1.91 0.240¢
methyl alcohol  4.83 2.45 1.39 1.45 0.223
benzene 5.34 1.87 1.10 1.55 0.250¢
chloroform 2.72 0.888 0.550 0.782  0.236¢
acetic acid 2.53 0.679 0.418 0532 0.224

@ Values were obtained at arbitrary concentrations because of
slight solubility.

Table IT1. Molecular Extinction Coefficient (¢) and
Wavelength (Anax) at the Absorption Maximum of 1-
Methoxy-4-phenylazonaphthalene and 1,4-
Naphthoquinone- N-methylphenylhydrazone in Various

Solvents
1,4-naphtho-
1-methoxy- quinone-N-
4-phenylazo- methylphenyl-
naphthalene hydrazone
A1’1’18)(7 >\max
solvent eX1073 nmm X103 nm
pyridine 11.5 405 9.2 460
acetone 10.3 395 8.8 452
ethyl alcohol 11.0 395 9.8 462
methyl alcohol 11.6 393 10.6 460
benzene 9.8 400 7.1 460
chloroform 10.9 398 8.5 461
acetic acid 19.0 395 10.8 469

log K/Ko = p(c® + rAGgrt) (4)
where K is the equilibrium constant of the H derivative and
p and r are arbitrary constants. The AGr* value in eq 4 is de-
fined as ¢ — ¢© where the ¢t value is that given by Brown and
Okamotol3 and ¢° by Taft et al.14 For example, Figure 4 ex-
hibits the relation in acetic acid, in which r and p were calcu-
lated to be 4.68 and —0.43, respectively. Similar relations were
obtained for other solvents; r and p values for each solvent are

Table IV. The Values a, b, and ¢ in Various Solvents

solvent a b ¢
pyridine 4.79 0.237 1.25
acetone 6.57 0.214 1.17
ethyl alcohol 4.71 0.240 1.12
methyl alcohol 4.83 0.223 1.09
benzene 5.34 0.250 1.38
chloroform 52.@ 0.236 1.28

acetic acid 520 0.224 1.76

@ The average of the first five values in the column.

listed in Table V1. The log (—p) was plotted against the log r
to give a very good linear inverse correlation.

As shown in Table V, the percentage of 1 increased in the
following order (eq 5) in each solvent system.

4-NO; < H=~ 4'-C1 < 4-CH; < 4-OCH; (5)

This trend can be explained in terms of the following discus-
sion. The azo group (-N==N-) in 1 is an electron acceptor and
the imino group (-NH-) in 2 is an electron donor, so that 1 is
stabilized by the more electron-donating 4’-substituent, while
an electron-accepting group stabilizes 2. Furthermore, the
good linear relation of the equilibrium constant K to sub-

o)~
O

(6)

)
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Table V. Ratio (1/2) and Percentage of 1 of 4-(4'-Substituted phenylazo)-1-naphthols in Various Solvents

substituent
4’-0CH;3 4'-CHj H 4-Cl 4-NO,
solvent 1/2 % of 1 1/2 %of 1 1/2 % of 1 1/2 %ofl 1/2 %ofl
pyridine ® 100 © 100 5.80 85 2.67 73 0 0
acetone © 100 8.28 89 2.36 70 2.05 67 0 0
ethyl alcohol © 100 7.11 88 2.21 69 2.51 71 0 0
methyl alcohol © 100 4,15 81 1.50 60 1.61 62 0 0
benzene ® 100 1.81 64 0.777 44 1.33 57 0 0
chloroform 4.07 80 0.611 38 0.271 21 0.499 33 0 0
acetic acid 2.56 72 0.300 23 0.123 11 0.198 17 0 0
Table VI. The Values r and p in Various Solvents 8
solvent r o 7
acetone 1.45 ~1.41 . 6
ethyl alcohol 2.07 ~1.06 o5
methyl alcohol 1.94 —-0.96 x &
benzene 6.85 -0.29 w3
chloroform 17.23 -0.11 z
acetic acid 4.68 -0.43 )

stituent constant as well as the relatively high r value suggest
a relatively large contribution of the resonance form. That is
to say, with an electron-donating group (X) the stability of 1
is increased by the resonance shown in eq 6. On the other
hand, the resonance shown in eq 7 raises the stability of 2 on
the electron acceptor, such as a nitro group.

The percentage of 1 increased in the following order of
solvents.

acetic acid < chloroform < benzene < methyl alcohol

< ethyl alcohol =~ acetone < pyridine (8)

We considered this effect as follows. The tautomeric equilibria
are influenced considerably by the ability of external hydrogen
bonds between each tautomer and suitable solvents; the
tautomers are stabilized to differing degrees by such bonds.
The hydroxy group (-OH) in 1 is capable of stronger hydrogen
bonding than the imino group (-NH-) in 2 in the proton-
acceptor solvents such as pyridine, acetone, and alcohols as
compared with benzene.15 The imino group (-NH-) in 2 is so
basic that 2 is more stabilized in the proton-donor solvents
such as acetic acid and chloroform than in the proton-acceptor
solvents.

The value r varied over a wide range depending on the sol-
vent. The proton-donor solvent (HA), chloroform, showed a
larger r value than benzene. The effect can be ascribed to the
stabilization of 1 by the solvation indicated in 5. On the other

B

HO @ ! =<:>=x*

hand, in the proton-accepting solvent (B) the resonance (6)
stands against that of eq 6, therefore the r value has become
smaller than on benzene.

Figure 5. Electronic spectra of 4-(4’-substituted-phenylazo)-1-
naphthols in (a) DMF and (b) Me;SO: — 4’-OCHj derivative; - - -
4’-CHj derivative; - - - H derivative; - - - - 4’-Cl derivative; - - - —- -
4’-NO; derivative.

The electronic spectra of 4-azo dyes in DMF and Me,SO
(Figure 5), respectively, possess the absorption band at com-
parably longer wavelength than those in the above mentioned
seven solvents. In particular the band appeared remarkably
well in DMF: 4’-OMe, 530 nm; 4’-Me, 532 nm; H, 535 nm;
4’-Ch, 550 nm; 4’-nitro, 654 nm. These bands may be ascribed
to the anionic form 7. Therefore we measured the spectra of

-0 @ N=N—©——X
@)
0 N&—@—x
©)

7

H and 4’-nitro derivatives (Figures 6 and 7, respectively,
supplementary material) in 50 vol % pyridine-water and 0.1
N NaOH (50 vol % pyridine-water) solutions in which the
phenolate ion was expected to be produced (pK,!€ of H de-
rivative is 9.7, 4’-nitro derivative 10.1). The absorption due
to tautomers 1 and 2 disappeared completely and a new peak
at longer wavelength (H derivative 510 nm; 4'-nitro derivative
625 nm) appeared. Similarly the band of longer wavelength
in DMF and Me3SO can be correlated with the band in 0.1 N
NaOH (50 vol % DMF-water) and 0.1 N NaOH-DMF solu-
tions (H derivative, see Figure 8 of supplementary material;

-



3886 J. Org. Chem., Vol. 43, No. 20, 1978

4'-nitro derivative, see Figure 9 of supplementary material),
and 0.1 N NaOH (50 vol % MeySO-water) and 0.1 N NaOH-
MeoSO solutions (H derivative, see Figure 10 of supplemen-
tary material; 4’-nitro derivative, see Figure 11 of supple-
mentary material). The remarkable red shift of the band of
the 4’-nitro derivative can be ascribed to the lengthening of
the conjugated system in the form 8. Thus, the 4-azo dyes

i
+
ol i D
o d
8

dissolved in DMF and MeySO are converted to the phenolate
ion (7) probably due to the high dielectric constant and high
basicity of the solvent. The discussion may be supported from
the absorption maximum of the electronic spectra (see Figure
12 of supplementary material) of 3 and 4 in DMF and Me,SO,
which are quite different from the spectra in Figure 5. The
longer wavelength absorption is not due to 1 or 2.

Registry No.—1 (X = OCH3), 3009-53-8; 1 (X = CHgy), 5098-99-7;
1 (X = H), 3651-02-3; 1 (X = Cl), 7252-64-4; 1 (X = NOy), 5290-62-0;
2 (X = OCHsy), 32159-06-1; 2 (X = CHj), 36853-51-7; 2 (X = H),
19059-71-3; 2 (X = Cl), 36853-56-2; 2 (X = NO,), 36853-60-8; 3,
24390-69-0; 4, 66881-37-6.

Supplementary Material Available: Figures 2, 3, and 6-12 of

Adam and Rucktaschel

electronic spectra of compounds mentioned in the text (9 pages).
Ordering information is given on any current masthead page.
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Photolysis and thermolysis of di-n-butylmalonyl peroxide (1) afford a-lactone 2 as a reaction intermediate. In a
nonprotic solvent such as benzene or n-hexane, the a-lactone 2 polymerizes to polyester 5, while in methanol or eth-
anol it is trapped nucleophilically in the form of a-alkoxy acid 3. Some of the a-lactone decarbonylates into 5-nona-
none (4), but only small amounts decarboxylate to give 4-nonene (12), presumably via its carbene. In the thermal
decomposition of the malonyl peroxide 1 in methanol and ethanol, a-lactone formation is competed for by solvoly-
tic reaction, leading to a complex product mixture of malonic half-ester 6 and its decarboxylated ester 7, , 3-unsat-
urated ester 8, a-hydroxy ester 9, malonic acid 10, and its decarboxylated acid 11. This solvolytic process predomi-
nates over a-lactone formation in the thermolysis of the malonyl peroxide 1 in ethanol.

Several years ago we communicated? that photodecarbox-
ylation of di-n-butylmalonyl peroxide (1) leads to a-lactones
2 as intermediates which can be trapped through their dipolar
form 2a with protic nucleophiles (eq 1). Subsequently, we
showed* that in a matrix isolated form these elusive reaction

0O 0 0
n-Bu 0 hw n-Bu ' n-Bu
—— O _ + _O
n-Bu [=C0]  p.Bu
) n-Bu
0 2a
1
0O
ROH n-Bu
OH (1)
n-Bu
OR
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intermediates can be preserved to enable infrared charac-
terization. By means of bis(trifluoromethyl) substitution at
the « carbon, it was possible to isolate a stable a-lactone by
discouraging formation of the dipolar form 2a through elec-
tronic destabilization.? Other papers on the chemistry of
malonyl peroxides include their vapor phase thermolysis® and
their solvolysis with primary and secondary alcohols.” In this
paper, we give a full account of the photo- and thermodecar-
boxylation of di-n-butylmalonyl peroxide.

Results and Discussion

When a 0.15 M solution of the malonyl peroxide 1 in ben-
zene or n-hexane is irradiated at 350 nm in a Pyrex vessel,
within 15-20 h its characteristic sharp carbonyl band at 1783
c¢m~!is replaced by a broad carbonyl band at 1740 cm™1. Re-
moval of the solvent by distillation at reduced pressure af-
forded a solid residue, mp 138.5-140.5 (benzene) and 146-
146.5 °C (n-hexane), identified as poly-8,3-di-n-butyloxi-
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