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half of the halogen added appeared as pyridine
hydroiodide.

2. Each of the substituted g-ketoalkylpyri-
dinium iodides was cleaved by action of aqueous
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alkali into a characteristic hydroxybenzoic acid.

The reaction provides a new and efficient method
for preparation of hydroxybenmwic acids.
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Hydrogenation of Compounds Containing Divalent Sulfur
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The occurrence of a sulfur atom in many
natural products has led us to investigations, of
the hydrogenation of sulfur-containing compounds
which would contain groups or structures repre-
sentative of those which might be encountered in
the synthesis of such natural products.

It became evident, after biotin had been shown
to contain sulfur? and to be essentially a fully re-
duced compound,?® that it might be useful to know
catalytic methods for the hydrogenation of carbon
to carbon double bonds and the like in sulfur-con-
taining compounds, especially in thiophene de-
rivatives.

The reduction of sulfur-containing compounds
has been accomplished in the past largely by
chemical reduction rather than catalytic hydro-
genation due to the poisoning effect of reduced
(divalent) sulfur on the catalysts. However, the
catalytic hydrogenation of cystine to cysteine in
the presence of hydrochloric acid has been re-
ported.* Here the reduction was the hydrogen-
olysis over palladium of a disulfide to the mer-
captan. The hydrogenation of compounds con-
taining oxidized sulfur® over platinum or palla-
diuin and the reduction of sulfonic acids to mer-
captans® have been reported. The use of sulfur-
active catalysts in the Bergius process is well-
known.” But practical laboratory methods for
the hydrogenation of reducible groups in sulfides,
generally applicable to large numbers of com-
pounds, appear not to have been reported. A
method for the hydrogenation of carbon to carbon
double bonds, carbonyls, and nitro groups and
the reduction products of nitro groups, as well as
hydrogenolysis of ring halogen, in divalent sulfur
compounds has now been found. The method
has been applied in the synthesis of biotin in this
Laboratory.®
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The choice of a catalyst for the hydrogenation
of sulfur-containing compounds at a few atmos-
pheres pressure® was limited, of course, to those
catalysts-which would cause hydrogenation under
these conditions in sulfur-free compounds. Of
the common catalysts, the oxide and sulfide cata-
lysts are generally useful only in high pressure
reactions, so ouly the various metal catalysts
would be expected to be useful with hydrogen at,
or near, atmospheric pressure. It has been shown
that nickel removes the sulfur atom from sulfides?®
and for this reason appears to be not generally
useful for hydrogenation of these compounds.

When various sulfides were submitted to
hydrogenation it was found that palladium on
carbon 'or palladium on barium sulfate is, under
some conditions, active in the presence of sulfur-
containing compounds. For example, thiophene
(I) and 2-thiophenevaleric acid (II) were con-
verted into the corresponding tetrahydro com-
pounds (IIT and IV) by hydrogen and palladium
on carbon. The nitro groups of 2,5-dibromo-3,4-
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dinitrothiophene (V) were reduced in acid solution
to amiro groups and at the same time the halogen
atoms in this compound underwent hydrogenoly-
sis to give 3,4-diaminothiophene (VI). Because
this diamine, as well as its salts, was readily
oxidized in the air, it, therefore, was converted into
the diacetamido (VII), dibenzamido (VIII) or
imidazole (IX) derivative for isolation. Aunother
example of such hydrogenation involving hy-
drogenolysis of a bromine atom was the reduction

(9) Because of the general availability of apparatus for low pres-
sure (below 50 1b.) hydrogenation compared to that of stainless.steel
apparatus safe to use with sulfur compounds at high pressures, it
appeared more desirable to operate in this low pressure region.
Accordingly, the entire method has been worked out for this pres-
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As certain of the unsaturated biotin inter-
mediates® became available they were submitted

NHCOC:H: I‘i\' HCOCH;
HC——--———C[‘,=O H(F———C-——‘O
Pd
C=CH(CH1)1C01CH3 ? Hzc
2

S S

X1 XII
Plez

NHCOCH;

HQC

NHCOCsH;
¥ —OH
HC———C=N { —NHCH(NO, HC——CHOH

| l l
H,C CH(CH,),CO.CH; H.C
S S

X1V XIII

to hydrogenation. The methyl ester of 4-benz-
amido - 3 - keto - A% - tetrahydro - 2 - thiophene-
valeric acid (X1I) was converted into the saturated
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ketone, the methyl ester of 4-benzamido-3-keto-
tetrahydro-2-thiophenevaleric acid (XII), and
this compound underwent further hydrogenation

HYDROGENATION OF COMPOUNDS CONTAINING DIVALENT SULFUR

H;NC———CNH,

|
CH

e Ny

|
CH(CH,)«CO.CH,

CH(CH,),CO.CH;

HC———-CHNHCOCH,
CH(CH.)/CO,CH,

2093

to the methyl ester of 4-benzamido-3-hy-
droxytetrahydro-2-thiophenevaleric  acid
(XIII). The latter of these reduction
products was isolated in three of its four
racemic forms. The ketonic nature of the
first reduction product (XII) was demon-
strated by preparation of the oxime and
the p-nitrophenythydrazone (XIV).

NH In the examples given above this reduc-
- tion was usually carried out in the presence
I of mineral acid. However, thisis not neces-
CH sary as shown by the reduction of dl-allo-

dehydro ester® (XV) in the absence of acid.

The product of the reduction is a mixture

of the dl-allodiamido ester (XVI) and
the dl-epi-allodiamido ester (XVI).® The hy-
drogenation of the dl-isodehydro ester (XVII) by
this method is described elsewhere.®

Experimental

Palladium Chloride on Darco Catalyst.—A solution of
86.6 g. of palladium chloride (containing 52 g. of palla-
dium) was dissolved in 200 ml. of concentrated hydro-
chloric acid and 500 ml. of water. The solution was
diluted to 1500 ml. with water and was poured into 1000 g.
of nitric acid-washed Darco G-60. Enough water was
added to make a mass just thin enough to be
stirred. After the palladium chloride solution
had been mixed thoroughly with the carbon, the
‘whole mixture was dried in an oven at 100° with
occasional mixing until completely dry. The
mass was powdered and stored in a closed bottle;
it was reduced in the solvent before use.

Palladium-Barium Sulfate Catalyst.—A solu-
tion of palladium chloride was prepared by dis-
solving 79.2'g. of palladium chloride (containing:
47.5 g. of palladium) in 200 ml. of concentrated
hydrochloric acid and 500 ml. of water by heat-
ing. After the palladium was in solution, the
barium sulfate was prepared. To a hot solution
of 1262 g. of reagent barium hydroxide octa-
hydrate in 12 liters of water in a large Pyrex
battery jar, 1200 ml. of 6 N sulfuric acid was
added all at once. Enough more 6 N sulfuric
acid was added to make the suspension just acid
to litmus. The palladium solution and 80 ml. of
formalin were added to the suspension of barium sulfate.
The solution was then made slightly alkaline to litmus
with 309, sodium hydroxide solution, constant stirring
being maintained. The suspension was stirred five minutes
longer, and the catalyst was allowed to settle.
The supernatant liquid was siphoned away from
the precipitate, was replaced by water and the
catalyst was resuspended; this process was re-
peated eight to ten times. After allowing the
solid to settle, as much water was removed as
possible and the solid was collected on a filter.
The filter cake was washed with 1 liter of water
and was dried at 80° in an oven. It was stored
in a tightly closed bottle.

Hydrogenation of Thiophene.—Ten grams of
the palladium chloride on Darco catalyst was re~
duced in 200 ml. of methyl alcohol with hydrogen
at 2-4 atmospheres. To the reduced catalyst
and methyl alcohol were added 1.4 ml. of con-
centrated sulfuric acid and 0.42 g. of thiophene.
Absorption of two moles of hydrogen required
twenty to thirty minutes of shaking under 24
atmospheres of hydrogen. The catalyst was re-
moved by filtration and washed on the filter with 20 ml. of
methyl alcohol. The mercuric chloride addition preduct
was prepared by heating the methyl alcohol filtrate and
2.7 g. of mercuric chloride at 45° until solution was com-
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plete after which it was diluted to 300 ml. with water.
After cooling the solution to 0°, long needles of the mer-
curic chloride addition product of tetrahydrothiophene
were deposited. The precipitate was collected on a filter
and was washed with a small amount of water. The
product was recrystasiized from methyl alcohol and melted
at 129-130°. The yield was 1.26 g. (71'7). This com-
pound is reported!! to melt at 124.5-125.5°.

Hydrogenation of 2-Bromothiopbene.—Twenty grams
of the palladium chloride ont Darco catalyst was reduced in
200 ml. of methyl alcohol with hydrogen at 2+ atmos-
pheres.  To the reduced catalyst and methyl alcohol was
added 1.63 g. (0.01 mole) of thiophene. Absorption of 3
equivalents of hydrogen required four to five hours shaking
under 2-4 atmospheres of hydrogen. The catalyst was
removed by filtration and washed on the filter with 20 ml.
of methyl alcohol. To the methyl alcohol filtrate was
added 4.0 g. (0.015 mole ) of mercuric chloride. When solu-
tion was complete it was diluted with water to 500 ml.
After cooling the solution to 0°, long white needles of the
mercuric chloride addition product of tetrahydrothiophene
were deposited. The precipitate was collected on a filter
and washed with a small amount of water. The product
was recrystallized from methanol and melted at 120-130°,
The yield was 2.0 g. {569).

Hydrogenation of 2-Thiophenevaleric Acid.-——Ten grams
of palladium chloride on Darco in 200 m!. of methyl alcohol
was reduced by shaking with hydrogen at 20-10 1b. pres-
sure. To the catalyst suspension were added 0.3 ml of
concentrated sulfuric acid and 2.0 g. of 2-thiophenevaleric
acid.’? Hydrogenation at 18-40 Ib. hydrogen pressure re-
quired about six hours for the theoretical quantity of hydro-
gen to be absorbed.  The catalyst was removed by filtra-
tion and was washed with 20 ml. of methyl alcohel.  The
mercitric chloride addition product was prepared by add-
ing 5.5 g. of mercuric chloride, heating the mixture until
soltution was complete and diluting to 500 ml. with water.
The solution was cooled and the crystals which formed were
removed. After recrystallization from methyl alcohol,
the product melted at 85-86°. The yield of the mercuric
chloride addition product of the methyl ester of tetra-
hydro-2-thiophenevaleric acid was 3.0 g, (58¢7).

Anal.  Caled. for CHyO5CHLHE: C
5, 6.84. Found: C, 25.57; H, 3.84; &, 640,

2,5-Dibromothiophene. - This compound was prepared
by a modification of the original method.’ To a solution
of 207 g. of thiophene in an equal volume of benzene was
added 950 g. of bromine as rapidly as possible without loss
of bromine vapor. After the evolution of hydrogen
bromide became slow, 700 ml. of ethyl alcohol and 250 g.
of sodium hydroxide were added and the mixture was re-
fluxed sixtcen hours. The solution was diluted with water,
and the organic layer was separated and distilled through a
column. There were obtained 152 g. of 2-bromothiophene,
b. p. 188-162°, and 425 g. of 2,5-dibromothiophene, b, p.
200-210°.

2,5-Dibromo-3,4-dinitrothiophene.!! --A stirred mixture
of 400 wl. of concentrated sulfuric acid, 800 ml. of 209
fuming sulfuric acid and 325 ml. of fuming nitric acid
{density 1.5) was cooled, and 330 g. of 2,5-dibromothio-
phene was added drop by drop so that the temperature re-
mained at 20-30°, coaling being maintained by means of
an ice-bath. After the 2,5-dibromothiophene had been
added, the reaction mixture was poured onto ice and the
precipitate was removed by filtration.  After recrystalliza-
tion from methyl alechol, 144 g. of 2,5-dibromo-3,4-di-
nitrothiophene, m. p. 134--135°, was obtained.

Hydrogenation of 2,5-Dibromo-3,4-dinitrothiophene.—
Thirty grams of palladium chloride on Darco was reduced
in 300 ml. of methyl alcohol and 300 ml, of water under 20

{11) Grischkewitsch-Trochimowski, J. Russ. Pays.Chem. Soc.,
48, Y01 (1923) [Chem. Zentr., 94, I, 1502 (1423) ]

112y Melville, Moyer, Hofmann and du Vigneaud, J, Biol, Chem.,
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Ib. of hydrogen pressure for ten minutes. To the catalyst
suspension was added 7.5 ml. of concentrated sulfuric acid
followed by 10 g. of 2,5-dibromo-3,4-dinitrothiophene.
The hydrogenation was carried out by shaking with hy-
drogen at 20 1b. for one to one and one-half hours after
which hydrogen absorption was quite slow. The catalyst
was removed by filtration and washed with 200 ml. of 50%,
methyl aleohol. The combined 509, methyl alcohol solu-
tions were concentrated under reduced pressure to 200-300
ml. to remove all of the methyl alcohol. The resulting
3,4-diaminothiophene in acid solution was converted into
its acetyl or benzoyl derivative for identification.

3,4-Diacetamidothiophene.—The water solution of the
diamine from 30 g. of 2,5-dibromo-3,4-dinitrothiophene
was treated with 105 g. of sodium bicarbonate and 60 ml.
of acetic anhydride. The 3,4-diacetamidothiophene which
crystallized was removed and the filtrate was concentrated
to obtain a second crop. The combined material was re-
crystallized from acetone to constant melting point. The
yield of 3,4-dacetamidothiophene, m. p. 207-208°, was
10.4 g. (585%).

Anal. Caled. for CeH0O.8N: C, 48.47; H, 5.09; N,
{4.13. Found: C, 48.68; H, 5.26; N, 14.13.

3,4-Dibenzamidothiophene.—The water solution of the
diamine from the hydrogenation of 10 g. of 2,5-dibromo-
3,4-dinitrothiophene was covered with a layer of ether and
15 ml. of benzoyl chloride was added. The solution was
made slightly alkaline with 309, sodium hydroxide, more
being added from time to time so that only a slight excess
was present. When the benzoyl chloride had all dis-
appeared, the solid was removed by filtration and was re-
crystallized to constant melting point from acetone. In
this way, 5.8 g. (609,) of 3,4-dibenzamidothiophene, m. p.
268-269°, was obtained.

Anai.  Caled. for CisH40.5N,: C, 67.06; H, 4.38; N,
869, Found: C, 67.38; H, 4.26; N, 8.54.

2,3-Dihydro-2-oxo-1-thieno-(3,4)-imidazole.—The water
solution of the diamine from the reduction of 1.7 g. of 2,5-
dibromo-3,4-dinitrothiophene was treated with sodium
carbonate and phosgene. The solution was concentrated
to dryness and the product was extracted with methyl
alcohol.  The methyl alcohol was removed and the product
was sublimed at 125-150° at about 10® mm. The sub-
limate was recrystallized from methyl alcohol-ether. The
2,3-dihydro-2-oxo-1-thieno-(3,4)-imidazole, m. p. 200°
(micro-block), was obtained in low yields.

Anal. Caled. for C;HOSN:: C, 42.84; H, 2.28; N,
20.04; S, 22.87. Found: C, 43.08; H, 2.82; N, 20.04;
S, 22,48,

Methyl Ester of 4-Benzamido-3-ketotetrahydro-2-thio-
phenevaleric Acids.—A solution of 1.66 g. of 4-benzamido-
3-keto- A%d-tetrahydro-2-thiophenevaleric acid methyl es-
ter in 200 ml. of methyl alcohol in which 10 g. of 5%
palladium chloride on Darco G-60 had been previously
reduced was shaken with hydrogen at 40 1b. pressure until
one equivalent had been absorbed (about four hours).
The catalyst was removed by filtration and was extracted
repeatedly with methyl alcohol. After evaporation of the
solvent and recrystallization from methyl alcohol-water,
0.5 g. of the saturated ketone, m. p. 114-116°, was ob-
tained.

Anal.  Caled. for CyH»ONS: C, 60.87; H, 6.31; N,
4.18; S, 9.56. Found: C, 60.61; H, 6.29; N, 4.19; S,
0.86.

Methyl Esters of 4-Benzamido-3-hydroxytetrahydro-2-
thiophenevaleric Acids.-»The reduction of the methyl ester
of 4-benzamido-3-keto- A%3-tetrahydro-2-thiophenevaleric
acid frequently proceeded further than the saturated ke-
tone. In this case a mixture of isomeric carbinols was
formed. The mother liquor from the reduction of the un-
saturated ketone was allowed to evaporate gradually.
The crystals which were deposited were taken up in ethyl
alcohol and the alcohol solution was concentrated and
cooled. The crystals of the carbinol which separated were
recrystallized from benzene—ether. This carbinol melted
at 127-128°.
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Anal. Caled. for Ci;H»ONS: C, 60.53; H, 6.87; N,
4.15; S, 9.50. Found: C, 60.73; H, 6.84; N, 4.40; S,
9.75.

One of the crops of the saturated ketone was recrystal-
lized from ether and the mother liquor was allowed to
stand several days after which two types of crystals were
obtained. The cubic crystals were separated from the
needles of the saturated ketone mechanically and were re-
crystallized from methyl alcohol. This carbinol melted at
118-119°,

Anal. Caled. for C;yH»ONS: C, 60.53; H, 6.87; N,
4.15; §, 9.50. Found: C, 60.34; H, 6.93; N, 4.46.

Another carbinol was obtained by dissolving the crude
saturated ketone in ether and allowing crystallization to
take place by slow evaporation of the ether. The ether
solution was decanted, and the crystals were recrystallized
from methyl alcohal. This carbinol melted at 136-138°.

Anal. Caled. for CyHyONNS: C, 60.53; H, 6.87; N,
4.15; 8, 9.50. Found: C, 60.77, 60.84; H, 6.78, 7.03;
N, 4 16; S, 9.39.

Methyl Ester of 4- Benzamldo-s-oxxmmotetrahydro-2-
thiophenevaleric Acid.—A solution of 209 mg. of 4-benz-
amido-3-ketotetrahydro-2-thiophenevaleric acid methyl
ester in 5 ml. of absolute ethyl alcohol was treated with a
slight excess of hydroxylamine hydrochloride and sodium
acetate and was heated on a steam-bath for thirty min-
utes. After diluting the solution with water and cooling,
feathery crystals of the oxime, m. p. 160-161°, separated.

Anal. Caled. for CyH»uN0.S: C, 58.26; H, 6.33; N,
8.00; S, 9.15. Found: C, 58.30; H, 6.33; N, 7.83; S,
9.38,

The filtrate from the reduction of the unsaturated ketone
was treated directly with hydroxylamine hydrochloride
and sodium acetate, and the solution was heated on a
steam-bath for one-half hour. After diluting with water
and cooling, crude crystals were obtained. After crystal-
lization from ethyl acetate, the first crop was the oxime,
m. p. 161-162°, described above. The mother liquor was
evaporated to one-half its volume and was left in a re-
frigerator overnight. This process of concentrating and
cooling was repeated three more times to give four frac-
tions. The third fraction was washed with boiling ether
and recrystallized from methanol-water to give a second
oxime, m. p. 152-154°.

Anal. Caled. for Ci7H:N.OS: C, 58.26; H, 6.33; N,
8.00. Found: C, 58.36; H, 6.28; N, 7.90.

This second oxime has a different crystalline structure
from the oxime melting at 161-162°, and the melting point
of a mixture of the two was definitely lower. The com-
pounds are isomeric. The final ethyl acetate mother
liquor gave the carbinol melting at 136-138° described
above.

4-Benzamido-3-oximinotetrahydro-2-thiophenevaleric
Acid.—A solution of 3.5 g. of 4-benzamido-3-oximino-
tetrahydro-2-thiophenevaleric acid methyl ester, m. p.
161-162°, in methyl alcohol was treated with 10 ml. of 2 NV
sodium methoxxde and immediately with 4 ml. of water.
After boiling for fifteen minutes, the reaction mixture was
acidified with dilute hydrochloric acid to congo red. A
crystalline product formed. The crystals were removed,
were washed twice with methvl] alcohol and were dried.
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The yield was 2.5 g. of oxime melting at 201°. The methyl
alcohol mother liquor gave an additional 0.37 g. of the
same compound after standing overnight.

Anal. Caled. for C;sHoO4N,S: C, 57.12; H, 5.99; N,
8.33. Found: C, 57.45; H, 5.63; N, 8.62.

p-Nitrophenylhydrazone of the 4-Benzamido-3-keto-
tetrahydro-2-thiophenevaleric Acid.—A solution of 126
mg. of 4-benzamido-3-ketotetrahydro-2-thiophenevaleric
acid methyl ester, in methyl alcchol was refluxed with
one equivalent of p-nitrophenylhydrazine and one drop
of concentrated hydrochloric acid. After standing for
two days, 84 mg. of the p-nitrophenylhydrazone, m. p.
143-145°, was obtained.

Anal. Caled. for CyuHaNOsS: C, 58.71;
N, 11.91. Found: C, 58.99; H, 5.73; N, 12.11.

Reduction of di-Allodehydro Ester.—Five grams of the
di-allodehydro ester was hydrogenated over 20 g. of palla-
dium-barium sulfate in 300 ml. of methyl alcohol. After
four hours the absorption of hydrogen was complete. The
catalyst was removed by centrifugation followed by filtra-
tion through supercel. The alcohol was concentrated
under reduced pressure and crops of crystals were collected
from time to time. Those crops melting below 175°
weighed 1.40 g. and were recrystallized twice from methyl
alcohol, from methyl alcohol-water, from isopropyl alcohol
and again from methyl alcohol. After drying, the dl-
allodiamido ester melted at 174-175° (micro-block).

The catalyst and supercel were re-extracted with 100
ml. of boiling methyl alcohol. After cooling the methyl
alcohol solution, 1.75 g. of di-epiallodiamido ester, m. p.
186-188°, was collected. Concentration of the mother
liquor gave 0.7 g. of material which was recrystallized
from methyl alcohol to give 0.45 g. more of this compound,
m. p. 182-184°.

Anal.  Caled. for CieH2N20:S: C, 60.29; H, 6.92; N,
7.43. Found: C, 59.97; H, 7.37; N, 7.50.
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Summary

It has been found that the carbon to carbon
double bonds in thiophenes, biotin intermedia‘es
and other sulfides are hydrogenated by hydrogen
and a supported palladium catalyst either in the
presence or absence of a mineral acid. Under
these conditions, nitro groups and carbonyls may
be reduced. Preferential hydrogenation of the
double bond in a,f-unsaturated ketones may be
accomplished. The hydrogenolysis of the halo-
gen in a-bromothiophenes simultaneous with re-
duction of the double bonds has been found to
occur also under these conditions.
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