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Tlhe synthesis of antliraquinone-1.4-disulfenic acid (I1) is described.

and the second sulfenic acid to be isolated.

Sulfenic acids, generally designated as RSOH,
may be considered as the parent compounds of the
sulfenyl thiocyanates (RSSCN), sulfenyl halides
(RSCI), sulfenic acid esters (RSOR’) and the sul-
fenamides (RSNR;’). They have been suggested
to be hydrolytic scission products of disulfides!—5
and S-arylthiosulfuric acids,® while certain sul-
fenic acids have been proposed as intermediates in
the chemical or metabolic oxidation of thiols,’
participants in the photosynthetic processes of
plants8 and as possible intermediates in the oxida-
tion of proteins.® However, with the single ex-
ception of the isolation of l-anthraquinonesulfenic
acid (I) in 1912, all attempts to isolate other sul-
fenic acids in the anthraquinone, benzene or ali-
phatic series have been unsuccessful.’*'-1® In
this paper, we describe the synthesis of the corre-
sponding disulfenic acid (II) and discuss the pos-
sible significance of this in terms of the structural
requirements for the stabilization of the sulfenic
acid group.
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The synthetic sequence leading to II, as well as
the conversions effected in the present study, are
summarized in Fig. 1. The potassium salt of 1-
anthraquinonesulfonic acid (III) was converted to
1-chloroanthraquinone by the procedures of Scott
and Allen.?? Nitration of 1-chloroanthraquinone
according to the method of Eckert and Steiner®
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This compound represents the first disulfenic acid

yielded IV. Treatment of IV at reflux with so-
dium disulfide, in aqueous dioxane, yielded a brick-
red, high melting, nitrogen-free substance whose
structure has been established as that of V. In
the preparation of V, if solvent conditions other
than those specified were used, various mixtures
were obtained whose color and composition de-
pended upon the time of reflux, solvent, stoichiom-
etry, etc. The polymeric disulfide V is insoluble
in all solvents investigated and, therefore, could
not be freed of the usual impurities accompanying
reactions of this nature. The structure of V was
established by conversion to anthraquinone-l1,4-
disulfonic acid (IX), a previously reported coum-
pound.?? The disulfonic acid was then converted
to the also known 1,4-dichloroanthraquinone (X)
which, in turn, was reconverted to V by the same
procedures employed for the sequence IV — V.
The polymeric disulfide, prepared in this manner,
was of lighter color but otherwise identical in its
reactions and high decomposition point (> 360°)
to that prepared from IV. Conversion of IV to V
involves replacement of a nitro group (situated
ortho to a strong electron attracting substituent)
by a nucleophilic agent. Reactions of this type
are well known and the use of S— as the nucleophile
has been reported previously.?

Chlorinolysis of V, under anhydrous conditions,
employing aluminum chloride (formed n sifu)
catalysis,** gave 1,4-anthraquinonedisulfenyl chlo-
ride (VI) as balls of red needles from benzene.
Treatment of VI with anhydrous methanol in hen-
zene (trace of pyridine)? yielded dimethylanthra-
quinone-1,4-disulfenate (VII), which crystallized
as red, glistening needles from benzene and metha-
nol. When either VII or VI were treated with
boiling morpholine, the same dimorpholide (VIII)
was obtained. Compounds VI and VIII are
stable when pure. The dimethyl ester VII is
particularly stable and no precautions are required
for its storage. Compounds VI, VII, VIII and, as
previously noted V, were all converted in high
yield to IX by oxidation with moist chlorine.

Fries' accomplished the synthesis of l-anthra-
quinonesulfenic acid (I) by hydrolyzing the corre-
sponding methyl sulfenate with strong potassium
hydroxide solution, followed by the liberation of
the free sulfenic acid with acetic acid. The hydrol-
ysis of VII to 1,4-anthraquinonedisulfenic acid
(I1) was carried out similarly and, for comparative
purposes, the hydrolysis of methyl Il-anthra-
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quinonesulfenate to I was repeated.”® A compari-
son of the observations on the hydrolysis and prod-
ucts formed from methyl l-anthraquinonesul-
fenate and VII are recorded in Table I.

TaBLE 1

COMPARATIVE OBSERVATIONS ON 1-ANTHRAQUINONESUL-
FENIC ACID AND 1,4-ANTHRAQUINONEDISULFENIC ACID
I I

Methyl esters in ethanol Yellow Red
Dil. ethanolic soln. of free acids Orange Magenta
Aqueous soln. of potassium

salts Blue Blue
Acetone soln. of potassium

salts Green Green
Lead salts Blk. ppt. Blk. ppt.
Barium salts Green Green
Dil. aq. acetone soln. of barinm

salts Blue Blue
Crystalline form of acid from  Red microscopic Purple microscopic

acetone-water needles needles

Color change on heating above

100° Red — Yellow Purple — Brick-red

Though II was found to be stable to desiccation
(see following discussion) attempts at recrystal-
lization were always accompanied by the formation
of small quantities of bright red alkali-insoluble
material, which prevented the preparation of a
suitable analytical sample. As expected, also,
the product presumed to be the disulfenic acid (II)
was readily oxidizable. Thus, in dilute methanolic
solution, the characteristic purple color persisted
for about a week, slowly changing to a pale yellow;
and, in dilute base, the blue color of the potassium
salt persisted for many weeks before fading, if the
solution was kept in the dark and free of air. How-
ever, either the potassium salt or the free acid
were immediately destroyed if their alcohol solu-
tions were shaken with activated carbon (Norite).
When treated with moist chlorine, IT was converted
to IX.

The strongest evidence for the proposed struc-
ture for I1 was obtained by converting the purple
acid to the dimethyl sulfenate (VII). When II
was treated with anhydrous hydrogen chloride in an
inert solvent, followed by solution in absolute
methanol, the methyl ester VII could be regener-
ated in 47-65%, over-all yield from II. This con-
.version of the purple acid to the methyl sulfenate,
vig the sulfenyl chloride (VI), corresponds to the
like reactions of I, and we interpret this as un-
equivocal evidence that the oxidation state of the
purple acid is at the sulfenic acid level. The stabil-
ity of II, in the dry state and in the absence of air,
was confirmed by the finding that weeks after its
isolation it could be converted to the methyl sulfen-
ate in yields corresponding to those obtained when
freshly prepared acid was employed. Simply treat-
ing IT with methanol did not yield VII.

The barium salt of IT was obtained by treatment
of either the free disulfenic acid or its dimethyl es-
ter with barium hydroxide. When carbon dioxide
was passed through a dilute aqueous ethanol solu-
tion of either the barium or potassium salt of II,
the blue color faded to the red of the sulfenic acid.
The sodium salt, but not the barium salt, could

(26) The original work of Fries has been confirmed previously by

A. T. Fowler (see footnote 12 of ref. 18) and by W. Jenny, Hely. Chim.
Acta, 35, 845 (1952).
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then be regenerated by removing excess carbon
dioxide in vacuo. This would tend to place the
first ionization constant of II at between 10-% and
1072, The black amorphous lead salt of IT was
prepared easily by adding an acetone solution of IT
to an aqueous solution containing excess lead ace-
tate. The lead salt was insoluble in water and all
neutral organic solvents but dissolved readily if a
suspension of the salt in aqueous ethanol was acidi-
fied with acetic acid, to yield the color of the free
sulfenic acid, or when the solution is made alkaline
with potassium hydroxide, to yield the blue color of
the potassium salt.
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The reason for the stabilities of I and II, at least
so far as to permit their isolation, as contrasted to
the complete 1nstab1hty of 2- anthraqumonesulfemc
acid! (XI) and 4-amino-l-anthraquinonesulfenic
acid (XII)* as well as the apparent non-existence
of 1-luorenonesulfenic acid (XIII), is not evident.
Stabilization through hydrogen bonding of the acid
hydrogen to the carbonyl group of anthraquinone,?
or interaction of the sulfur with the carbonyl oxy-
gen,® do not appear to offer a complete explanation,
since XII and XTIII are not so stabilized. It appears
reasonable to suppose that, in addition to the inter-
action of the sulfenic acid group with the carbonyl
oxygen of anthraquinone, there is required for the
stabilization of the sulfenic acid grouping its attach-
ment to a highly electronegative carbon atom.2
Employing such a dual prerequisite for the stabiliza-
tion of the SOH group, the instability of XI would
be explained on the basis of the inability of SOH to
interact with the carbonyl group, while for XII and

(27) N. Kharasch, S. J. Potempa and H. L. Wehrmeister, Chem.
Revs., 39, 276 (1946).

(28) Similar reasoning can be used in the case of the selenenic acids,
where o-nitro or o-keto groups apparently are required for stability
(see ref. 27). Sulfenic acids are not stabilized by o-nitro groups, in

part due to the intermolecular oxidation of the sulfenic acid moiety and
reduction of the nitro group to yield aminosulfonic acids (see ref. 19).

I

Fig. 1.
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XIII instability could be ascribed to the decreased
positive nature of the 1-position as compared to
anthraquinone. This may be a logical argument,
since it is certain that a p-amino group would lower
the positive character or the 1-position of anthra-
quinone and the fluorenone nucleus is known to be
not as electron deficient as that of anthraquinone.®

Since IT is less stable than I but of greater stabil-
ity than XII, the above reasoning suggests that the
p-SOH group is electron releasing but not to such a
degree as the p-amino group. From the known
properties of the p-sulfhydryl and p-hydroxyl
groups, this would appear to be a logical supposi-
tion. Semi-quantitatively, the electron releasing
characteristics of the -SOH and -SOCH; groups
may be determined through their effect on the visi-
ble absorption spectra of anthraquinone. A com-
parison of the visible spectra of I and II and their
esters with those of other anthraquinones substi-
tuted in the 1- and 1,4-position is given in Table
II.* The order of increasing values of ¢ for the
monosubstituted compounds may be seen to be
NH, > SOCH; = OH > OCH; > SOH > CH; >
Cl > CN >NO, suggesting that the SOH group is
but weakly electron releasing whereas the SOCH;
group has about the same electronic characteristics
as a hydroxyl group. For the 1,4-disubstituted
compounds the ability of the SOCH; and SOH radi-
cals to release electrons to the anthraquinone nu-
cleus would appear not to be that of the amino
group, since, although the spectrum of VII is charac-
terized by two bands in the visible, they are consid-
erably hypsochromic to those of 1,4-diaminoanthra-
quinone and the value of e for VII is not twice that
of I. As in the monosubstituted compounds the
SOCHj; group would appear to be a stronger elec-
tron repelling group than the SOH group. Thus,
the spectrum of II is characterized by only one peak
in the visible, and the value of e for II is smaller
than that for VII.

On the basis of spectral evidence alone, it would
appear that in accordance with the hypothesis pre-
sented above, the 1- and 4-positions of II are more
positive than the 1-position of XII but less positive
than the 1-position of I. As an extension of the
present work, a study of the stabilities of a series of
anthraquinone-1-sulfenic acids substituted with
various groups in the 4-position is desirable as a
further test of the hypothesis.

(29) H. Adkins, R. M. Elofson, A. G. Rossow and C. C. Robinson,
THis JoUuRNAL, 71, 3622 (1949).

(30) R. H. Peters and H. H. Summers (J. Chem. Soc., 2101 (1953))
consider the position of the visible band of anthraquinone to be pre-
dictably related to the electronic properties of the substituent in the
1-position. It appears to us that a better correlation is obtained
by considering the molar extinction coefficients. Thus, for sub-
stituents in the l.position the order of increasing bathochromic
effect is: ~NHy > Cl = CN = CHas > OH > OCHj > NOs, while the
increase in the molar extinction follows the more reasonable order
NHy > OH > OCHs > CHs > Cl1 > CN > NOs. The arguments pre-
sented herein on the electronic characteristics of the SOH and SOCH;
groups remain the same regardless of whether the position of the bands
or the molar extinctions are considered. Peters and Summers (ref. 30)
point out that, in the case of the substitution of identical, strongly
electron releasing groups in the 1- and 4-positions of anthraquinone,
two peaks are noted in the visible region with a molar extinction coef-
ficient twice that observed for the similarly monosubstituted com-
pound.
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TaBLE II

A COMPARISON OF THE VISIBLE SPECTRA OF SULFENIC ACIDS
AND THEIR ESTERS TO THOSE OF OTHER ANTHRAQUINONES

Substituents Amax e
Hydrogen® 410 60
1-NO;* .. .
1-CN* 417 70
1-C1° 415 100
1-CH® 415 150
1-OCH;? 378 5,200
1-OH® 402 5.500
1-SoH® 460 4,700
1-SOCH,® 455 5,500
1-NH;* 475 6,300
1.4-(SOH); 524 5,100
1.4-(SOCH,) 520 6,400

545 7,000
1.4-(NHp)" 596 13.800
554 13,400

@ Data of Peters and Summers, see footnote 30; solvent
methanol. & Solvent chloroform. ¢ Solvent acetone.

Experimental

Poly-1,4-dithioanthraquinone (V).—1-Chloro-4-nitroan-
thraquinone (IV) was recrystallized several times from
chlorobenzene and then from equal volumes of hot dioxane
and ethyl acetate, m.p. 262° (lit.2 259°). The so purified
IV (4.40 g., 0.0153 mole) was suspended in 400 ml. of a good
grade of dioxane (Fisher Certified) to which was added 0.512
g. (0.0157 mole) of sulfur, The solution was brought to a
boil when 3.84 g. (0.0238 mole) of sodium sulfide nonahy-
drate dissolved in 80 ml. of dioxane and 160 ml. of water
was added. The reaction mixture was heated under reflux
for 5 hr. when the amorphous, brick-red precipitate of V was
immediately collected and washed with large quantities of
hot dioxane, water and acetone and dried at 80° (3.2 g.,
77%), m.p. > 350°.

Because V was completely insoluble in all solvents, it
could not be freed from silicate and other contaminants,
and analyses were not performed. The compound was iden-
tified, however, in the manner given under preparation of
IX and X.

1,4-Anthraquinone Disulfenyl Chloride (VI).—V (2 g.,
0.0074 mole) was suspended in 100 ml. of chloroform in a
flask fitted with side arm, gas inlet tube and condenser for
downward distillation. One-half of the solvent was re-
moved by distillation and a small piece of clean aluminum
foil added. Into the cooled solution there was passed a
stream of dry chlorine. After 3 hr., the flask was tightly
stoppered and set aside at room temperature for at least 12
hr. After refrigeration for an additional several hours, the
product was collected, washed with dry ether and the small
pieces of unreacted aluminum picked out. The product
(2.2 g., 87.5%) was used without further purification in the
preparation of VII, VIII and IX.

For analysis the sulfenyl halide was recrystallized to con-
stant melting point from anhydrous benzene and dried at
130° over PyO5 at 1 mm., m.p. 270°.

Anal. Caled. for CluHsSCLO:: C, 49.4; H, 1.77; S,
18.8. Found: C, 49.57; H, 2.01; S, 18.15.

Dimethyl 1,4-Anthraquinonedisulfenate (VII).—Two
grams (0.0059 mole) of VI was suspended in 250 ml. of ab-
solute methanol, and there was then added 150 ml. of an-
hydrous benzene and 1 ml. of dry pyridine. The mixture
was then brought to a boil when all but a trace of the solid
material dissolved. The flask containing the reaction
mixture was tightly stoppered and set aside for two days.

The reaction mixture was brought to a boil for a few min-
utes, a small amount of activated carbon (Norite) added,
boiling continued for 5 min. when the red solution was fil-
tered and concentrated to one-half volume. After several
hours, long red needles begin to form. At this time the re-
action mixture was chilled for 12 hr. and the product col-
lected. In this manner there was obtained 1.0 g. (51%)
of VII, m.p. 176-179°. For analysis the product was re-
crystallized several times fromn a mixture of benzene and



June 20, 1957

methanol and dried at 100° for 2 hr. over P:0s at 1.0 mm.,
m.p. 189-190°.

Anal. Caled. for C15H120432: C, 57.81;
19.30. Found: C, 58.1; H, 3.81; S, 19.45.

1,4-Anthraquinonedisulfenyl Morpholide (VIII).—Either
VI or VII when boiled for a short time in a small volume of
morpholine dissolves, and on cooling, red-brown needles
of the dimorpholide are deposited. After collecting and
washing with hot ethanol and benzene the product was
found to sinter at 271° and not to melt below 300°, though
decomposition was complete. For analysis the compound
was recrystallized from pyridine (charcoal) several times
(melting characteristic unchanged) and dried at 100° for 12
hr. over P;Os at 1.0 mm.

H, 3.64; S,

Anal. Caled. for CuH2208:N2: C, 59.9; H, 5.01; N,
6.34; S, 14.49. Found: C, 59.91; H, 5.21; N, 6.33; S,
14.14.

1,4-Anthraquinonedisulfenic Acid (II).—The disulfenate
ester VII (0.5 g., 0.0015 mole) was suspended in 20 ml. of
absolute ethanol which was brought to a boil and 1.0 ml.
of 33% aqueous potassium hydroxide (0.006 mole) added.
Boiling was continued for 4 min. when 100 ml. of hot dis-
tilled water was added. The resultant clear blue solution
was then quickly chilled, filtered and the filtrate made weakly
acid with acetic acid. The purple coagulant was collected
and washed with a large quantity of cold water. The
moist precipitate was then taken up in cold acetone, the
deep magenta solution filtered, and to the filtrate there was
added water until the solution became just slightly cloudy.
The solution was then refrigerated and water added very
gradually until precipitation was completed. In this
manner the acid II was obtained as purple microscopic
needles (0.1 to 0.12 g., 22-269,). When heated above 100°
11 turned from purple to yellow.

Additional recrystallizations from acetone always resulted
in the formation of small amounts of alkali-insoluble material.
No other solvent was found that was better for recrystalli-
zation than acetone and an analytical sample could not be
prepared.

The Stability of II and the Conversion of II to VII.—An-
hydrous chloroform (100 ml.) previously saturated with dry
hydrogen chloride at 0° was added to 118 mg. (0.00039
mole) of dry II and the reaction mixture allowed to set at 0°
for 12 hr. All the solvent was then aspirated off, and to the
dry residue there was added 100 ml. of anhydrous methanol
and 1 ml. of dry pyridine. The flask was then warmed toa
boil and set aside for 12 hr. The methanolic supernatant
solution was decanted and the residue taken up in 50 ml. of
hot, anhydrous benzene. The benzene and methanolic
solutions were then combined and allowed to cool. After a
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few hr. the precipitation of a high melting amorphous mate-
rial (ca. 40 mg.) was complete. This substance was re-
moved and the filtrate concentrated to 100 ml. and set aside.
The characteristic crystals of the diester soom appeared.
These were collected and the filtrate concentrated in turn
to 50 and 25 ml., respectively, the crystalline ester being
removed each time. In this fashion there was obtained a
total of 60-70 mg. of VII, m.p. 176-179° (47-559%, yield
from II). The melting point was ideutical to that of VII
as obtained from the reaction of VI and methanol, and on
recrystallization several times from benzene and methanol
the melting points were found to be between 185-188° which
is very close to that of the analytical sample of VII (no
mixed melting point depression with an authentic sample
of VII).

This procedure was carried out on samples of the sulfenic
acid prepared a month in advance with no appreciable dif-
ference in yield of VII if II were kept in a desiccator under
refrigeration.

1,4-Anthraquinonedisulfonic Acid (IX) and 1,4-Dichloro-
anthraquinone (X).—The disulfonic acid IX was obtained
in good yield when either V, VI, VII or II was suspended in
200 volumes of 909, aqueous acetic acid which was then
saturated, in the cold, with chlorine gas. The reaction mix-
ture was filtered and allowed to set for 10 hr. when the white
to yellow needles were collected. The crude acid is best re-
crystallized from 90% acetic acid, m.p. 269-269.5° (lit.2*
264-265°). The crude yield from 0.4 g. (0.0015 mole) of V
was 0.41 g. or 759, of theory (m.p. 263-264°).

Anal. Caled. for CHsOsS:-H:0: C, 43.52; H, 2.61;
S, 16.60. Found: C, 43.61; H, 2.85; S, 17.47.

The disulfonic acid could be converted to 1,4-dichloro-
anthraquinone by the usual procedure,® m.p. 190° (lit.2
186.5°). When the dihalide, so obtained (0.531 g., 0.0019
mole), was treated in the same manner as in the preparation
of V from 1V, the polymeric disulfide was obtained (0.52 g.,
1009, yield), m.p. > 360°.

Absorption Spectra.—These were determined with a
Model DU Beckman spectrophotometer. Extinction co-
efficients were calculated from spectral measurements made
with ~107% molar solutions; the maximum absorbances
were all between 0.5and 0.8. The solvents employed are as
noted in Table II,
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1,2-Dimethylanthraquinone and some related alkyl substituted anthraquinones have been examined from the standpoint

of polarographic and chemical reduction and controlled potential electrolysis,

The effectiveness of alkyl substitution in

lowering the negative potential is: o > 8, dimethyl > monomethyl, six-membered ring > five-membered ring and 1,2-

dimethyl > six-membered ring. The a-substituted anthraquinones show evidence of oxanthrol isomerization.

It is sug-

gested that 1,2,9,10-tetramethylanthracene behaves as a crowded molecule from the standpoint of preparation and properties.

It is known that 9,10-dihydro derivatives of 1,2-
dimethylanthracene are very resistant to aromati-
zation. For example, compound II resists demeth-
oxylation and does not yield 1,2,9,10-tetramethyl-
anthracene (I) even after shaking for six days with
sodium powder in ether.! On the other hand, 9,10-
dimethylanthracene is obtained in good yield from

(1) G. M. Badger, J. W. Cook and F. Goulden, J. Chem. Soc., 16
(1940).

the corresponding dimethoxy compound. Again,
compound III does not undergo dehydrogenation to
yield I, whereas 9,10-dihydroanthracene 1s smoothly
transformed into 9,10-dimethylanthracene with
sulfur at 230°.2

In contrast to this behavior it is known that com-
pound I tends to lose aromaticity and to revert to
the 9,10-dihydro state. For example, I has been

(2) G. M. Badger, F, Goulden and F. L. Warren, ibid., 18 (1941).



