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It seems opportune at this time to give a general survey of the reac
tions of sulfur recently published, special emphasis being accorded to 
those found in the patent literature. We should like, in this respect, to 
restrict ourselves to reactions undergone by aliphatic compounds or 
groups. Reactions between sulfur and the aromatic ring (e.g. phenol or 
aniline) are therefore not considered; the dehydrogenation of cycloali-
phatic compounds introduced by Ruzicka in 1921 has already been re
viewed (1). The important problem of the vulcanization by sulfur of 
rubber or unsaturated polymers generally, the mechanism of which re
mains unelucidated, is merely touched upon, and in some reactions a 
possible explanation of the vulcanization is alluded to. 

We ourselves have also discovered fresh information concerning the 
action of sulfur on alkylated heterocycles. These results appear to link 
individual findings of various investigators, and may at the same time 
be of interest in relation to the largely similar course taken by the ac
tion of sulfur on organic compounds. 

The Development of the Wil lgerodt Reaction 
The best-known reaction between sulfur and methylene or methyl 

groups involving dehydrogenation or oxidation, is the so-called Will
gerodt reaction (2,3,4)- This consists in heating predominantly aromatic 
aliphatic ketones with an aqueous sulfur-ammonium sulfide solution in 
an autoclave (usually) above 2 0 0 ° . Carboxylic acids and their amides 
containing the same number of carbon atoms as the starting ketones are 
obtained. The reaction always proceeds, in effect, as though only the 
methyl group were oxidized to a carboxylic acid group, and the keto 
group simply converted into a methylene. 

A r - C O - ( C H a ) n- C H , + ( N H 4) , S X -f H . O —•> 

A r - ( C H a) n + 1- C O O H 

It was reasonable to expect that particularly those araliphatic ketones 
which can only be oxidized at one end should be conducive to a uniform 
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reaction course. Willgerodt, however, has already referred to the facile 
oxidation of enanthole to enanthic acid with ammonium sulfide (5). This 
reaction only illustrates the preferential attack by sulfur directly on the 
comparatively readily oxidized aldehyde group. Willgerodt proved con
clusively that not only are oxidation processes in the Willgerodt reaction 
coupled with reductions, but that these can occur separately and are at
tributable to the hydrogen sulfide. The reducing action of hydrogen sul
fide under the reaction conditions prevailing becomes clearly visible in 
the action of colorless ammonium sulfide on ketones; large quantities of 
hydrocarbons and thiophene derivatives are obtained together with acids 
and amides. 

A r - C - C H j + H , S — • A r - C H , - C H 3 + A r - C CH -f 

O H H N jk-Ar 
S 

A r - C C - A r + A r C H . C O O H 

s 

The acid and thiophene derivatives formed in this reaction are due to 
the oxidation products of hydrogen sulfide and their yields can conse
quently be lowered by the increased addition of the latter compound. 

In its original form, i.e. the action of ammonium sulfide solution on 
araliphatic ketones under pressure at approximately 200°, the Willgerodt 
reaction found certain applications (see refs. 3,4,6). Extension of the 
reaction was hampered by the (usually) modest yields of carboxylic 
acid. The use of water-miscible organic solvents such as dioxane or pyri
dine increased the yield of acid and lowered the reaction temperature to 
around 160°; this resulted in the decreased formation of by-products 
(6). In this ameliorated form, the Willgerodt reaction found wider ap
plication (3,7) (Example 1). Aliphatic ketones could now also be con
verted into carboxylic acids in a yield of 58%, though lower yields are 
generally the rule (7-11). In this class also, good yields are only ob
tained if one side of the ketone is oxidized less readily or not at all. 

( C H 8) s = C - C O - C H , + S H' ° > ( C H , ) , = C - C H a- C O O H 

<^jfT)-C-CH, + S H,°> < ^ r > - C H , - C O O H 

O 

Whereas Fieser and his co-workers (6) also report the simultaneous 
formation of hydrocarbons in this example of the Willgerodt reaction 
(Example 2) , Carmack and his collaborators no longer refer to it (7). 
The latter workers, however, used a larger excess of sulfur in the oxida
tion, whereby the reduction is probably largely suppressed. 
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It is interesting to note moreover, as already mentioned by Will
gerodt, that in the action of large quantities of sulfur or ammonium 
polysulfide on araliphatic ketones, the keto group may be oxidized as far 
as benzoic acid. 

A substantial modification of the Willgerodt reaction was devised by 
K. Kindler. He proceeded from an observation of Wallach (12,12a) that 
the action of sulfur above 180° on methylene groups adjacent to aryl 
groups, such as found, for example, in p,p'-tetramethyldiaminodiphenyl-
methane or even in benzylamine, results in their conversion to thiocar-
bonyl groups, thus forming thioketones from the former and thioamides 
from the latter. Kindler oxidized a series of benzylamines to thioacid 
amides (13,14) (Example 3) . He assumes the formation of Schiff bases 
as intermediates in the reaction between benzylamines and sulfur and 
conclusively demonstrates the ready conversion of these bases into thio
amides by means of sulfur (13). 

The trimeric Schiff bases of formaldehyde, existing as 1,3,5-trisubsti-
tuted hexahydro-s-triazines are correspondingly converted by sulfur into 
1,3-disubstituted thioureas (14a)-

H , C C H , S 
| | - — * R N H - C - N H R + C S t R_N\ /N"R I 

C H , 

An exception occurs in the case of the stable monomeric azomethines 
of tertiary alkylamines, which are converted into mustard oils on sul-
furization (14o). 

Alk Alk 

1 s l 
A l k - C - N = C H , — • A l k - C - N = C = S 

i l k Alk Not only Schiff bases, but aldehydes and ketones generally, undergo 
this reaction in the presence of primary and secondary amines or dry 
ammonia. Since the reaction takes place under anhydrous conditions, 
the thioacid amides are invariably obtained. This variant of the Will
gerodt reaction has become generally known as the Willgerodt-Kindler 
reaction. The reaction is carried out at a maximum temperature of 180°. 

Kindler's theoretical interpretation of the reaction, even if this does 
involve the initial attack of the nitrogen by sulfur, scarcely merits dis
cussion today; the Willgerodt-Kindler method has nevertheless acquired 
great preparative significance and has been thoroughly developed (15). 
Morpholine is usually chosen as the hard-to-oxidize (16) amine com-
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ponent, and the reaction proceeds at atmospheric pressure (15) (Ex
ample 4) . The yields of thioamide amount to a maximum of 75%. 
Aliphatic ketones like methyl nonyl ketone may also be successfully sub
jected to the Willgerodt-Kindler reaction (8). It was even found pos
sible to convert compounds as readily substituted in the ring as salicyl 
aldehyde into thioacid amides (17). Thermolabile furyl ketones, e.g. 2,5-
dimethyl-3-furyl methyl ketone, could be converted into the thioamides 
at 100-110°, though the yields (10-27%) were rather modest. As antici
pated, diketones are converted into dicarboxylic acids (17a). The 
Kindler method allows the surprisingly ready conversion of 1,3,5-tri-
acetylbenzene into a 75% yield of benzenetriacetic acid (18) (Example 
5) . 

The oxidation of benzylamines to thiobenzamides (12) is still one of 
the most convenient methods of synthesizing N-substituted thiobenz
amides. It was subsequently more thoroughly developed by McMillan 
(19). Kindler's restricting the attack by sulfur to benzylamines only, 
though allowing its possibility in the case of, e.g. N-dimethylbenzylamine 
accompanied by the loss of one methyl group, has proved incorrect. 
Purely aliphatic amines also react readily on heating with sulfur to give 
thioamides, as was first indicated in the patent literature (20) (Example 
6). The reaction proceeds readily in boiling pyridine at atmospheric 
pressure. 

The oxidation of dibutylamine to N-butylthiobutyric acid amide 
proved to be the starting point of a more thorough elaboration, by us 
and by others, of oxidations effected by means of sulfur. When tested 
against tuberculosis in the laboratory of Prof. Domagk in Elberfeld, 
N-butylthiobutyric acid amide showed a specifically high tuberculostatic 
activity of 1:10 million. Even in Tb strains resistant to isonicotinic acid 
hydrazide, an activity of 1:1 million was still exhibited. Clinical use of 
the compound is unfortunately out of the question because of its exces
sive toxicity. 

p-Nitrobenzylaniline with its highly active methylene group can be 
dehydrogenated to the Schiff base with sodium polysulfide at around 
100°. p-Aminobenzaldehyde is obtained, as was already known in 1897 
(21) (Example 7) . 

The Mechanism of the Wil lgerodt Reaction 
The mechanism of the Willgerodt-Kindler reaction resisted numer

ous investigations. Even though it has not yet been elucidated in all its 
details, its major steps are known with some degree of certainty. 

The old concepts of Kindler whereby a phenyl group migrates dur
ing the course of the reaction with sulfur are no longer considered a 
serious interpretation, since no definite indication has been observed of 
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the isomerization of a ketone during the oxidation. Willgerodt's older 
hypothesis, i.e., that the oxidation of the methyl group, e.g. in aceto-
phenone, is preceded by the reduction of the keto group, is equally im
probable as the corresponding hydrocarbons will not, or hardly, react 
under the prevailing reaction conditions. 

When advancing a mechanism, it must be borne in mind that no 
isomerization occurs during the oxidation, and furthermore, that ketones 
differing only in the position of the keto group yield identical oxidation 
products (9). It must also be remembered that ketones in which the car-
bonyl group is adjacent to a phenyl ring and which contain a quaternary 
carbon atom give hydrocarbons exclusively and no carboxylic acids (22). 
De Tar and Carmack (9) believe that a reactive group—probably the 
amino group—migrates along the hydrocarbon chain during the course 
of the Willgerodt-Kindler reaction, via addition to triple bonds. The 
observation, reported almost simultaneously by McMillan (10) and 
Carmack (9,11,23,24,25) that olefins and acetylenes (Example 8) are 
also converted into thioamides or acids under the conditions of the 
Willgerodt reaction, supports the assumption of the presence of olefins 
or acetylenes as intermediates. On the other hand, the same authors 
point out that lower yields are obtained from the Willgerodt-Kindler 
reaction undergone by phenylacetaldehyde and /?-phenylpropionaldehyde 
than by acetophenone and propiophenone, respectively. It is concluded 
from this fact that it is not merely a case of a carbonyl group's migrat
ing along the carbon chain. It must, however, also be considered that a 
high initial concentration of mutually reactive aldehydes is conducive 
to side reactions of a different type. In argument against the intermediate 
formation of acetylenes, the fact is adduced that branched ketones in
capable of possessing a migrating triple bond can also be oxidized by 
sulfur (26), though the yields are, to be sure, exceedingly small. 

(The ketone can be degraded further, resulting in a shortening of the 
chain, an observation already noted by Willgerodt (26,27) at the com
mencement of his work.) The degradation of a methyl ketone group as 
far as a carboxylic group has also been reported by other workers (15). 

The oxidation of a branched ketone appears to contradict the migra
tion of a carbonyl group along the chain; it also does not support the in
termediate formation of olefins, for in this case the poor yield would 
scarcely be comprehensible. More probably, the oxidation can proceed 

o C H 3 
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via several mechanisms, one of which involves the olefin stage. It would, 
however, appear that an intermediate devoid of the possibility of migra
tion along a branched carbon chain does provide a substantial contribu
tion to the reaction. 

McMillan (22,28) assumes that the reaction starts with the addition 
of H2S to the keto group, followed by dehydration to a thioketone, the 
latter's reduction to a mercaptan, elimination of hydrogen sulfide to an 
olefin, renewed H2S addition which can now proceed in two directions 
(to give isomeric mercaptans), again elimination of H2S to give two 
isomeric olefins, and so on. The thiol group thus migrates along the 
whole aliphatic chain, including a carbon atom linked to only one hy
drogen. The primary mercaptan finally obtained is dehydrogenated to 
the thioaldehyde and the latter irreversibly converted into the dithio-
carboxylic acid; this last step may also involve stabilization to the thio
acid amide or acid amide. Except for the conversion of the thioaldehyde 
into the thioacid amide, all the transformations are equilibrium reac
tions. It is understandable that this cycle of equilibria results in low 
yields in the case of compounds containing long carbon chains, since 
side reactions such as sulfide, or hydrocarbon formation interrupt the 
reaction sequence. 

C H , C H , 
i - H , O I + H 2 S - S 

A r C - C H 2- C H - C H , + H 2S < > A r C - C H 2- C H - C H , <• > 

o s 
C H , C H , 
I ' - H , S ! + H , S 

Ar C H - C H j - C H - C H , < > A r C H = C H - C H - C H , 2 = z ± 
I 
S H 

C H , C H , 
I - H 2 S i + H 2S 

A r C H 2- C H - C H - C H , < > A r C H 2- C H - C - C H , < > 

S H 
C H , C H , 
I - H 2 S I + H , S 

A r C H j - C H j - C - C H a ^ z z z z t A r C H , - C H , - C - C H , < > 
I 
S H 

C H , C H , 
I + S - H 2 S I 

A r C H 2- C H 8- C H - C H 2S H < > A r - C H 2 - C H 2 - C H - C H = S 

C H , C H , 
+ S I + H , 0 I 

A r C H 2- C H 2 - C H - C = S < > A r C H 2- C H t - C H - C - O 

S H O H 

H N ( R ) 2| J , 

C H , 
I 

A r C H 2- C H , - C H - C - N ( R ) 2 

S 
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The reversible conversion of the secondary mercaptans into thio-
ketones, possible at every step, is not included in the scheme. Nor is the 
formation of disulfides, which can be isolated in the careful reaction 
between sulfur and olefins, taken into account. They represent, in our 
opinion, labile compounds which will readily undergo further reaction 
without thereby being true intermediates. Other workers ascribe an im
portant role to these disulfides in the reaction course (29). 

A large number of observations is compatible with this reaction 
mechanism. Thus in the reaction of olefins, e.g. the oxidation of iso-
butylene to isobutyramide by means of sulfur, polysulfides are detected 
which could have been produced by the action of sulfur on thiols and 
which can be converted further into the thiocarboxylic acids (29). The 
reduction of a keto group by hydrogen sulfide to give a methylene group 
has been proved in various ways. Similarly, benzophenone can be re
duced to diphenylmethane by hydrogen sulfide in the presence of morpho-
line; this reaction proceeds via the thiol compound, as is evidenced by 
the isolation of disulfides (30). The reduction of benzophenone to di
phenylmethane with hydrogen sulfide is merely the reverse of the oxida
tion of tetramethyldiaminodiphenylmethane with sulfur to the thioben-
zophenone derivative (31) (Example 9). Hydrogen sulfide itself need 
not be used, but can be replaced by a compound which generates hy
drogen sulfide by reaction with sulfur, e.g. morpholine. The ready re-
ducibility of the keto group is also shown by the notable yields of hydro
carbon (observed by Willgerodt in his original work) resulting from the 
reaction between araliphatic ketones and colorless ammonium sulfide, 
which contains hydrogen sulfide from the very beginning. Ammonium 
polysulfide reduces cyclohexanone to cyclohexanethiol (32). The straight
forward conversion of thiols (present as intermediates) into thiocar
boxylic acids has been confirmed experimentally by McMillan (33). 

Newer Views Regarding the Course of the Reaction 
In spite of these empirical observations, we do not believe this last 

route, commencing with the reduction of the carbonyl group, to be a 
completely true representation of the Willgerodt-Kindler reaction. Facts 
still to be discussed show that a methylene group—adjacent to a car
bonyl group—reacts with exceptional readiness, even at room tempera
ture, with sulfur to form a thiol group (see the Asinger reaction). It ap
pears probable, therefore, that the primary attack takes place at the 
particularly reactive methylene group. This is followed by oxidations 
of the mercaptan, partly to the labile disulfide, but especially to the 
thioketone, accompanied by the formation of H2S. The latter is then in 
a position to reduce the carbonyl group to a methylene group. The re-
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newed attack by sulfur can then take place at an activated methylene 
group once again. The oxidation-reduction cycle proceeds by a sequence 
of equilibrium reactions up to the end of the chain, when a dithiocar-
boxylic acid is irreversibly formed. The mechanism proceeding most 
readily would be that via olefins, accompanied by the formation of 
mercaptan intermediates to but a limited extent. This explains why 
branched ketones can be oxidized, though only in very low yields. The 
observation by Dauben and Rogan that araliphatic ketones containing a 
sterically hindered carbonyl group undergo a Willgerodt reaction without 
attack on the keto group (34), is also consistent with this reaction 
mechanism. 

C H . C H . 

/ o / o s 
CH»"~<vZV~̂ ~CH» + S + H N ^ \ ) HaC-^^-<!J-(!J-N^ 

C H , C H , ( A ) 
C H , 

H , C - ^ ^ - d : - ( C H 2 ) n C H , + S + H N ^ O — > 

C H , n - 1 - 2 
C H , 

/ o 
H 3 C - < ^ ^ - C - ( C H 2 ) n - C - N ^ ^ O 

\ S 
C H , n - 1 - 2 

(B) 

The oxidation of mesityl methyl ketone, involving the retention of 
the keto group (Eq. A) does not allow the intermediate formation of an 
olefin. In the case of higher ketones (Eq. B ) , the possibility of the in
terim formation of unsaturated compounds does exist. 

On the basis of their own findings in connection with the Willgerodt 
reaction, Dauben and Rogan also advocate a primary attack by sulfur 
on the methylene group adjacent to the keto group. 

Barrett (35) has also been able to showT recently that when the Will
gerodt reaction is applied to simple araliphatic ketones, e.g. propio-
phenone, the terminal methyl group is partially converted into a carboxyl 
group without attack on the carbonyl group. 

C « H , - C - C H , - C H , + S + H N ' O - + C , H 6 - C - C H 2 - C - N ' O + 

6 — 7 6 s 
C H ^ - C H J - C H J - C N 7 \ > 

s / 

It was found possible to increase the quantity of oxothiomorpholide 
compound in the Willgerodt reaction by eliminating the reducing effect 
of the hydrogen sulfide produced during the course of the reaction, e.g., 
by the addition of nitrobenzene. Similarly, if the reaction is carried out 
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in an open vessel, fewer reduction products, i.e. true Willgerodt reaction 
products, are obtained compared to a reaction effected under pressure. 
Barrett was also able to accomplish the reduction of the oxothiomorpho-
lides by means of hydrogen sulfide, though only in the presence of sulfur. 
He nevertheless rejects a definite intermediate formation of oxothio-
morpholides on the grounds that the reduction of the ketones by hydrogen 
sulfide does not proceed sufficiently rapidly. He restricts his conclusions 
himself, however, by pointing out that the conditions during the Will
gerodt reaction are different. 

The above-mentioned theory of the course taken by the Willgerodt-
Kindler reaction has been repeatedly supported experimentally. The 
formation of phenylacetaldehyde when acetophenone is subjected to a 
Willgerodt-Kindler reaction (28) agrees well with the theory. The action 
of ammonium polysulfide on a,/?-unsaturated acids, e.g. cinnamic acid, 
results in the formation of saturated carboxylic acids containing one 
carbon atom less in the chain (36). Carmack and his collaborators do not 
actually explain the course of the reaction in detail, but this result is 
readily accounted for by the addition of hydrogen sulfide to the double 
bond followed by the oxidation to a /?-keto or thioketo acid and decar
boxylation of the latter. The thioketone obtained is further oxidized to 
the acid and reduced. Finally, Bible (37) actually detected the inter
mediate with a shifted carbonyl group required by the theory, in the 
Willgerodt-Kindler reaction of a complex ketone. 

R C - C H t - C H , + S + H N ^ J ^ O — > 

O 

R - C H j - C - C H , - f R - C H 2 - C H , - C - N ( )o 

o s 
Furthermore, it is found that compounds deuterated at the position 

P to the keto group lose almost all their deuterium during the Willgerodt 
reaction (38). 

Naylor and Anderson assumed that in the Willgerodt reaction involv
ing olefins, the disulfide intermediates mentioned earlier are formed (29), 
and that these then react further via trithiones. The disulfides can then 
only be reversibly fissionable oxidation by-products of the thiols. No 
trithione intermediate is possible in the case of styrene. 

The cyclic ketone a-tetralone reacts with morpholine and sulfur to give 
/?-morpholinenaphthalene in 30% yield (39,40). The reaction appears 
to be extremely involved. In our opinion, /?-thiophenol could be formed 
as an intermediate which could then undergo a Bucherer reaction to give 
the morpholinenaphthalene. 

Unsymmetrical aliphatic ketones react with sulfur to give predomi-
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nantly carboxyl groups, formed by attack on the end of the shorter chain. 
Labelling of one chain end with C 1 4 and subsequent Hoffmann degradation 
of the acid amide revealed the proportion of acid formed by attack on 
either side of the keto group (41). 

In all the reactions with sulfur, amines or ammonia may convert the 
sulfur into a particularly reactive form via polysulfide intermediates, as 
found in the case of vulcanization of rubber by sulfur. Whether the 
basicity of the amine therefore plays an important role is rather doubtful 
(see below). 

Trithiones 
The reaction between sulfur and compounds of structure — C H = C H 

—CH 3 is related to the Willgerodt reaction and was not discovered until 
60 years after the latter. Even though H. Erdmann (42) believed he had 
obtained thioozonides from the reaction of sulfur and linalool as early as 
1908, it was not until 1940 that B. Bottcher (4$) succeeded in isolating 
well-defined, pure products. Bottcher and Luttringhaus were able to 
elucidate the constitution of the reaction products in the case of a large 
number of simple arylolefins (44~48)-

Unlike the Willgerodt reaction, the synthesis of the trithiones pro
ceeds in the absence of amines (no mention is made in the literature 
concerning a probable catalytic effect of small quantities of tertiary 
bases). The olefins subjected to the action of sulfur (approximately 1 hr 
at 220°) are chiefly araliphatic compounds containing a methyl group 
adjacent to the double bond. 

A r - C H - C - C H , + 5 S — > A r - C = C - R + 2 H , S 
I 1 1 

R S N XC = S 

S 

The fact that anethole and estragole yield the identical trithione (Ex
ample 10) is of particular significance in terms of the reaction mechanism. 
The position of the double bond in the araliphatic olefin is consequently 
of no importance. Olefins only give trithiones when the carbon adjacent 
to the aryl group carries hydrogen, whereas the second carbon atom can 
be substituted by any group whatever. It is not known whether the sub
stitution of the carbon a to the phenyl group at elevated temperatures is 
capable of effecting a conversion to saturated reaction products. 

According to Luttringhaus, the initial attack in the formation of the 
trithione appears to be restricted to the extremely reactive allyl group, 
which is oxidized to the dithioacid via the thiol. Luttringhaus and Bott
cher consequently assume that also in the Willgerodt reaction, an acti
vated methyl or methylene group is initially attacked. The next step is 
less clear. Addition of hydrogen sulfide can occur, but only one isomer 
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can be detected via dehydrogenation to the five-membered ring as a 
trithione and thus stabilized. This would then have to be followed by a 
further dehydrogenation, resulting in the formation of a double bond. 
Alternatively, the secondary thiol could equally well be dehydrogenated 
to a thioketone, following the addition of hydrogen sulfide to the double 
bond. The thioketone could then be stabilized in the form of a thioenol, 
by trithione formation. This last route would explain why only olefins 
containing a CH group adjacent to the aryl group are capable of trithione 
formation. /?-Ketoesters, in fact, also form trithiones with phosphorus 
pentasulfide (49). The preparation of saturated trithiones and their 
behavior under the action of sulfur would substantially contribute to a 
partial elucidation of the course of the reaction. 

The facile conversion of 2,3-diphenyl-2-propene-l-thiol into the tri
thione under the action of sulfur supports the probable initial attack on 
the methyl group adjacent to the double bond (50). 3-Phenyl-l-mercapto-
2-propene can be converted in the same manner into the corresponding 
trithione derivative by means of sulfur. The formation of very similar 
compounds from cinnamic esters and sulfur (Example 11) shows that the 
attack by sulfur alone or initially perhaps by hydrogen sulfide on a 
double bond, is also possible when the carbonyl group is already present 

(SI). 
C e H 6 - C H = C H - C - 0 - R + S — * C 6H 6- C = C H 

O I / c = ° 
s—s 

The action of sulfur on isoprene apparently results in an anomalous 
behavior, inasmuch as a six-membered ring compound is formed. 

• C H« 
^ C H - C ^ + S 

C H , C H 3 

C H - C 

C - S 
I 

S H 
H , S j 

/ C H , 

/ C H " C V c C H , X ~ S 

S H S H 

/ C H , 

C H , yC = S 
N S — / 

Dehydrogenations similar to those found in the case of 1-phenyl-l-
propene probably occur during the course of this reaction, followed by 
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stabilization after the 1,4-addition of hydrogen sulfide, or via some other 
type of intermediate step, to give a six-membered ring. 

The experiments on propylene illustrate the special position occupied 
by a double bond possessing an adjacent aryl group, resulting in a 
polarized double bond. Even the simplest trithione can only be obtained 
in very low yield. Detection of saturated hydrocarbons during the forma
tion of the trithione indicates that this reaction also involves a sequence 
of equilibria between oxidative and reductive processes. 

Trithiones may be prepared by an improved commercial process 
using sulfur/sulfur dioxide at 190° . The hydrogen sulfide generated is 
oxidized back to sulfur by the sulfur dioxide (52). Y. Mollier and N. 
Lozach (52a) also carried out work with a view to preparing trithiones 
from olefins. A recent patent describes the first conversion of a-methyl-
styrene into 4-phenyl-l,2-dithiole-3-thione, under the catalytic influ
ence of diarylguanidines at 160° (52b). 

Besides olefins, unsaturated aldehydes also yield trithiones by the 
action of sulfur. A number of other processes, of no interest in this con
nection, have also been discovered (46-49,53-57). 

It is interesting to note that saturated aldehydes also give trithiones; 
the double bond is therefore not an essential prerequisite (58). Benzoyl-
acetaldehyde, in the form of its oxime, also gives a trithione derivative 
by the action of phosphorus pentasulfide (58a). 

Even saturated hydrocarbons, e.g., isopropylbenzene, can be con
verted into trithiones with sulfur. In this system, the initial attack most 
probably occurs exclusively at the carbon atom adjacent to the phenyl 
ring. Somewhat surprisingly, the yields of trithione resulting from the 
action of sulfur on saturated alkylaromatic compounds are relatively 
good (78%) (59) (Example 12) . The formation of trithione from iso
propylbenzene is incompatible, however, with the earlier assertion, i.e., 
that trithiones are only formed from arylolefins if a double-bonded CH 
group is adjacent to the aryl nucleus, unless the reaction proceeds via a 
different route in the case of isopropylbenzene. 

It follows from the above that suitable acetylenic compounds can 
also be converted into trithiones (60). Disulfides also react in a similar 
manner with sulfur to give trithiones (57,61). 

The action of sulfur on olefins or acetylenes leads to the reaction 
between sulfur and alkylaromatic compounds. It was mentioned earlier 
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that isopropylbenzene gives a trithione with sulfur. The intermediate 
formation of an olefin may be assumed in this instance. The reaction 
occurring between sulfur and toluene or xylene, however, must proceed 
differently. This work has been continued until very recently; it will be 
discussed at the end because of its more heterogeneous nature. 

Action of Sulfur on Aliphatic Ketones in the Presence of Ammonia , 
under Mi ld Temperature Conditions (Asinger Reaction) (61a) 
The action of sulfur on aliphatic ketones under mild temperature 

conditions in the presence of ammonia appears to be particularly im
portant and unequivocal for the elucidation of the attack of sulfur on 
organic compounds. F. Asinger showed in 1956 that both aliphatic 
ketones, such as diethyl ketone, and cycloaliphatic ketones, such as 
cyclohexanone, react with sulfur and ammonia at room temperature 
(62-6^a). Ammonia has a dual function in this reaction. On the one 
hand it forms polysulfides with sulfur, and these provide the reactive 
preliminary stage for the attack by sulfur, and on the other, it serves in 
the stabilization of the primary reaction products from the ketone and 
sulfur, even if this effect proceeds in a different manner from that in the 
Willgerodt-Kindler reaction. 

The primary attack by sulfur on aliphatic ketones proceeds readily 
and evenly at the activated methylene group, to give an a-thiolketone, 
which is then stabilized by reaction with a second molecule of ketone and 
ammonia, and cyclization to 1,3-thiazolines (Example 13). 

The reaction products could be accounted for unambiguously. The 
suspected thiolketone intermediates, prepared by another route, yielded 
the 1,3-thiazolines by reaction with the starting ketone and ammonia. 

It is of but little significance here whether the enol form of the ketone 
adds sulfur during the initial attack to give an ethylene sulfide derivative 
or whether the methylene group is substituted directly. What is striking 
is the ease with which the reaction sets in even at room temperature or 
slightly higher, and the fact that the reaction proceeds very evenly and 
largely to completion. This also confirms that in the Willgerodt reaction 

C 2 H 6 C = O 

I 
C H , - C H 2 

0 H e 
C 2H 5C = 0 

C H s - C H - S H 

II 

N 

2 , 2 , 4 - T r i e t h y l - 5 - m e t h y l t h i a z o l i n e 
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the initial attack occurs at the methylene or methyl group adjacent to 
the carbonyl. Another characteristic of the Asinger reaction is the ready 
reversibility of the first step, i.e., the formation of the a-thioketone. The 
action of e.g., n-butylamine on an a-mercaptoketone results in the almost 
complete regeneration of the ketone and sulfur. The equilibrium reactions 
occurring in the Willgerodt reaction, especially the coupled dehydrogena-
tions and hydrogenations, have already been referred to. Asinger was also 
able to show that an equilibrium is set up between the mercapto com
pound and the disulfides resulting from the action of sulfur on ketones 
in the absence of ammonia (64b). 

C 6 H 5 - C - C H , - C H , = ^ C « H 6 - C - C H - S H 

H H) C H , 

+ S ; - H , S 
v f C , H 6 - C - C H - S -

O C H , 

Amines exert a catalytic effect on the establishment of the equilibrium. 
Thiazolines are regenerated by ammonia. 

If ketones are treated gently with sulfur and a large amount of hy
drogen sulfide in the absence of ammonia, the addition of hydrogen 
sulfide to the keto group is followed by the preferential oxidative forma
tion of disulfide. Amines also exert a catalytic effect on this reaction 
(64c). 

R X R X 7O H R ^ /O H H O ^ R 

2 C O + 2 H , S - * 2 C. + S > C C 

R R S H R S S R 

R S H H O R _ H LO R X /S R / \ 

(By-product ) 

Thiazolines are also formed by 1,4-addition of sulfur to alkylidene-
vinylamines (64d). 

H , C C H , S H , C C H = N CH , 

Y C = C H - N = C H - C H . ^ C C H - C R 
/ \ 4 h r s 150° / \ / \ 

H , C C H , H , C S C H , 
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Finally, thiazolines can also be prepared from a,a'-diketodisulfides 
and 2 moles of a keto compound in the presence of sulfur and ammonia 
(64e). 

H H H X J K 
H , C - C - C - S - S - C - C O C H , + 2 \ ^ 

6 C H , C H , H , C 

2 N H , + H , S C H , - C = N C HS 

- 4 H 2 0 ; - S
 > 2

C H _c 
C H , C C 

S C , H 5 

The observation (65) of the possibility of vulcanization shown by 
polyacrylic esters with sulfur can similarly be explained by an attack 
on the reactive methylene group. Cross-linking takes place via di- and 
polysulfide bridges (65,66). Polymers with keto and adjacent methylene 
groups appear to undergo cross-linking with sulfur and ammonia ex
ceptionally readily. 

The Asinger reaction is also closely related to the long-known reac
tion between phenols and sulfur, which is catalyzed by small quantities 
of an organic base or alkali hydroxide. In this instance too, the sulfur 
enters in the position ortho or para to the phenolic hydroxyl group (which 
corresponds to an enolized keto group) to give a thiophenol; the latter 
is stabilized by further addition of sulfur, via di- and polysulfide forma
tion (67) (Example 14). The action of sulfur on aromatic amines proceeds 
along similar lines (68). Aniline and sulfur yield o,o'-diaminodiphenyl 
disulfide almost exclusively. The reaction between 2,4,6-trichlorophenol 
and sulfur, on the other hand, is quite different. Under the influ
ence of concentrated sulfuric acid, even the m-position undergoes 
condensation, and 3,3'-dihydroxy-2,4,6,2',4',6'-hexachlorodiphenyl disul
fide is obtained in 93% yield (69) (Example 36). These reactions lie 
outside the scope of our review, however, and are not discussed in greater 
detail. 

Action of Sulfur on Alkyl-Substituted Aromatic and 
Heterocyclic Compounds 

A few years before the introduction of the reaction between toluene 
and sulfur mentioned below, the dye industry was concerned with the 
manufacture of p-aminobenzaldehyde. This compound was satisfactorily 
prepared for the first time in 1895 by the action of alkali polysulfide in 
boiling methanol on p-nitrotoluene, with its particularly reactive methyl 
group (70) (Example 15). The reaction can also be effected in cone, 
sulfuric acid solution (70), a less well-known fact. The nitro group 
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appears to possess a dual function, the activation of the p-methyl group 
and the capture of the hydrogen sulfide formed. 

The process was employed by the I.G.-Farbenindustrie for the pro
duction of p-aminobenzaldehyde (73) \ see also ref. (74). Similar proc
esses start from p-nitrobenzyl alcohol (71). It was not until much later 
that reports concerning this reaction began to appear in the literature 

Unlike the above reactions, toluene does not react with sulfur below 
200°. Aronstein and Nierop detected very small quantities of stilbene 
and tetraphenylthiophene during the course of this reaction (75). This is 
the first example of the vulnerability to attack displayed by a methyl 
group activated by only an aryl group. It was a long time before any 
substantial progress was achieved in this field. It was not until the end 
of the Second World War, and especially after 1950, that fresh insight 
was gained. The work developed in two, originally somewhat divergent, 
directions. The first was the action of sulfur, under the conditions of the 
Willgerodt-Kindler reaction, on alkyl heterocycles, i.e. on compounds 
containing a more reactive methyl or methylene group than that present 
in toluene. The second consisted in using more energetic reaction condi
tions, especially substantially higher temperatures; this results in the 
conversion of alkylaromatic and even aliphatic compounds into carboxylic 
acids in frequently surprisingly good yields. 

The first approach to the application of the Willgerodt-Kindler 
reaction conditions to alkyl heterocycles was introduced by Emmert in 
1953 (76,77). A little later, reports by other workers on the identical or 
similar reactions appeared (78). Emmert initially confined his investiga
tions to the action of sulfur on 2-methylpyridine in the absence of added 
amine and he obtained largely the same products as those previously 
described by Thayer and his collaborators (79,80). Experiments with 
quinaldine, sulfur, and a trace of sodium hydroxide have also been 
published (81). 

According to Thayer, the alkali-catalyzed action of sulfur on 4-
methylpyridine proceeds in the identical manner to the reaction between 
sulfur and toluene, though at temperatures as low as 140° and in far 
better yields, to give l,2-di(4-pyridyl)ethylene and 2,3,4,5-tetra(4-py-
ridyl)thiophene. Besides these, l,2-di(4-pyridyl)ethane and l,2,3-tri(4-

o 

(72) 

React ion be tween Sulfur a n d A l k y l Heterocycles 
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pyridyl)propane were also detected (Example 16). The addition of a 
catalyst readily reduces the maximal yield (60%) of the ethane. The 
yield of the thiophene compound is increased, on the other hand, and up 
to 72% of the thiophene is obtained by effecting the reaction at elevated 
temperatures. This variation in the yield of individual products points 
to the stepwise course taken by the reaction. At the same time, however, 
the pronounced susceptibility of the primary reaction products to attack 
by sulfur and their final stabilization into a thiophene ring become 
manifest. In pursuance of these experiments, Emmert allowed 2- and 4-
methylpyridine to react with sulfur in the presence of primary or second
ary aromatic amines at 130° and obtained an approximately 40% yield 
of 2- and 4-pyridinethioaryl amides, respectively (Example 17). Thia-
zoles, and under special conditions an amidine derivative, are formed in 
a side reaction (77,77a). 

Mansfield (77b) allowed 2-methylpyridine, 2,3-, 2,4-, and 2,6-dimethyl-
pyridine and 2-methyl-5-ethylpyridine to react with sulfur and terti
ary alkylamines (e.g., £er£-butylamine), and thus succeeded in selectively 
obtaining the corresponding 2-pyridinethioamides; we made the same 
observation in the case of other sulfurizations in the pyridine series (87). 

The formation of thiazole from methylpyridine and aniline may be 
regarded as the definitely stabilizing capture reaction for the thioacid 
anilide initially formed. The 2-pyridinethioaryl amide stage is almost 
entirely passed over in the case of arylamines containing a particularly 
reactive o-position, e.g., /?-naphthylamine. 

The formation of thiazole during the action of sulfur on methyl-
substituted aromatic amines, e.g. p-toluidine, is one of the oldest known 
reactions between sulfur and an aromatic sidechain (82, 83). The primu-
lin base II results from the further action of sulfur on the first stabiliza
tion product from p-toluidine, the so-called dehydrothiotoluidine I (84). 
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Reactions of this type have assumed a certain commercial significance 
in the chemistry of the sulfur dyestuffs (85) (Example 18). 

H3C-
C - r ~ V - N H , 

+ S 

- N H , 

Secondary reaction products from thioisonicotinic anilide with excess 
aniline to give an amidine compound command no interest within the 
present framework. The observation that tertiary amines, especially those 
containing two methyl groups linked to the nitrogen, also yield amides 
with the loss of one methyl group, points to the possibility of an oxida
tive elimination of a methyl group. 

In 1952-1954 we were engaged in the synthesis of thioacid amides in 
order to examine their tuberculostatic action. Because of the considerable 
activity shown by some individual thioacid amides (unfortunately asso
ciated with excessive toxicity), we also investigated thionicotinic amides 
and isothionicotinic amides. 

We found that low-boiling or gaseous aliphatic amines in the form of 
their salts are readily converted with picoline and sulfur. The process can 
also be applied to other methylheterocycles, e.g. methylbenzothiazole 
(86) (Example 19). When this method was extended to the salts of 
aromatic amines, however, the thioacid amides were no longer obtained 
but were almost exclusively replaced by 2-pyridylbenzothiazoles. The far 
less reactive 2-methylbenzothiazole is similarly only converted into the 
bisbenzothiazole by the action of aniline hydrochloride and sulfur at 
200°. 

> V N V 

s 
C - C H 3 H- S + N H r ^ ) 

HCI 

/ \ _ N N ,A run 
The conversion of a- and y-methylpyridine with sulfur and methyl-

and dimethylformamide into the corresponding methyl and dimethyl 
amide, respectively, of the pyridinethiocarboxylic acids is also simple and 
trouble free (87) (Example 27 and Table 4) . The mixture is usually 
easily worked up by distillation. Formylbutylamine and even formyl-
allylamine react readily. This method allows the particularly facile con
version of all three methyl groups in 2,4,6-trimethylpyridine into thio-
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amide groups via isolable intermediates. Lutidines (dimethylpyridines) 
and methyl- or dimethylpyrazines also undergo this reaction, a- and 
y-Ethylpyridine yield the anticipated pyridylthioacetamides. Methyl-
benzothiazole can also be used as the oxidizable component. In the Will
gerodt-Kindler reaction, we utilized low-boiling amines in the form of 
their formyl compounds, which underwent the reaction readily and mostly 
afforded very good yields. Styrene can similarly be converted with 
formyldimethylamine and sulfur, a reaction carried out by M. Carmack 
and De Tar, who used the free amines under pressure (11). Ammonia 
cannot readily be replaced by formamide, strangely enough, as the latter 
apparently undergoes a different reaction with sulfur. This is true both 
of the reaction with ketones and especially that with alkylpyridines. 
Other amides such as acetamide and benzamide or sulfonamides could 
not be substituted for amines in the Willgerodt reaction. Only N-methyl-
urea is usable, but it offers no special advantage. 

We were also able to convert the a- and y-ethylpyridines, like the 
methyl analogs, into the pyridylthioacetomorpholides by means of sulfur 
and morpholine at 120-130°. Porter (88) subsequently published the 
same results for the conversion of ethylpyridine with sulfur and second
ary amines (Example 20). 

Other authors obtained the same products from pyridyl methyl 
ketones via a Willgerodt-Kindler reaction (89). 

INTERMEDIATES FORMED DURING THE ACTION OF SULFUR ON ALKYL 

HETEROCYCLES 

The course of the reaction between sulfur and 2- and 4-alkylpyridine 
in the presence of amines appeared to merit closer investigation with 
regard to the possible isolation of pharmacologically interesting inter
mediates. Thus, we believed it might be possible to isolate Schiff bases 
as intermediates. We consequently briefly examined the behavior of 
Schiff bases under attack by sulfur. 

Kindler had already referred to the possible formation of Schiff base 
intermediates during the action of sulfur on benzylaniline. But whereas 
benzylaniline and sulfur react readily at 120° to give thiobenzoic acid 
anilide, our experiments showed that benzalaniline reacts but slowly 
and incompletely at 120-140° to give the same product. Our further 
assumption, namely that a thiolamine similar to that formed by the 
addition of hydrogen sulfide to the Schiff base may constitute the actual 

o + H 2S 
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intermediate stage, was confirmed by the fact that benzalaniline can 
already be converted into thiobenzanilide at 60 -70°by means of sulfur 
and hydrogen sulfide (Example 2 1 ) . This fact, however, does not yet 
prove whether it is not the free thioaldehyde, in equilibrium with the 
thiolamine and hydrogen sulfide, which represents the readily oxidizable 
intermediate. In support of this, it might perhaps be argued that the 
additional passage of hydrogen sulfide during the course of the reaction 
accelerates the attack by sulfur. The important part played by hydrogen 
sulfide during the reaction with Schiff bases is also clearly seen in the 
better yields of 2-phenylbenzothiazole obtained from benzylaniline at 
220° , compared to those from benzalaniline under the same conditions 
(90). 

The reaction certainly does not proceed as simply as it formally 
appears. The addition product of hydrogen sulfide and a Schiff base 
could not be isolated, even at a temperature of 2 0 ° . Depending on the 
strength of the base, thio- or trithioaldehydes or more frequently disul
fides are obtained in its place. We should at the present stage prefer to 
assume that thioaldehydes are readily reduced to the mercaptans by 
hydrogen sulfide in the presence of aliphatic amines, with the liberation 
of sulfur; the latter then effects a partial oxidation, again catalyzed by 
strong bases, to give disulfides (Example 2 2 ) . We have made no observa
tions to date which would contradict this hypothesis. The disulfides 
readily react with the amines below 100° to give thioamides (Examples 
2 3 and 2 4 ) . Weaker bases, however, yield no disulfides under these condi
tions, although a Willgerodt reaction with the Schiff bases is nevertheless 
still possible. 

Experiments have recently been published, according to which the 
aldehyde addition product of a- and y-pyridinealdehyde and morpholine 
is converted into the thioacid morpholide by means of sulfur at 1 6 0 - 1 8 0 ° 
less readily than the methylpyridines themselves (91,92). These experi
ments are also easily explained by the initial lack of hydrogen sulfide, 
which makes the conversion into the oxidizable thiolamines impossible. 

We hoped we would be able to obtain bisthiobenzoic acid hydrazide 
more easily by the action of sulfur on benzalazine, since a retrogressive 
dissociation by hydrogen sulfide into the aldehyde and hydrazine com
ponents is more difficult in this case. Like benzalaniline, however, benzal
azine undergoes no reaction whatever with sulfur at 130 -140° . If, on the 
other hand, an equivalent amount of a compound is added which reacts 
with sulfur at this temperature to form hydrogen sulfide, e.g. a- or 
y-picoline, a good yield of 2,5-diphenyl-l,3,4-thiodiazole is obtained via 
the bisthiobenzoic acid hydrazide. 
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^ ^ - C H - N - N = C H - < ^ ^ > + S no reaction 

T 
- C H N H 

I \ 
S H N H 

H S C H 

I 

a-Picoline 

2 S W , 
~ > S H 

H S C 

N + H 8S 

We attempted to synthesize the corresponding 2,5- (di-y-pyridyl)-1,3,4-
thiodiazole from y-picoline, sulfur, and hydrazine (as the sulfate) di
rectly, and this was readily achieved at 140°. Since this compound was 
also prepared by heating bisisonicotinic thioacid hydrazide (93) the 
formation of the readily oxidizable dihydrazide as intermediate is not 
improbable. It was also found possible to subject a-picoline to the same 
reaction. 

In order to elucidate the course of the Emmert reaction and to isolate 
an aldehyde or thioaldehyde intermediate, we hoped to obtain the 
aldehyde as a semicarbazone, thiosemicarbazone or phenylhydrazone 
during the course of the reaction. Semicarbazide, a- or y-picoline and 
sulfur, however, only afford a small yield of the same thiodiazole which 
we had obtained with hydrazine sulfate, and its formation is due to the 
decomposition of the semicarbazide. 

ACTION OF SULFUR ON ALKYL HETEROCYCLES IN THE PRESENCE OF 

THIOSEMICARBAZIDE 

The more stable thiosemicarbazide in an excess of a- and y-picoline, 
on the other hand, reacts very readily with sulfur at the boiling point of 
the picoline; a reaction time of 2 hr resulted in a 40% yield of pyridineal-
dehyde thiosemicarbazone (Example 25 and Table 2) . 

N ^ J ^ > - C H , + 2 S + N H j - N H - C - N H , — > 

S 

N ^ 3 ^ c h = n- n h _C - - N H« + 2 H * S 
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This thiosemicarbazone represents the first aldehyde intermediate product 
ever isolated from the oxidation by sulfur of a methylheterocycle. A 
number of other not easily isolated products, including the 1,3,4-thio-
diazole derivative are also present in the mother liquors. As is only to be 
expected, this thiodiazole is formed by prolonged heating of the pyri-
dinealdehyde thiosemicarbazone with sulfur. 

The oxidizability of diphenylmethane derivatives to benzophenone 
has been referred to earlier. Diphenylmethane itself was recently also 
converted into thiobenzophenone (94). In this instance, however, the 
oxidation must of necessity stop at the thioketone. 

The reaction between sulfur, thiosemicarbazide, and a- and y-picoline 
proceeds readily (95). On account of its solubility in alkali, the thio
semicarbazone is easily isolated. We believe this to be one of the simplest 
methods available at the present time for preparing the corresponding 
thiosemicarbazones, which have assumed importance in the treatment of 
tuberculosis, especially when the aldehydes are not readily accessible 

a- or y-Ethylpyridine could be oxidized by sulfur in the presence of 
thiosemicarbazide to the thiosemicarbazone of the pyridyl methyl ketone 
(this compound shows strong activity against "Neoteben''-resistant strains 
of tuberculosis). The discovery of this thiosemicarbazone proves without 
doubt that the primary attack of the sulfur occurs at the methylene 
group (97). We have however, so far been unable to isolate a thiosemi
carbazone of pyridineacetaldehyde in these experiments. 

The reaction between 4-propylpyridine and sulfur in the presence of 
thiosemicarbazide merits great interest, since the possibility exists of 
isolating various intermediates. After a relatively short reaction time, 
the main product isolated was the thiosemicarbazone of 4-pyridyl ethyl 
ketone (A) . 

N H , 

(96). 

N' 0 - C H » -CH.-CHa-CHs + 2 S + H 2N - N H - C - N H ; 

S 
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Another thiosemicarbazone having the same analysis was also obtained 
in small quantities; we could not be certain of its constitution since it 
does not correspond to the other possible thiosemicarbazones (B and C) . 
(It is possible that the propylpyridine was not free from isomers.) 

The action of sulfur on other heterocycles containing reactive methyl 
groups in the presence of thiosemicarbazide, proceeded somewhat dif
ferently with respect to the isolable end products. Thus only benzothi-
azole-2-aldehydebenzothiazole-2-thiocarboxylic acid hydrazone was ob
tained from 2-methylbenzothiazole. 

O k 
C - C H , + S + H 2 N - N H - C - N H j 

0 
A 

C - C H = N - N H - C - N H 2 

\ / I! 

s s 

2 - M e t h y l b e n z o t h i a z o l e 

+ Sulfur 

I C - C H = N - N H - C - C : 

/ II \ A . 
S S 

This seemingly divergent reaction course may primarily be due to the 
higher temperatures required by the reaction. The thiosemicarbazone of 
benzothiazole-2-aldehyde prepared via a different route is converted into 
the same compound by heating with sulfur and 2-methylbenzothiazole; 
the scheme therefore corresponds to the course of the reaction. 

The reaction between 2-ethylbenzothiazole and sulfur in the presence 
of thiosemicarbazide results in a similar situation. The 2-acetylbenzo-
thiazole thiosemicarbazone cannot be isolated in this case either, since 
further conversion to the azine is caused by the elevated temperatures. 
(No thioacylhydrazone formation is possible since the active methylene 
group in 2-ethylbenzothiazole, unlike the methyl group in 2-methylbenzo
thiazole, remains at the thioketone stage and cannot be sulfurized to a 
thioacyl group.) 

, N . C H , 
' ^ I 

^ C - C H , + 2 S + H , N - N H - C - N H 2 

S 

|| I ^ C - C = N - N H - C - - N H 2 

x / xs "" S 

Ethy lbenzoth iazo le 

Su l fur 

Ux / c - c = n - n = c - \ X) 
S S 
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In the picoline- and the 2-methylbenzothiazole series, replacement 
of the thiosemicarbazide by other monoacylhydrazines results essentially 
in the formation of similar products, i.e. hydrazones, even if these are 
occasionally converted into more stable compounds under the influence 
of the elevated temperature (98,99) e.g., 

( 1 ) N ^ \ - C H 3 + S+ H ^ - N H - C - ^ N — > 

o 

> - C H = N - N H - C - y - P i c o l i n e 

+ Sulfur 

N ^ J > - C H = N - N H - C - < 

S 
(Example 26 and Table 3) 

( 2 ) N ^ ^ > - C H 3 + S + H 2 N - N H - C - ^ — > 

Sulfur 

- C H 

C = S 

We were able to show that the nonisolable primary products shown 
in brackets are in fact formed as intermediates. 

For reaction ( 1 ) : 

N f ~ ~ y - C H = N - N H - C - / ~ ^ N — 

n C / " c h = n ~ n h " c " " O n 

y-Picoline 

Sulfur 

For reaction (2) : 

N ^ > - C H = N - N H - C - / ~ \ y- P i C 0 U n> e 

^ \ = = / + Sulfur 

o o 
|| / y— v Degradat ion II 

- C H = N - N - C — f \ * H 2 N - N - C - ^ % 
I x= x by HC1 I 
C = S S = C 
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In spite of numerous similar reactions we are at the present time still 
unable to predict with certainty which secondary reaction products are 
formed. 

The few reactions undergone by members of the quinaldine and 
methylbenzothiazole series are summarized below. 

IS II 
O 

) 0 - C H = N 

< 3> I II i - C H a 4- S + H,N-NH-C -<f ^ - C l 

N H - C — f > - C I 

I W 

(4 ) 
/ N ^ L - C H , 4- S 4- H 2 N - N H - C - ( 

N ii 

y j - C H ^ N - N H - C - ^ N 

N 

( 5 ) [I [ C - C H , 4 S 4 H e N - N H - C - ^ 

S O 

N N 

' X ) 
Y \ ^ V 

X - C H - N - N H - C - C 
A / I S 

O x i d a t i o n of A l k y l a r o m a t i c C o m p o u n d s with Sulfur 

Papers in the chemical literature as well as patent specifications of 
only a few years ago are in universal agreement regarding the poor yields 
resulting from the attempt to convert alkylaromatic compounds into 
arylcarboxylic acids by means of sulfur under the conditions of the Will
gerodt reaction, in which the temperatures vary considerably and lie 
between 220° and 270° {100,101). It is worthy of note that the possi
bility of oxidizing isopropylbenzene with ammonium polysulfide has 
already been dealt with, and both phenylacetamide and benzamide were 
detected, together with a-methylphenylacetamide; this observation points 
to the complete degradation of a branched side chain. 

The oxidizing ability of sulfur is greatly increased, however, when 
the reactions are carried out around 335-345°. The lower members of 
even the saturated aliphatic hydrocarbons can then be oxidized to the 
carboxylic acids in relatively good yields with aqueous ammonium 
polysulfide. Thus 25% of isobutyramide can be isolated from isobutane 
(this figure is calculated from the amount transformed). The fact that, 
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e.g. acetamide, is obtained from propane also indicates further degrada
tion of the carbon chain {102). 

The oxidation of alkylaromatic compounds with sulfur at 3 2 0 ° 
proceeds particularly readily in the presence of aqueous alkali hydroxide 
even if no ammonium salts are added. The California Research Corp. in 
1950 thus succeeded in obtaining a good yield of the benzenedicarboxylic 
acids from toluic acids (103). The possibility of using sulfur dioxide or 
sulfites as the oxidizing agent is also mentioned for the first time in the 
same patent; these compounds yield sulfates and sulfur under the condi
tions of the reaction (Example 2 8 ) . The hydrogen sulfide generated by 
the action of sulfur on toluic acid is oxidized back to sulfur by the sulfite. 
It is only to initiate the reaction that a very small amount of sulfur is 
required. It is worth noting that this represents the first description of an 
oxidation with sulfur in a weakly acidic medium. 

Another patent describes the general reaction of unsaturated hydro
carbons with sulfur in the presence of sulfur dioxide; here too the sulfur 
is entirely used up. The patent includes all the oxidations with sulfur 
without any particular restriction as to the corresponding products (52). 
Olefins sometimes yield trithiones at 190° (Example 3 4 ) . 

In the past few years a number of patent specifications have been 
published in which the oxidation of toluene or p-xylene with sulfur in the 
presence of ammonium sulfate and water at 320° (still below the critical 
temperature of water) under pressure, is described. The yields of tereph-
thalie acid from p-xylene are reported to be quantitative. As we were 
engaged in similar experiments, we repeated the work described in the 
patents and succeeded in fully confirming the results given. This process, 
which is also being tried in pilot plants in the U.S.A., may represent the 
simplest and cheapest method for preparing terephthalic acid from 
^-xylene, since the latter cannot be oxidized directly with air to the 
dicarboxylic acid, oxidation stopping at the toluic acid stage. It is only 
by invoking the assistance of organic acids such as acetic acid, which 
yields peracetic acid, that a tolerably satisfactory oxidation of both 
alkyl groups can be accomplished. In the patents, however, the addition 
of diisopropylbenzene, which generates hydroperoxide readily, is in
variably mentioned (104). Processes as yet unpublished in the patent 
literature, utilizing acetaldehyde as intermediate catalyst, are said to give 
better results. 

The patent describing the oxidation by means of sulfur and am
monium sulfate also mentions the oxidation of ketones, olefins, and even 
aliphatic hydrocarbons without, however, quoting any yields regarding 
such oxidations of hydrocarbons (105). The high yield of phthalic acids 
may, nevertheless, be primarily due, not to the use of sulfur and a large 
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quantity of ammonium sulfate, but rather to the elevated reaction tem
perature (Example 29). p-Xylene similarly yields 91% of terephthalic 
acid by the action of ammonium polysulfide at 320° (106). By a special 
process, good yields of nitriles and dinitriles can be obtained by the 
action of sulfur on xylene and p-tolunitrile, respectively, in the presence 
of a tenfold excess of ammonia (107,107a). After the reaction (effected 
around 220-340°) the hydrogen sulfide formed is driven off with ammonia 
at 220-300°. It is probable that the nitriles are only then formed from 
the thioamides. 

The discovery that not only sulfur, but all sulfur-producing com
pounds such as, e.g. sulfites, can be used as the oxidizing agent is extended 

T A B L E 1 
Compounds Which Can Be Oxidized with Sulfur and Aqueous Bases 

Compound oxidized Basea Product Yield* % 

m />-Toluic acid 1. 0 NaOH Iso-, Terephthalic acid 100.0 
m />-Toluic acid 8. 5 NaOH Iso-, Terephthalic acid 97.8 

p -Toluenesulfonic acid 2. 0 NaOH p -Sulfobenzoic acid 94.8 

p -Toluenesulfonic acid 1. 0 NaOH p -Sulfobenzoic acid 38.5 

Benzoic acid 29.0 
m -Xylenesulfonic acid 1. 0 NaOH Isophthalic acid 63.6 

p -Xylenesulfonic acid 1. 0 NaOH Terephthalic acid 46.2 
Toluene 2. 0 CaCO, Benzoic acid 61.0 
m -Xylene 2. 0 NaOH sophthalic acid 61.0 
m -Xylene 1. 3 NajCOj Isophthalic acid 70.8 

Benzoic acid 10.4 
m -Xylene 2. 0 CaCO, Isophthalic acid 11.1 

m -Toluic acid 12.0 
m -Xylene 1. 2-Disodium-

isophthalate Isophthalic acid 33.5 
w -Xylene 10. 0 NH4OH Isophthalic acid 87.2 
m -Xylene None Isophthalic acid 29.0 
p -Xylene 2. 0 NaOH Terephthalic acid 77.0 
p -Xylene 1. 1 Nâ S Terephthalic acid 79.0 
p -Xylene 2. 4 Na,CO, Terephthalic acid 86.0 
p -Xylene 8. 0 N a ^ 40 T Terephthalic acid 76.0 
p -Xylene 10. 0 NH4OH Terephthalic acid 96.2 
Acetophenone 1. 0 NaOH Benzoic acid 28.0 
1-Butanol 4. 0 NaOH Propionic and acetic acid 48.0 
Fur an 2. 0 NH4OH Succinic acid 30.0 
Thiophene 4. 0 NH4OH Succinic acid 19.5 
Propylene 1. 1 KSH Propionic acid 12.5 

Acetic acid 7.2 
Acetone 1. 3 NaOH Acetic acid 4.5 

aMole per mole of compound oxidized. 
* Calculated with respect to the quantity of starting material which could not be recovered. 
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in a patent to the utilization of alkali thiosulfate for the oxidation of 
aromatic hydrocarbons at 315-320° (108) (Example 30). The oxidation 
according to this method also affords almost quantitative yields. The 
oxidation can also be effected with sulfur dioxide over vanadium pent-
oxide at 350-450° (108a). W. G. Toland, Jr. and his collaborators have 
published a summary of the yields obtained via the various oxidation 
methods (Table 1). It appears to be essential that either the sulfur or 
the compound undergoing oxidation be dissolved in water. 

The facile oxidation of p-toluic acid at 270-275° with sulfur in the 
absence of water and amines also deserves attention; this results in a 
50-60% yield of £rans-4,4'-stilbenedicarboxylic acid, which has thus 
become readily accessible (109) (Example 35). 

Tetra(p-carboxyphenyl) thiophene is formed as a by-product. m-Toluic 
acid can be oxidized in a similar manner but with lower yields and 
o-toluic acid cannot be oxidized by this method at all. 

In contrast to these developments on the ready oxidation of alkyl
aromatic compounds with sulfur and sulfur-producing substances, suc
ceeding advances published in the patent literature are predominantly 
directed towards the extension to substances which could undergo oxida
tion, i.e. to other most readily attacked classes of compounds. 

The particularly ready oxidizability of the mercaptans initially 
formed in the oxidation of hydrocarbons with sulfur, by means of aqueous 
ammonium polysulfide, is also mentioned in a patent (110). /?-Phenyl-
ethylmercaptan is converted into phenylacetamide in 95% yield at tem
peratures as low as 200° (Example 31). The same compound results 
from the isomeric a-phenylethylmercaptan though in lower yield. Pro-
pionamide is obtained from isopropylmercaptan in a corresponding 
manner. Allylmercaptan is converted into propionamide; this reaction 
clearly demonstrates the reducing action of the hydrogen sulfide. A 
similar oxidation is undergone by the alcohols with lower yields. Benzyl 
thioethers have recently been oxidized at the methylene group above 
200°, for example, the cyclization of o-aminophenyl benzyl thioether 
to 2-phenylbenzothiazole (110a). 

Action of Sulfur on Other Compounds 
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s A—1* 
C« H6 2 0 0 - 2 5 0 0 * L J\ j ! N 

X S C eH 6 

Vinyl ethers can be converted into thioacetamides by the Willgerodt-
Kindler reaction; attack therefore occurs at the double bond (111). Pro-
penyl alkyl ethers undergo a double attack at the double bond and again 
at the methyl group with the elimination of the ether grouping, resulting 
in very good yields of malondiamides (Ilia). 

/—v 8 hrs 
R O - C H = C H - C H 3 + 4 S + 2 HN 0 • 

^ — ' boiling 

R O - C - C H . - C - S H 1 — > O'' XN - C - C H , - C - N ^ ^ 0 
II II ^ I I N - / 

s s J s s 
R = C H , - C H t - C H 8-

The susceptibility to attack displayed by the vinyl group is also illus
trated by the conversion of vinylpyrrolidone into N-thioacetylpyrroli-
done (111b) (Example 31a). 

I 1 8 hrs 165° I I 

^ Lo + S > l J=o 
N N 

CH=CH, S=C 

CH 8 

Acetylene in the presence of secondary amines readily undergoes a 
double attack by sulfur in the absence of water to give dithiooxalamides 
(113) (Example 32). No other data appear to exist regarding the degra
dation by sulfur on both sides. 

Propylene and ammonium polysulfide in the presence of water result 
in the formation of propionamide (114). Naylor observed the formation 
of di- and trisulfide intermediates during the course of the oxidation of 
olefins by the action of ammonium polysulfide at 200°; these sulfides are 
converted further into saturated carboxylic acid amides at 230-250° 
(32,115,116). If undecylenic acid is subjected to a Willgerodt-Kindler 
reaction, 1,9-nonanedicarboxylic acid is obtained (23) (Example 33). 
Patents describe similar reactions, in which the oxidation can also be 
effected, apart from the use of ammonium polysulfide, by the action of 
sulfurous acid in the presence of magnesium or zinc sulfide, and proceeds 
via the di- and trisulfides (116). 

With reference to the oxidation of olefins with sulfur, anethole was 
subjected to a Willgerodt reaction in the presence of morpholine and 
phenylpropynoic acid thiomorpholide was obtained (112). 
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C l - C H , - < 2 > - S 0 , - N H 8
 I N n >; ; ^ O U > N H . - C - ^ - S O . - N H , 

The reaction between N-(c-chloro-n-amyl)benzamide, sulfur, and 
ammonium polysulfide results in the formation of aminocarboxylic acids 
(116a). 

C M C H ^ - N H - C - C . H . + ( N H 4) t S x — > 

N H . - C - C C H ^ ^ N H - C - C . H g 

o A 
A number of chloromethylaromatic compounds and other halogenated 

hydrocarbons can be converted into amides or carboxylic acids under the 
conditions of the Willgerodt reaction (116b-d). Chloromethylbenzene-
sulfonamide in particular was utilized in this experiment. 

N H 8 + S / 1 8 0 e 

In general, hydrocarbons containing nitro or thiocyano groups are 
attacked more readily under the conditions of the Willgerodt reaction 
than are the corresponding unsubstituted hydrocarbons (116e). This also 
applies to «-halocarboxylic acids, which are converted into amides con
taining one less carbon atom (116f). 

C j H . - C H - C O O H ( N H 4) t S x C ^ - C - N H , 

With reference to the repeatedly mentioned ready oxidation under
gone by olefins, it is proposed that nitrooleflns be converted into the 
saturated acid amides via a Willgerodt reaction without ascribing any 
significance to this process (117). The conversion of cyclohexenecar-
boxylic acid into pentane-l,5-dicarboxylic acid represents an interesting 
variant of the action of sulfur on olefins (117a). 

o - C O O N a 3 0 0 - 3 5 0 0 

t O U N a + s ^ a Q H) > H O O C ( C H t) 5C O O H 

Several of the reactions described are without doubt of significance 
in the elucidation of the reaction occurring during the course of the vul
canization of unsaturated high polymers by means of sulfur (118) in the 
presence of zinc oxide or polyamines. The action of sulfur on olefins at 
approximately 140° was investigated in model experiments (119-120a). 

The primary attack by sulfur on the allyl position, already demon
strated in other reactions, probably also occurs in the case of the vul
canization (118-123). Whether the reaction proceeds via a (probable) 
free radical, or some other mechanism is not now under discussion. In 
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any event, mercaptans may be formed initially, and may then become 
linked under the influence of sulfur to give di- and polysulfides, a process 
which we have repeatedly encountered. By addition to a double bond, 
hydrogen sulfide can once again yield mercaptans capable of linking 
together, with the consequent disappearance of the double bond. The 
reaction course 

_c_ _> >/sv 
\ / 

C 
/ \ 

involving the formation of a thioketone intermediate, discussed in the 
case of the Willgerodt-Kindler reaction, and during which cross-linking 
via trimers may occur, nevertheless also appears to be possible (124). 
Further cross-linking can also be effected by di- and polysulfides instead 
of sulfur. A readily dissociating disulfide such as thiuram can be added 
at the start. This does not necessarily require the cross-linking to be 
effected by dissociation into thiuram monosulfide and sulfur; it could 
conceivably also proceed by a symmetrical dissociation into two identical 
radicals (125). 

The attack by sulfur on hydroaromatic or aliphatic hydrocarbons in 
the presence of a Friedel-Crafts catalyst appears to occupy a special 
position. Unlike the reactions described up to now and the conversion of 
aromatic hydrocarbons in acid conditions, mercaptans are predominantly 
formed (126). There is, however, no extensive information available as 
yet. 

Although many observations have been made allowing dissimilar 
reactions to be considered from a common point of view, we are conscious 
of the incompleteness of this aspect; this is due to the fact that this work 
was not undertaken with a view to clarifying or explaining the common 
characteristics. We hope that this review will contribute to and stimulate 
the filling of gaps. We realize that more questions are perhaps raised 
than answered, as is so often the case in the progressive understanding 
of chemical problems. We intend to investigate further some of the prob
lems which are of special interest to us. 

Experimental Examples 

Example 1: /3,/3-Dimethylbutyramide from pinacolone (7). Pinacolone 
(4 gm), ammonium sulfide solution (16 ml), and sulfur (12.8 gm) are 
heated in dioxane (8 ml) in an autoclave for 6 hr at 210°. After being 
allowed to cool to room temperature, the contents of the autoclave are 
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cooled further to 0° and filtered. /?,/?-Dimethylbutyramide (2.1 gm), m.p. 
133-134° is extracted from the residue with boiling water (30 ml). The 
filtrate is evaporated to dryness under vacuum on a water bath, and the 
residue boiled up with water. On cooling, the aqueous solution yields a 
further crop of the amide (0.57 gm), m.p. 129-130°. Total yield: 2.68 
gm, 58%. 

Example 2: 1-Acenaphthoic acid, acenaphthene-1-amide, and 1-ethyl-
acenaphthene fro?n 1-acetoacenaphthene (6). 1-Acetylacenaphthene (19.2 
gm), ammonium sulfide solution (96 gm), sulfur (9.6 gm), and dioxane 
(17 ml) are heated for 18 hr at 175-180°. On cooling, the amide of 1-ace-
naphthoic acid (6.8 gm, 33%) crystallizes. The filtrate is extracted with 
benzene; acidification of the aqueous phase gives 1-acenaphthoic acid 
(0.426 gm, 2.1%), m.p. 159-160°, and treatment of the benzene layer 
affords a further 0.385 gm, 1.7%. Conversion of the 1-acetylacenaph-
thene into the acid or amide has therefore proceeded to the extent of 
36.8%. In addition, evaporation of the benzene yields an oil, which dis
tills at 160-163°/6 mm. The compound obtained (8.3 gm, 46.7%) is 
found to be 1-butylacenaphthene, which crystallizes on cooling, m.p. 
34.8-35.1°. 

Example 3: N-Dimethylthiobenzamide from N-dimethylbenzylamine 
and sulfur (13). N-Dimethylbenzylamine is heated with sulfur (2 moles) 
for 4 hr in a sealed tube at 180°. The reaction product is taken up in 
ether, the crystallized sulfur filtered, and the filtrate concentrated to a 
small volume. More sulfur crystallizes and is filtered off. Addition of 
petroleum ether precipitates N-dimethylthiobenzamide, m.p. 67°. 

Example 4' o-Benzyloxyphenylthioacetmorpholide from o-benzyl-
oxyacetophenone, morpholine, and sulfur (15). o-Benzyloxyacetophenone 
(11.3 gm), morpholine (4.5 gm), and sulfur (1.6 gm) are boiled for 8 
hr. Ice is added, the thiomorpholide extracted with ether and the ether 
evaporated. The residue is allowed to crystallize for several days, and 
the product is then recrystallized from dilute methanol. Yield: 12 gm, 
m.p. 118-119°. 

Example 5: 1,3,5-Benzenetriacetic acid from 1,3,5-triacetylbenzene, 
morpholine, and sulfur (18). 1,3,5-Triacetylbenzene (26.4 gm, 0.13 mole), 
morpholine (78.3 gm, 0.9 mole) and sulfur (28.8 gm, 0.9 mole) are boiled 
together for 14 hr. The solution is added to water, and the precipitate is 
filtered and saponified by boiling in sulfuric acid/glacial acetic acid. The 
solution is basified with caustic soda and extracted with ether. The aque
ous layer is then acidified to congo red and extracted with ether for 4 
days. Evaporation of the ether yields 1,3,5-benzenetriacetic acid (24.6 
gm, 75%) in the form of a yellow powder, m.p. 197-204°; m.p. after 
recrystallization from glacial acetic acid, 215-216°. 
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Example 6: N-Butylthiobutyramide from dibutylamine and sulfur 
(20). Dibutylamine (97 gm, 0.75 mole), sulfur (48 gm, 1.5 mole), and 
pyridine (200 ml) are boiled for 10 hr with stirring. Chloroform (400 ml) 
is added, and the solution washed with water, dilute hydrochloric acid, 
and again with water. Fractional distillation affords a pale yellow oil, 
b.p. 142-144°/6 mm. Yield 67.2 gm. 

Example 7: p-Aminobenzaldehyde from p-nitrobenzylaniline and 
sodium polysulfide (21). p-Nitrobenzylaniline (114 gm) in alcohol (400 
gm) is treated with a solution of sodium sulfide (Na2S*9H20) (120 gm) 
and sulfur (32 gm) in water (100 gm). The mixture becomes warm and a 
red-yellow coloration develops. The liquid is maintained at the boiling 
point for 2-3 hr, the alcohol distilled off, and the residual oil washed 
with water. The p-aminobenzylideneaniline obtained is a red-yellow, 
nondistillable oil. Addition of dilute mineral acid results in the formation 
of a crystalline mass of the polycondensation product of p-aminobenzal-
dehyde. 

Example 8: n-Heptanamide from 1-heptyne (9). 1-Heptyne is heated 
for 4 hr at 145° with a solution of ammonium sulfide and sulfur in 
pyridine, yielding n-heptanamide (35%), m.p. 97°. 

Example 9: 4,4'-Bisdimethylaminothiobenzophenone from 4,4*'-bisdi-
methylaminodiphenylmethane (SI). 4,4'-Bisdimethylaminodiphenyl-
methane (50 gm) is intimately mixed with sulfur (15 gm) and heated in 
a porcelain dish in an oil bath at 230°. The reaction soon sets in, and is 
completed when no further significant evolution of H2S can be detected 
(after approximately 40 min). The hot melt is dissolved in amyl alcohol 
(25 gm), the small quantity of unreacted sulfur removed by decantation, 
and the solution allowed to stand. On cooling, solidification to a crystal
line mass occurs. The crude product is filtered and purified by recrystal-
lization from chloroform/alcohol, yielding deep-red needles, m.p. 194-
200°. 

Example 10: 5-Thione-3-(4-methoxyphenyl)-1,2-dithiole (trithione 
of anethole) from 4-methoxy-l-propenylbenzene (anethole) (44)- Ane-
thole (103.2 gm) and sulfur (89.9 gm) are heated in a sulfonating flask 
in an atmosphere of C 0 2 with slow stirring. The evolution of H2S begins 
at 175°, and at 185° heat is spontaneously generated. The liquid foams 
and the flask is filled with green-brown fumes. The temperature rapidly 
rises to approximately 240°, when a colorless oil (3.8 gm) comes over, 
consisting mainly of anethole and 4-methoxy-l-propylbenzene. After the 
temperature has started to fall, stirring is continued for a further hour at 
220°. The loss of weight incurred during the course of the reaction 
amounts to approximately 34.2 gm. Crystallization of the product com
mences on cooling and is promoted by the addition of ether (200 ml). On 
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the following day the crude product is filtered and washed with cold 
water (100 ml), yielding crude crystallizate (80.4 gm). 

The crude product, which apart from trithione still contains sulfur, 
2,5-dimethyl-3,4-dianisylthiophene etc., is purified by fractional sublima
tion under high vacuum in a horizontal sublimation apparatus 40 cm 
long, according to the method of Freudenberg-Friedrich (127). At a pres
sure of 10*3 mm of mercury, the trithione sublimes at 90°, and the sulfur 
and other by-products above 100°. 

The trithione can also advantageously be separated via the mercuric 
chloride adduct. The crude crystalline product (66.6 gm), which is found 
to contain, for example, 53% of trithione by chromatographic analysis 
(cf. original literature) is dissolved in benzene (950 ml), and mercuric 
chloride (66 gm) in methanol (150 ml) added to the solution. The 
amorphous yellow precipitate becomes crystalline after boiling for 1 hr. 
Cooling, filtration, and washing with methanol yield the crude adduct 
(99 gm). The latter is suspended in benzene (500 ml) and shaken for 
several hours with a solution of hydrated sodium sulfide (400 gm) and 
potassium hydroxide (48 gm) in water (800 ml). The benzene layer is 
separated, washed with water and evaporated, leaving a residue of fairly 
pure trithione (34 gm, reported 35.3 gm). A first purification is achieved 
by recrystallization from a little carbon disulfide, when some sulfur still 
present is dissolved out. Final purification is best effected by recrystalli
zation from butyl acetate. The pure trithione forms deep-orange prisms, 
m.p. 111°. 

Example 11: 5-Oxo-3-phenyl-l ,2-dithiole from cinnamic ester (51). 
Cinnamic ester (100 gm) and sulfur (50 gm) are heated with stirring in 
an oil bath for 8-10 hr at 250-260°, resulting in the elimination of 
alcohol. When the evolution of alcohol has ceased, the mixture is allowed 
to cool and is crystallized from alcohol, leaving a dark, sulfur-containing 
resin. Purification is effected by alternately recrystallizing from acetone 
and alcohol and clarifying with animal charcoal. 5-Oxo-3-phenyl-l,2-
dithiole crystallizes in yellowish plates or flakes, m.p. 117°. 

Example 12: 3-Thione-4-(p-tolyl)-l,2-dithiole from p-cymene (59). 
A mixture of p-cymene (1108 gm), sulfur (400 gm), and ditolylguanidine 
(8.2 gm) is heated under reflux for 21 hr at 185°; during this time hy
drogen sulfide is continuously evolved. On cooling, the reaction mixture 
is maintained for 2 hr at 5° to assist crystallization. The red crystalline 
mass is filtered, washed with a benzene-hexane mixture (1:3) and sucked 
dry, yielding 3-thione-4-(p-tolyl)-l,2-dithiole (355 gm), m.p. 119-120°. 
A single recrystallization from benzene affords a product, m.p. 122.5-123°. 

Example 13: 2,2,4-Triethyl-5-methylthiazoline. Finely ground stick 
sulfur (80 gm, 2.5 gm atom) and diethyl ketone (430 gm, 5 moles) are 
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placed in a 2 liter three-necked flask fitted with a stirrer, reflux con
denser, and gas inlet tube, and a vigorous stream of ammonia is passed 
into the mixture. After a short time the reaction mixture becomes colored 
and the temperature rises to 50-60°. The temperature begins to fall after 
3-4 hr, but the ammonia is passed in for a total of 7 hr. By that time the 
reaction mixture has turned dark brown, the sulfur has disappeared and 
water separates on the bottom of the flask. The reaction mixture can 
then be worked up in two ways: it can either be steam-distilled and the 
organic layer of the distillate fractionated, or it can be taken up in ether, 
the ethereal layer carefully washed with water and the dried ether extract 
treated as above after evaporation of the solvent. The first method 
affords very pure products and the yields obtained are similar in both 
cases. Apart from unchanged diethyl ketone (85 gm), 2,2,4-triethyl-5-
methylthiazoline (315 gm, 85%), b.p. 96°/12 mm is obtained, as a color
less liquid of penetrating, characteristic odor, n D

2 0 1.4862. 
Example 14: Condensation of phenol with sulfur (128). Phenol (28.2 

kg), powdered sulfur (9.6 kg), and sodium hydroxide (0.45 kg) dissolved 
in water (1.35 kg) are mixed, fused, and heated at 120-122° for 15 hr 
with slow stirring (the boiling temperature is regulated to 120-122° by 
the quantity of water present). The loss in weight due to the evolution 
of hydrogen sulfide amounts to 3.6 kg. All the volatile material is then 
distilled off in vacuo at a bath temperature of 60-130°, when the loss in 
weight—mostly phenol—amounts to 10.05 kg. The reaction mixture is 
finally subjected to a pressure of 4 mm of mercury for another 8 hr at a 
bath temperature of 60-130°, and a further loss of 4.8 kg is incurred. The 
residue consists of a solid, dark resin (31.6 kg) which softens around 60° 
and dissolves readily in methanol. The use of more sulfur affords higher-
melting resins in better yields. Unreacted sulfur is detected by a tur
bidity in the methanolic solution. 

Example 15: p-Aminobenzaldehyde from p-nitrotoluene and sulfur 
(74). Sodium hydroxide solution (82.3 gm, 48.6%, containing 1 mole of 
NaOH) is added to a stirred mixture of ethanol (147 gm), water (360 
gm), sodium sulfide (Na 2S-9H 20) (54 gm), and sulfur (7.5 gm). p-Nitro-
toluene (90 gm) is added and the heterogeneous mixture brought to the 
reflux temperature; sulfur (15 gm) is added over a period of 2 hr and 
the mixture heated for a further 2 hr. The alcohol is then distilled and 
the residue treated with steam. After the reaction solution is cooled down 
to 2°, p-aminobenzaldehyde (81 gm, approximately 100%) is separated 
as a noncrystalline product. 

A different method of working up the product (73) is advisable fol
lowing the oxidation to the aldehyde: The mixture is cooled to 35°, the 
aqueous layer separated, hydrochloric acid (15%) added to the alcoholic 
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solution, which is then diluted with a large quantity of water, and the 
product salted out with common salt. 

Example 16: 1,2-Di(4-pyridyl) ethane from 4-methylpyridine and 
sulfur (79). 4-Methylpyridine (3 moles) and sulfur (1.5 mole) are heated 
for 12 hr at 140-155°, resulting in the rapid evolution of H2S. The un
reacted 4-methylpyridine is then distilled off at a pressure of 45 mm of 
mercury, and 47% of the original quantity is recovered. The residue 
from the distillation is added to a mixture of ice and sulfuric acid (50%), 
the unreacted sulfur filtered off, and the filtrate basified with a 30% 
sodium hydroxide solution. The warm oil is separated and the aqueous 
layer extracted with benzene; the organic solution is added to the oil, 
and the combined solutions fractionally distilled after evaporation of 
the solvent. l,2-Di(4-pyridyl)ethane (60%, calculated with respect to 
the quantity of 4-methylpyridine used up), b.p. 164-174°/3 mm is ob
tained, m.p., after recrystallization from cyclohexane/benzene (3:1), 
110-111°. 

Further fractions obtained under these conditions consist of l,2-di(4-
pyridyl)ethylene (4%) , b.p. 175-205°/2 mm, m.p. 151-152° (benzene), 
and l,2,3-tri(4-pyridyl)propane (14%), b.p. 230-242°/2 mm, m.p. 110-
111° (acetic ester). 

Example 17: Thiopicolinic acid anilide from a-picoline, aniline, and 
sulfur (76). a-Picoline (90 gm), aniline (45 gm), and sulfur (45 gm) are 
vigorously boiled, resulting in the immediate evolution of a continuous 
stream of H2S. Excess aniline and a-picoline are removed after 48 hr by 
steam distillation and the residue twice extracted with a warm potassium 
hydroxide solution (3N, 300 ml). On weak acidification with dilute 
hydrochloric acid, the thiopicolinic acid anilide separates as an orange-
red oil which solidifies on cooling to a crystalline cake (85 gm crude 
product). Recrystallization from methanol (in the presence of animal 
charcoal) yields large, golden yellow prisms (75 gm), m.p. 52°. 

Example 18: 6-Methyl-2-(p-aminophenyl)benzothiazole ("dehydro-
thiotoluidineyy) from p-toluidine (83). p-Toluidine (1200 gm), sulfur (430 
gm), and sodium carbonate (1-2 gm) are heated at 180° for 2-3 hr, and 
the temperature then slowly raised to 220-230° until the evolution of 
H2S has ceased. Unreacted p-toluidine (approximately 470-480 gm) is 
distilled off in vacuo. Following a first fraction (about 40-50 gm) below 
200°/2-3 mm, dehydrothiotoluidine (600-610 gm) comes over. The crude 
product is recrystallized from alcohol (600 ml), yielding the pure com
pound (470-480 gm), m.p. 190-192°. (In the original directions, kg, and 
liter are given instead of gm and ml, respectively.) 

Example 19: Isothionicotinic acid dimethyl amide from y-picoline, 
sulfur, and dimethylamine hydrochloride (86). A stirred mixture of 
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y-picoline (186 gm, 2 moles), sulfur (192 gm, 6 moles), and dimethyl-
amine hydrochloride (162 gm, 2 moles) is heated for 6 hr at 170° and the 
reaction mixture extracted at room temperature with dilute hydrochloric 
acid. Addition of sodium hydroxide to this solution causes the separation 
of an oil, which consists of a mixture of y-picoline and the thioamide. 
Drying with sodium sulfate and distillation yield isothionicotinic acid 
dimethyl amide (96 gm, 29%), b.p. 135-137°/0.8 mm, m.p. 64-65°. 

Example 20: Pyridine-4-thio carboxylic acid morpholide from y-pico
line and morpholine {87). A suspension of sulfur (96.2 gm) in a mixture 
of y-picoline (93.1 gm) and morpholine (130.7 gm) is heated at 170° for 
12 hr, during which time H2S is continuously evolved. On cooling, the 
reaction product is dissolved in hot absolute alcohol (500 ml). Small, 
black needles separate from the cold solution, and are recrystallized from 
absolute alcohol (2 liters) containing animal charcoal, yielding pyridine-
4-thiocarboxylic acid morpholide (66.2 gm). Concentration of the mother 
liquors and repeated extraction with n-hexane afford a further crop (20.5 
gm) of a less pure product. Repeated crystallization from n-hexane gives 
a total of 83.1 gm of pyridine-4-thiocarboxylic acid morpholide, m.p. 
141-147°. 

Example 21: Thiobenzanilide from benzalaniline (129). 
(a) Benzalaniline does not react with sulfur below 100°, and gives 

2-phenylbenzothiazole at 150°. 
(b) Hydrogen sulfide is passed for 1 hr into molten benzalaniline 

maintained at 50°. The temperature is then raised to 70°, one equivalent 
of sulfur added, and the temperature maintained for a further 5 hr. The 
thiobenzanilide is extracted from the reaction mixture by shaking with 
dilute sodium hydroxide; the alkaline solution is neutralized with dilute 
hydrochloric acid, causing the precipitation of a mixture consisting of a 
little sulfur and thiobenzanilide. Recrystallization from a minimum 
quantity of alcohol yields a product of m.p. 98-101° (m.p. according to 
the literature: 101°). 

Example 22: Dibenzyl disulfide from benzalbutylamine and hydrogen 
sulfide (129). Hydrogen sulfide (68 gm, 2 moles) is passed into benzal
butylamine (161 gm, 2 moles) maintained at 0-5°. The viscous solution 
obtained solidifies overnight. The entire contents of the flask are dissolved 
in hot methanol and filtered hot. On cooling, crystals of dibenzyl disulfide 
(83 gm, 68%), m.p. 68-70° are obtained. The m.p. after recrystallization 
from methanol is 68-70°. 

The mixed m.p. with a sample of dibenzyl disulfide obtained by the 
oxidation of benzyl mercaptan with hypobromite solution shows no 
depression. 

Example 23: Di(4-pyridylmethyl) disulfide and the N-butylamide of 
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4-pyridinethiocarboxylic acid from 4-pyridalbutylamine and hydrogen 
sulfide (129). Hydrogen sulfide (30 gm, 2 equivalents) is passed into 
y-pyridalbutylamine (71 gm) maintained at 0-5°, whereby the contents 
of the flask solidify. The reaction mixture is dissolved in hot alcohol and 
filtered hot. On cooling, crystals of di(4-pyridylmethyl) disulfide (25 
gm), m.p. 158-163° are obtained. Recrystallization from alcohol raises 
the m.p. to 164-166°. 

Concentration of the mother liquors gives an oil which soon crystal
lizes. Trituration with ether and filtration yield the N-butylamide of 
4-pyridinethiocarboxylic acid (34 gm), m.p. 76-78°. 

Example 24: N-Butylthiobenzamide from dibenzyl disulfide, sulfur, 
and n-butylamine (129). Dibenzyl disulfide (41 gm, 1/6 mole), sulfur 
(11 gm, 1/3 mole), and n-butylamine (25 gm, 1/3 mole) are warmed to 
90-100°, resulting in the slow evolution of H2S. The temperature is then 
raised to 140° for 10 min and finally, at 25°, the mixture is poured into 
methanol. The small quantity of sulfur which separates is filtered off and 
the solution distilled. The residual oil has a b.p. of 162-167° at 0.2 mm. 
Yield 42 gm, 65.5%. 

Example 25: Preparation of thiosemicarbazones (e.g. 4-pyridyl 
methyl ketone thiosemicarbazone) (96). 4-Ethylpyridine (214 gm), 
sulfur (128 gm), and thiosemicarbazide (182 gm) are heated to 130° and 
maintained at that temperature for 2% hours. Any unreacted 4-ethyl-
pyridine is steam-distilled and the cooled crystalline residue filtered. 
The solid is dissolved in sodium hydroxide solution (2N, 1000 ml), the 
undissolved sulfur filtered off, and the thiosemicarbazone precipitated 
from the clear solution by neutralization with dilute hydrochloric acid. 
Recrystallization from methanol gives a product of m.p. 229-231° (dec) . 
Yield 33%. 

The compounds listed in Table 2 were prepared in analogous manner. 
Example 26: Preparation of thioacylhydrazones (97). A mixture of 

y-picoline (46.5 gm, ! / 2 mole), isonicotinic acid hydrazide (68.5 gm, * /2 
mole), and sulfur (32 gm, 1 gm atom) is heated in an oil bath at 135-
140° (internal temperature), for 5 hr, during which time H2S is con
tinuously evolved. Towards the end of this period, the temperature is 
raised to 150°. Acetonitrile (about 70 ml) is added to the still warm 
solution and the precipitate (83.5 gm) is filtered off after cooling. Con
centration of the mother liquors yields a further crop of crystallizate 
(about 3 gm) and unchanged y-picoline (10 gm). The combined pre
cipitates are recrystallized from dimethylformamide, and pure pyridine-
4-aldehyde thioisonicotinylhydrazone (28 gm), m.p. 238-240°, is ob
tained. 
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T A B L E 2 
Thiosemicarbazones 

Reaction product M.p. 

^N^N:H==N—NH—C— NH, 
a-Picoline, 
sulfur, and thio
semicarbazide 

208-211° 
(dec.) 

t / y~CH=N—NH—C—NHa 

y-Picoline, 
sulfur, and thio
semicarbazide 

228° 
(dec.) 

Or*-
> ' CH, 

NH—C—NH, 
4-Ethylpyridine, 
sulfur, and thio
semicarbazide 

229-231° 
(dec.) 

N \—<p=N—NH—C—NH, 

C,HS S 

4-w -Propylpyridine, 
sulfur, and thiosemi
carbazide 

a
%—CH=N—NH—C—<f ^T^^l 

S NS X 

2 - Methy lbenzothiazole, 
sulfur, and thiosemi
carbazide 

342-344° 

a : 
c=N— N—C—C 

3 / CH, H.C ^ 

2-Ethy lbenzothiazole, 
sulfur, and thiosemi
carbazide 

285° 

The mixed m.p. with a comparison sample prepared from thioisonic-
otinic acid hydrazide and pyridine-4-aldehyde shows no depression. 

The compounds listed in Table 3 were prepared in analogous manner. 
Example 27: Preparation of N-alkylthioacid amides (Dimethyl amide 

of isothionicotinic acid) (87). Picoline (186 gm), sulfur (192 gm), and 
dimethylformamide (146 gm) are heated for 20 hr at 140-160° until the 
evolution of gas has ceased, and the mixture distilled. The main fraction, 
the dimethyl amide of isothionicotinic acid comes over at 145-160°/0.6-
1.3 mm, yield 66%. It is redistilled at 143-148°/0.9 mm and recrystal-
lized from ethyl acetate, yielding pale yellow needles, m.p. 64-65°. 

The compounds listed in Table 4 were prepared in analogous manner. 
Example 28: Oxidation of xylene by means of sidfur dioxide in the 

presence of ammonium sulfide (103). Xylene (85% ?n-xylene and 15% 
p-xylene, 1 mole), sulfur dioxide (1.53 mole), ammonia (3.08 moles), and 
hydrogen sulfide (1.55 mole) are heated in water (58 moles) for 1 hr in 
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T A B L E 3 
Th ioacyl hydra zones 

Reaction product Reactants M. p. 

x ' c—n r» x ' S = C O y-Picoline, 
sulfur, and 1 8 3 - 184° 
benzhydrazide 

Quinaldine, sulfur, 
and />-chlorobenz-
hydrazide 

C X I 

( X I 
\ ^ N ^ C H = N - N H - C - H f N 

C O _ c ™ t c 0 O 

Quinaldine, sulfur, 
and isonicotinic 
acid hydrazide 

2-Methy lbenzothiazole, 
sulfur, and benzhydra- 3 4 6 - 3 4 8 ° 
zide 

an autoclave at 315°. A pressure of approximately 180 atm is reached. 
On cooling, a little activated charcoal is suspended in the liquid product 
and it is filtered in order to remove the coloring matter. Of the xylene 
used, 96.5% is converted into a mixture of iso- and terephthalic acid 
which has a saponification value of 86 and a neutralization value of 101.5. 

Example 29: Oxidation of a mixture of m- and p-xylene by means of 
sulfur in the presence of ammonium sulfate (105). m- and p-Xylene 
(85:15, 225 gm), sulfur (34 gm), ammonium sulfate (464 gm), and water 
(960 ml) are heated for 1 hr in a high-grade steel autoclave at 328°. On 
cooling, the pressure is released and the reaction mixture treated with 
steam until a pH value of 6 is reached. Treatment with activated char
coal and filtration are followed by acidification to pH 2 with sulfuric 
acid. After standing for some time, the mixture is filtered, yielding a 
solid (311.6 gm) consisting of isoterephthalic acids and their amides. 

Complete saponification is achieved by heating with dilute sulfuric 
acid. A special process recommends the saponification at pH 3 (4.65 gm 
sulfuric acid/liter) for one-half hour at 240° and 35 atm (130). 

Example 30: Oxidation of m-xylene with ammonium thiosulfate 
(108). m-Xylene (75 gm, 0.707 mole) is placed in a tube and, with a 
solution of ammonium thiosulfate (60%, 262 gm, 1.06 mole) in water, 
(658 gm) is placed in a 2*4 liter high-grade steel autoclave. The reac-
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T A B L E 4 
N-Alkylthioacid Amides 

Reaction product Reactants M . p . B . p . 

C - N H — C H , 

VT II 

N s 
/C H 3 

C - N 
II \ 

N s CH 3 

a -Picoline, 
sulfur, and 
methylformamlde 

a-Picol ine, 
sulfur, and di-
methylformamide 

7 4 - 7 8 ° 

1 2 9 - 1 3 3 ° 
0. 55 mm 

N ) — C —NH—CH3 
^ II 3 

S 

Y - Picoline, 
sulfur, and 
methylformamide 

9 4 - 9 7 ° 
1 5 6 - 162° 
0. 5 mm 

C — N H — C 4H 9 
II 

Y-Picoline, 
sulfur, and 
butylformamide 

7 5 - 7 8 ° 
1 2 0 - 1 2 2 ° 
17 mm 

N )—C—N 

N V - C - N H ) 

N ) — C — N H ,0 

s ^ 

C X X - N : C H' 

Y-Picoline, 
sulfur, and 
dimethylformamide 

Y-Picoline, 
sulfur, and 
for my lpiper idine 

Y-Picoline, 
sulfur, and 
formylmorpholine 

Quinaldine, 
sulfur, and 
dimethylformamide 

6 4 - 6 5 ° 

1 1 3 - 1 1 6 ° 

151 153° 

1 2 6 - 1 2 9 ° 

1 4 3 - 1 4 8 ° 
0. 9 mm 

1 6 0 - 1 8 0 ° 
0. 9 - 2 m m 

H , C N C — NH—CH, 
3 II 3 

S 

2,6-Lutidine, 
sulfur, and 
methylformamide 

1 7 2 1 7 6 ° 
12 mm 

H , C - H N — C N C - N H — C H 3 3 II II 
S S 

2,6-Lutidine, 
sulfur, and 
methylformamide 

N ) — C — N H — C H , 

C—NH—CH, 
II 
S 

2,4-Lutidine, 
sulfur, and 
methylformamide 

1 5 0 - 153° 
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"CH, 

C —NH—CH, methylformamide 

S 

/CH, 
C - N 

S C H3 

2,4-Lutidine, 1 7. 1 7 RC 
sulfur, and - 1 7f , 1 76 

\ I 2,6-Lutidine, 
H,C A . NxCH, sulfur, and 
II c ^ | | w M ^CH dimethylformamide 

CH 2,4-Lutidine, 
, 8 sulfur, and 168 171° 

/ / 8 dimethylformamide 
C - N 
L1 Vh, 

2,5-Lutidine, 
sulfur, and 163-166° 
methylformamide 

2, 5-Lutidine, 
sulfur, and 158-163° 
dimethylformamide 

P i 
NH, 

C—NH-CH, 
2-Amino-4-methyl-
pyridine, sulfur, and 
methylformamide 

134 137° 

2-Amino-4-methyl-
pyridine, sulfur, and 116-119° 
dimethylformamide 

T A B L E 4 (Continued) 

Reaction product Reactants M.p. B.p. 

195-197° 
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T A B L E 4 {Continued) 

Reaction product Reactants M. p. B.p. 

S = C - N . 

H3C^ 
3 > - C 

H,C^ II 
S 

X H , 

/CH, 

s 

Collidine, 
sulfur, and 
dimethylformamide 

239-242° 

a N C H 2- C - N ^ 
M CH3 
S 3 

2-Vinylpyridine, 
sulfur, and 
dimethylformamide 

153- 157° 
1. 2 mm 

O 4-Ethylpyridine, 
C H — C - N H - C H 3 sulfur, and 

II 

a 
a 

S = C - N H — CH, 

methylformamide 

4-Ethylpyridine, 
sulfur, and dimethyl-

n u n M- formamide; or „ 
C H 2- C - N 4-vinylpyridine, 1 08 1 12 

S CH3 sulfur, and dimethyl
formamide 

^ \ 2-Methylbenzo-
C—C—NH—CH3 thiazole, sulfur, and 116 119° 

g / y methylformamide 

Nv \ / C Hs 2-Methylbenzo-
C-C—N thiazole, sulfur, and 103-105° 

\?H 3 dimethylformamide 

2,5-Dimethyl-

N N pyrazine, sulfur, and 
methylformamide 

S=C— NH-CH3 

/CH3 

S=C—N^ 

) \ C H3 2,5-Dimethyl-
N N pyrazine, sulfur, and 283-285° 

^ ( CH3 dimethylformamide 
S=C—N 

NCH3 

/ \ /^Hs Acetophenone, 
( )—CH2—C—N sulfur, and 79-81° 
^ ' S CH3 dimethylformamide 

Styrene, sulfur, 
and dimethyl- 79-81° 
formamide 

136-140° 

307-310° 
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tants are heated to 315° before the xylene is mixed with the solution by 
agitating the glass tube; the pressure then rises to about 135 atm. Heat
ing is continued for a further 90 min; on cooling, the gases formed (20 
gm H2S) are released. Volatile material is removed from the liquid 
product by steam distillation at pH 6, and sulfur removed from the 
residue by filtration. The filtrate is heated with sodium hydroxide (60 
gm), acidified to pH 6, treated with activated charcoal, and filtered. The 
filtrate is acidified to pH 2 with hydrochloric acid, and the isophthalic 
acid (90.5 mole % ) filtered. 

Example 31: Oxidation of mercaptans with sulfur (110). 2-Phenyl-
ethyl mercaptan (1 part) and ammonium polysulfide solution (5 parts) 
are heated in an autoclave for 4 hr at 205°. Phenylacetamide is formed 
in 95% yield. It is isolated by evaporating the reaction solution to dry
ness, extraction with hot alcohol, and recrystallization from the same 
solvent; m.p. 153-154°. 

Similarly, if n-decyl mercaptan (1 mole) is heated with sulfur (2 
moles) and aqueous ammonia (28%, 5 moles) for 12 hr at 200°, an 
almost quantitative conversion into n-nonanecarboxylic acid amide, m.p. 
97-98°, takes place. 

The corresponding alcohols only afford yields of 40-50% of the acid 
amides; nor do the yields obtained from secondary mercaptans quite 
compare with those from the primary compounds. 

Example 31a: Conversion of vinylpyrrolidone into N-thioacetyl-
pyrrolidone (111b). N-Vinylpyrrolidone (100 parts) is heated, with 
stirring or shaking, with sulfur (85 parts) and hydroquinone (2 parts) 
for 6-8 hr at 160-170°. The dark-colored reaction product is dissolved 
in tetrahydrofuran, treated with animal charcoal, filtered, and concen
trated. A dark, noncrystalline substance (180 parts) of composition 
C8H9ONS is obtained, and can be shown to be the dimer of N-thioacetyl-
pyrrolidone by molecular weight determination. The compound is com
pletely soluble in water and melts in the range 48-93°. Boiling with 
dilute sulfuric acid and methanolic hydrochloric acid (20%) causes the 
elimination of H2S. The substance is completely hydrolyzed after 8 hr, 
yielding acetic acid and y-hydroxybutyric acid. 

Example 32: N,N'-Dicyclohexyldithiooxalic acid diamide from acet
ylene (113). Cyclohexylamine (198 gm) is placed in a four-necked 
flask fitted with a stirrer, thermometer, reflux condenser, and gas inlet, 
and acetylene passed in until the saturation point is reached. Sulfur (106 
gm) and dioxane (150 ml) are then added and the mixture heated to 
boiling. Acetylene is slowly passed for 3 hr, and heating continued for a 
further 2 hr. The dioxane is evaporated under vacuum, and the semisolid 
residue extracted with boiling alcohol (500 ml) and filtered. The solid 
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filtration residue is placed in boiling butanol (250 ml) and filtered hot. 
On cooling, N,N'-dicyclohexyldithio6xalic acid diamide (11 gm) m.p. 
156-158° separates from the filtrate. 

Example 33: Nonane-1,9-dicarboxylic acid from undecylenic acid 
(23). Purified undecylenic acid (3.68 gm) is heated with an oxidizing 
solution for 4 hr at 160°. The reaction product is saponified by alkali, 
and acidification yields nonane-1,9-dicarboxylic acid. Recrystallization 
from chloroform affords the pure acid (1.52 gm, 35%), m.p. 111-112.5°. 

The oxidizing solution is prepared as follows: For every 0.1 mole of 
the compound to be oxidized, 7 N ammonium sulfide solution (7iV with 
respect to the sulfide and 12N with respect to the ammonia) (25 ml), 
sulfur (0.5-1 gm atom) and pyridine or dioxane (12-25 ml) are used. 
Ammonium thiosulfate (0.1 mole) is also added. 

Example 34: Preparation of a trithione from isobutylene and sul
fur/sulfur dioxide (52). Isobutylene (170 gm), sulfur dioxide (213 gm), 
and sulfur (192 gm) are heated in a high-grade steel autoclave of 1600 
ml capacity for 2 hr at 180-195°. A dark oil (426 gm) and an aqueous 
liquid (131 gm) are obtained. The oily product is distilled at 118-122°/1 
mm, yielding C 4H,S 3 (186 gm), m.p. 37-38.3°. 

Example 35: 4,4'-&tilbenedicarboxylic acid from p-toluic acid and 
sulfur (109). A mixture of p-toluic acid, at least 97% pure, (1 mole) and 
sulfur (0.5 mole)—up to 1 mole of sulfur can be used—is heated in a 
three-necked flask for 4 1/2 hr at 270-275°. A yellow precipitate of 4,4'-
stilbenedicarboxylic acid gradually separates from the ever-darkening 
reaction liquid. When the evolution of H2S has ceased, the mixture is 
cooled to 140° and hot xylene (5 ml/gm of p-toluic acid) added. The 
mixture is again heated under reflux for 30 min, filtered hot, and the 
filtration residue washed with hot xylene. After evaporation of the 
xylene, the filtrate contains impure p-toluic acid, sulfur, and acids of 
high molecular weight. The p-toluic acid can be recovered by distilla
tion. The filtration residue is extracted with hot dioxane, when about 20 
gm of higher acids dissolve in 100 ml of the solvent. The residue consists 
of 4,4/-stilbenedicarboxylic acid and a small quanity of yellow-colored 
higher acids. Purification can be effected by the crystallization of the 
potassium salt from water; the ammonium and guanidine salts are 
equally well suited. The free acid has a m.p. of 460° and a neutraliza
tion equivalent of 134.1. The crude yield amounts to approximately 60%, 
calculated with respect to 51% of reacted toluic acid. 

The dioxane solution contains mainly tetra(p-carboxyphenyl) thio
phene. 

Example 36: Reaction between 2,4,6-trichlorophenol and sulfur (69). 
2,4,6-Trichlorophenol (200 parts) is added to a cold solution of flowers 
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of sulfur (100 parts) in oleum (30%, 100 parts); the brown solution is 
stirred for several hours at 10-20° and poured on to ice. The separated 
product is dissolved in dilute sodium carbonate solution, freed from 
undissolved sulfur by filtration, and reprecipitated by pouring the solu
tion into dilute hydrochloric acid. The crude product is filtered, dried, 
and if necessary recrystallized from glacial acetic acid or benzene. 

3,3'-Dihydroxy-2,4,6,2',4',6'-hexachlorodiphenyl disulfide, m.p. 156-
159°, is obtained in 93% yield as a pale yellow crystalline powder. It is 
readily soluble in most organic solvents as well as in dilute sodium 
carbonate solution. 

If 2,4,6-tribromophenol is subjected to the same treatment, a good 
yield of 3,3'-dihydroxy-2,4,6,2',4',6'-hexabromodiphenyl disulfide is ob
tained as a yellowish crystalline powder, m.p. (after recrystallization 
from glacial acetic acid) 198-202°. 
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