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Vinylthiols have been synthesized by the X-ray-initiated addition of hydrogen sulfide to mono- and di-

substituted acetylenes at room temperature.

thiols are also obtained as reaction products.
varies with the acetylene.
propvne.

Free-radical additions of thiols and of hydrogen
sulfide to olefinic compounds have been studied exten-
sively during the past twenty-five years,! but additions
to acetylenic compounds have received far less atten-
tion. The “thermal” addition of p-thiocresol to
phenylacetylene to give a quantitative yield of a mixture
of the cis and trans isomers of p-tolyl B-styryl sulfide?
was apparently the first example of a free-radical chain
addition of a thiol to an acetylene. The addition of
thiolacetic acid to monosubstituted acetylenes to give
both 1:1 and 2:1 adducts®.®® has been shown to be
facilitated by free-radical catalysts.?2 More recently,
the ultraviolet-catalyzed addition of ethanethiol to a
variety of substituted acetylenes? and the addition of
thiolacetic acid to 2-propyne-1-ols® have been reported.
The only references to free radical-catalyzed additions
of hydrogen sulfide to acetylenes are in the patent
literature,® and no specific examples of the products
obtained are given.

In this paper, we report the preparation and isola-
tion for the first time of simple vinylthiols,” by the
X-ray-induced addition of hydrogen sulfide to mono-
and disubstituted acetylenes.

Results and Discussion
X-Ray irradiation of mixtures of hydrogen sulfide
and substituted acetylenes in closed vessels at room
temperature and autogenous pressure gave vinylthiols
and higher molecular weight products, including 1,2-
dithiols, divinyl sulfides and low polymers of the
vinylthiols. The G-values® based on total acetylene
consumed were in the range 50-2000, indicating the
chain nature of the reaction. The product mixtures
varied somewhat with the acetylene, but all cases

could be fitted into the reaction scheme
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(1) C. Walling, “Free Radicals in Solution,”” John Wiley and Sons, Inc.
New York, N. Y., 1957, p. 313 ff.

(2) E. P. Kohler and H. Potter, J. Am. Chem. Soc., 8T, 1316 (1935).

(3) (a) H. Bader, L. C. Cross, I. Heilbron and E. R. H. Jones, J. Chem.
Soc., 619 (1949); (b) B. Holmberg, Arkiv. Kemi, 2, 567 (1950).

(4) A. T. Blomquist and J. Wolinsky, J. Org. Chem., 28, 551 (1958).

(5) H. Bader, J. Chem. Soc., 116 (1956).

(6) W. E. Vaughan and F. F. Rust, U. S. Patents 2,398,479; 2,398,480
(1946).

(7) Conjugated vinylthiols such as triphenylvinyl mercaptan and 5~
mercaptocrotonic esters are known. See, for example: C. F. Koelsch and
G. Ullyot, J. Am. Chem. Soc., 55, 3883 (1933); H. Scheibler, ¢! al., J. prakt.
Chem., 124, 1 (1930).

(8) G = number of molecules reacting per 100 e.v. of energy absorbed.

Divinyl sulfides, vicinal dithiols and low polymers of the vinyl-

The vinylthiols are colorless, distillate liquids.
The most stable ones are derived from hexafluoro-2-butyne and 3,3,3-trifluoro-
In no case was there any evidence for the presence of the tautomeric ‘‘thione” in the reaction products.

Their stability

The reaction sequences leading to the vinylthiol II
and to the dithiol III are conventional free-radical
chain additions. Probably the further reactions of
1T leading to the divinyl sulfide IV and/or polymer also
proceed by free-radical mechanisms.

Results of typical experiments with the five acetylenes
studied are summarized in Table I.

As shown in Table I, methylacetylene gave a reaction
mixture consisting of roughly equal amounts of 1-pro-
pene-1-thiol (II, R = CH,, R’ = H), 1,2-propanedi-
thiol (III, R = CH;, R’ = H) and a polymeric oil (V).
Since on prolonged standing at room temperature 1-
propene-1-thiol undergoes conversion to a viscous oil,
it seems likely that the oil remaining after the distilla-
tion was formed from the vinylthiol during the course
of the reaction or the subsequent distillation. Di-
methylacetylene gave a similar product mixture con-
sisting of 2-butene-2-thiol, 2,3-butanedithiol and a
polymeric oil. The major reaction product from
phenylacetylene was bis-(3-phenylvinyl) sulfide (IV,
R = C¢H;, R’ = H), which crystallized from the
reaction mixture. The identity of this compound was
established by infrared analysis and by its oxidation to
the sulfone (see Experimental section). No dithiol was
isolated from the reaction mixture, though its presence
in the distillation residue has not been excluded. The
great reactivity of phenylacetylene is shown by the
high G-value observed, even at 809, conversion.

The reaction mixtures obtained from 3,3,3-trifluoro-
propyne and from hexafluoro-2-butyne contained rela-
tively more of the respective vinylthiols than did the
other acetylenes studied. This is in accord with the
fact that the fluorinated vinylthiols do not ‘‘poly-
merize”’ as readily as their non-fluorinated counterparts.
3,3,3-Trifluoropropene-1-thiol slowly changes to a
viscous o0il on standing for several weeks at room
temperature. 1,1,1,4,4,4-Hexafluoro-2-butene-2-thiol
(II, R = R’ = CF,) is stable at room temperature
for several months.

All the vinylthiols prepared are colorless liquids with
infrared absorption at 1620-1650 cm.~! (—C=C—)
and at 2600-2665 cm.—! (—SH). Their identities
were further established by n.m.r. spectra and by
preparation of derivatives.

The 60 Mec. n.m.r. proton spectrum of the 1:1 adduct
of hexafluoro-2-butyne and hydrogen sulfide consists
of a quadruplet at 7 6.70 (J 4.0 c.p.s.) due to the SH
hydrogen and a quadruplet at = 3.92°(J 7.6 c.p.s.) due
to the vinyl hydrogen. The latter is further split to
quadruplets (J 1.0 c.p.s.). On the basis of this spec-
trum the product is evidently a single isomer of 1,1,1,-
4,4,4-hexafluoro-2-butene-2-thiol (I, R = R’ = CF3),
and the addition reaction apparently proceeds in a
stereospecific manner. The stereo identity of the
adduct has not been ascertained.

The proton spectrum of the 1:1 adduct of trifluoro-
propyne and hydrogen sulfide contains —SH reso-
nances at 7 7.03 and at 7 6.83. The higher field peak
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TaABLE I
X-RAY-INDUCED ADDITION OF HYDROGEN SULFIDE TO ACETYLENES

Dosage, Mole
~——RC=CR'—— Moles H»S/moles ev./g. RC=CR’
R R’ RC=CR’ X 1071 reacted
CH; H 2.2/1.1 26 0.15
CH; CH; 0.9/0.5 26 L017
CF; H 0.7/0.2 30 .022
CF; CF; 2.0/0.6 28 .025
CeHs H 0.6/0.18 22 .14

¢ Possible trace of IV mixed with III.

is a doublet (J 11.1 c.p.s.), while the other is a doublet
split to quadruplets (J doublet = 11.7 c.p.s., J quad.
= 4.2 c.p.s.). The vinyl hydrogen resonances are
complex but consistent with the presence of two iso-
meric 3,3,3-trifluoropropene-1-thiols (II, R = CF;,
R’ = H). The F¥ n.m.r. spectrum likewise shows
the presence of the two stereoisomers in the reaction
product. It consists of two resonances in an integrated
intensity ratio of about 60:40, centered at — 176 c.p.s.
and at —376 c.p.s. The splitting pattern of each
resonance is doublets split to doublets. The larger
resonance has J-values of 8.6 and 4.2 c.p.s., while the
minor resonance has J-values of 7.7 and 2.7 c.p.s.

The proton n.m.r. spectrum of the methylacetylene—
H,S adduct (1-propene-1-thiol) indicates that it is also
a mixture of ¢is and ¢rans isomers. The spectrum con-
sists of two resonances in the CHj, region at r 8.38 and
8.28, two in the SH region at = 7.32 and 7.2, and a
multiline resonance in the vinyl proton region centered
at approximately 7 4.2. The possibilitv that the
product might be a mixture of 1-propene-1-thiol and
1-propene-2-thiol was ruled out by hydrolyzing the
1:1 adduct in the presence of 2,4-dinitrophenylhy-
drazine. Only propionaldehyde 2,4-DiNP was ob-
tained, in confirmation of the 1-propene-I-thiol struc-
ture.

The structure of the vinylthiol from phenylacetylene
has been inferred from the fact that bis-(3-phenylvinyl)
sulfide is the major reaction product.

The free-radical chain nature of the reactions is
evidenced not only by the magnitude of the G-values
observed and by the analogy of these reactions to thiol
additions to acetylenes but by the further observation
that azo catalysts will effect the addition of hydrogen
sulfide to phenylacetylene and to methylacetylene.
In both cases, high conversions were obtained, but no
trace of vinylthiol could be found. The absence of
vinylthiols in these reaction products is undoubtedly
associated with their instability at the higher tempera-
tures necessary for reactions using azo initiators.

Experimental

Reaction of Methylacetylene with Hydrogen Sulfide (X-Rays).
—A mixture of 42 g. (1.1 moles) of methylacetylene and 75 g.
(2.2 moles) of hydrogen sulfide in a 300-ml. stainless-steel cylinder
was irradiated with X-rays for 3.5 hours at an average dose rate
of approximately 20,000 rads/minute.’ After the excess reac-
tants were bled off there remained 16 g. of pale vellow liquid.
The combined product from three such runs was distilled under
vacuum, and the following fractions obtained: (1) b.p. ~28°
(165 mm.), 10.5 g., »**p 1.481; (2) b.p. 35°(10 mm.) 16.5 g.,
n?p 1.524; (3)residue, 10.5 g.

Fraction 1 was shown to be l-propene-l-thiol. Its infrared
spectrum included —SH absorption at 2564 cm."! and —C=C—
absorption at 1613 cm. L.

Anal. Caled. for C;HeS: C, 48.6; H, 8.16; S, 43.2.
C,48.3; H, 8.08; S,42.8.

A 0.47-g. (6.5 mmoles) sample of fraction 1 mixed with 1.3 g.
(6.5 mmoles) of 2,4-dinitrophenylhydrazine and 0.9 g. of concd.
sulfuric acid in 40 ml. of ethy! alcohol was refluxed until hydrogen
sulfide evolution ceased. The solution was diluted with water

Found:

(9) The X-rays were generated by impinging electrons from a 3-Mev.
van de Graaff generator onto a water-cooled gold target, Dose rates were
determined by ferrous sulfate dosimetry.

Vol. 85
~————Product distribution, §—————
G-Rre=CR’ 81 I w v
~ 270 32 35 ¢ 33
~ 70 24 41 .. 35
~ 100 73 ~20 ~5
~ 35 60 ’
~1900 8 . 47 45

b The higher-boiling compounds were not separated.

and cooled, whereupon approximately 1.0 g. of orange crystals
separated (m.p. 130-140°). Attempts to purify this material
by recrystallization were unsuccessful. Accordingly, a sample
was chromatographed on silica gel, and a single 2,4-dinitrophenyl-
hydrazone was obtained at an eluent volume corresponding to
that of propionaldehyde 2,4-dinitrophenylhydrazone. The
derivative was isolated by evaporation of the eluent solvent and
sublimed. Tt melted at 152-154° and showed no depression of
the melting point in a mixture with authentic propionaldehyde
2,4-DNP. TIts infrared spectrum was identical with that of an
authentic sample.

2,4-Dinitrophenyl 1-Propeny! Disulfide.—A sample (0.16 g.,
2.1 mmoles) of freshly prepared 1-propene-l-thiol was mixed
with 0.44 g. (1.9 mmoles) of recrystallized 2,4-dinitrobenzene-
sulfenyl chloride in 25 ml. of anhydrous ether and allowed to
stand at room temperature for 24 hours. Evaporation of the
ether left a vellow solid, which was recrystallized from a mixture
of heptane and benzene. After several recrystallizations it
melted at 74-77°.

Amnal. Caled. for CoHgN,0,S;: N, 10.3; S, 23.5.
10.5; S, 23.2.

Fraction 2 was shown to be impure propane-1,2-dithiol!®
on the basis of analysis, infrared absorption and derivative prepa-
ration with 2,4-dinitrobenzenesulfenyl chloride. The infrared
spectrum showed SH absorption at 2564 cm. ™!, which was much
more intense that that shown by l-propene-1-thiol (fraction 1),
but there was still some ahsorption at 1613 cm.™! (C=C), sug-
gestive of possible contamination with dipropenyl sulfide.

Amnal. Caled. for C;HsS,: C, 33.3; H, 7.84; S, 59.2.
C,36.5; H,7.46; S, 56.8.
1,2-Bis-(2,4-dinitrophenyldithio)-propane.—A 0.30-g. (3
mmoles) sample of fraction 2 was mixed with 1.2 g. (5 mimoles®
of recrystallized 2,4-dinitrobenzenesulfenyl! chloride in 45 ml. ol
anhydrous ether. After standing for 2 days at room tempera-
ture, there was obtained 1.1 g. of a vellow crystalline precipitate,
which melted at 135-136° after recrystallization from henzeue-
cyclohexane.

Amnal. Caled. for C15H12N403843
N, 11.2; §,25.5.

Fraction 3.—Attempted distillation of the residue gave a small
amount of a product, boiling at 52-53° (2 mm.) (#®*p 1.532),
which appears to be a tetramer of the propenethiol.

Anal. Caled, for (C;HeS)y: C, 48.6; H, 8.16; S, 43.2; mol.
wt., 206. Found: C, 48.7; H, 8.33; S, 43.2; mol. wt., 292,
286.

The remainder of this fraction was appareutly polymeric.

X-Ray-induced Addition of Hydrogen Sulfide to Phenylacet-
ylene.—A mixture of 18 g. (0.18 mole) of redistilled phenyl-
acetylene and 22 g. (0.65 mole) of hydrogen sulfide in a 100-ml.
stainless-steel pressure vessel was irradiated with X-rays for 3
hours at an average dose rate of ~20,000 rads/minute. Vola-
tiles were bled off, and the product, a mixture of oil and crystals,
was rinsed out with petroleum ether. The crystalline product
was only sparingly soluble and was filtered off (wt. = 7.8 g.}.
After recrystallization from cyclohexane, it melted at 96-96.3°.
It was sliown to be bis-(8-phenylvinyl) sulfide on the basis of its
analvsis and infrared spectrum, including the near infrared region,

Anal. Caled. for Ci¢HysS: C, 80.6; H, 5.92; S, 13.4; mol. wt.,
238. Found: C, 81.2; H, 5.91; S, 13.6; mol. wt., 241.

The near infrared absorption at 6135 cm.~! of a 3% solution in
CCl, was compared with that of similar solutions of a-methyl-
styrene and of p-methoxy-g-methylstyrene. The optical d.en-
sities of the sulfide and p-methoxy-g-methylstyrene were similar
(0.28 vs. 0.11), while that of the o-methylstyrene was much
higler (1.44). This is clear evidence for the bis-(8-phenylvinyl)
sulfide structure rather than the alternative a,a’- or «,8-di-
phenyldivinyl sulfide structure.

Distillation of the liquid portion (10 g.) of the reaction product
gave 1.5 g. of material boiling at 48-51° (0.25 mm.), identified
as B-phenylvinylthiol, on the basis of its analysis and infrared
spectrum.

Found: N.

Found:

Found:

N, 11.1; S, 25.4.

(10) 8. M. Igbal and L. N. Owen, J. Chem. Soc., 1030 (1960).
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Amnal. Caled. for CsHsS: C, 70.5; H, 5.92; S, 23.5.
C,70.1; H,5.71; S, 23.2.

The infrared spectrum included absorption bands at 2564
cm. ™! (SH) and 1613 em.™! (C=C), as well as the usual aro-
matic and monosubstituted benzene absorptions. An attempt
to prepare a derivative by reaction with 2,4-dinitrobenzenesul-
fenyl chloride gave a gum that failed to crystallize.

Oxidation of Bis-(3-phenylvinyl) Sulfide to Bis-(3-phenyl-
vinyl) Sulfone.—Bis-(3-phenylvinyl) sulfide (3.5 g.) was stirred
with 16 ml. each of glacial acetic acid and acetic anhydride.
The mixture was cooled to 0-5° while 5 ml. of 309 hydrogen
peroxide was added dropwise during 20 minutes, and the re-
action mixture was then allowed to warm up slowly. After
standing overnight, the mixture was poured into ice-water and
the crystalline sulfone filtered off (3.1 g., 789 yield). Re-
crystallization from methanol gave white needles, m.p. 90-91°.
The infrared spectrum included the expected absorptions at
1613 cm. 1 (—C=C—) and at 1316 and 1124 cm. ! (SO,).

Anal. Caled. for CsHiSO,: C, 71.1; H, 5.22; S, 12.8.
Found: C,71.4; H, 5.30; S, 12.8.

The X-Ray-induced Addition of Hydrogen Sulfide to 3,3,3-
Trifluoropropyne.—A mixture of trifluoropropyne (20 g., 0.21
mole) and hvdrogen sulfide (25 g., 0.73 mole) in a stainless-steel
pressure vessel was irradiated with X-rays for 4 hours at an aver-
age dose rate of ~20,000 rads/minute. After the excess vola-
tiles were bled off, there remained 3.1 g. of a vile-smelling, yellow
liquid.

The products from several such runs were combined (19 g.)
and distilled through a low-temperature, helices-packed column.
Two major fractions were obtained; the first (9.5 g.) appeared
to boil at 6-8° (70 mm.) (#?p 1.3879-1.3931). The higher-
boiling fraction (5 g.) was pumped over into a trap under oil-
pump vacuum (~0.25 mm.) without an accurate boiling point
being recorded (723D 1.4408).

Redistillation of the lower-boiling fraction through a spinning-
band column gave a center cut (4 g.) boiling at 21-22°(138 mm.)
(n?°p 1.3889-1.3899). The infrared spectrum included the ex-
pected absorptions for 3,3,3-trifluoropropenethiol; wviz., 2564
cm.™! (SH), 3125-3030 em.~! (CH), 1639 cm.™! (C=C) and
1430-1100 cm. "1 region (CF;).

Anal. Caled. for CaHaSFsI
44.2; S, 25.0.

The higher-boiling product included decreased but significant
C=C absorption (1639 cm.7!). together with increased CH
(2940 cm.™1) and SH (2564 cm.™!) absorptions in the infrared.
Redistillation gave as the principal fraction 1.7 g. boiling at
33°(15 mm.). Its infrared spectrum was essentially the same
as that of the crude material.

Amnal. Caled. for CG;HS,F; (2:1): S, 39.4; F, 35.2; mol. wt.,
161. Caled. for C¢H SFs (1:2): S, 14.4; F, 51.3; mol. wt.,
222. Found: S, 36.0; F,37.3; mol.wt., 173.

The analysis and infrared spectrum suggest a mixture of the
2:1 adduct, probably CF;CH(SH)CH,SH, and the 1:2 adduct
(CF;CH=CH):S in a ratio of about 85:15. The data calcu-
lated for such a mixture are: S, 35.6; F, 37.6; mol. wt., 171.

Found:

F. 44.5; S, 25.0. Found: F,
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X-Ray-induced Addition of Hydrogen Sulfide to Hexafluoro-2-
butyne.—A mixture of hexafluoro-2-butyne (96.0 g.) and hvdro-
gen sulfide (62 g., 1.8 moles) was irradiated with X-rays for 5
hours at an average dose rate of about 15,000 rads/minute.
Volatiles were bled off, collected in a —80° trap, and subsequently
reirradiated. The liquid product from four such runs (20 g.)
was distilled through a spinning-band column to give 9.5 g. of
hexafluoro-2-butene-2-thiol (b.p. 57-58°, #23p 1.339).

Anal. Caled. for CFeH:S: S, 16.4; F, 58.1.
16.3; F, 58.1.

There was also obtained a small fraction (2 g.) of material
boiling over the range 58° (90 m.) to 53° (45 mm) (n23p 1.360),
which is probably a mixture of hexafluorobutanedithiol and
bis-(hexafluorobutenyl) sulfide. There remained, f{following
removal of this material, about 5 g. of viscous, oily residue.

Addition of Hydrogen Sulfide to Dimethylacetylene.—A
mixture of 28 g. (0.52 mole) of dimethylacetylene and 29 g.
(0.85 mole) of hydrogen sulfide in a 300-ml. stainless-steel cyl-
inder was irradiated with X-rays for 3.5 hours at an average
dose rate of about 20,000 rads/minute. Volatiles were bled
off by immersing the cylinder in warm water (35-40°). There
remained 3.8 g. of pale yellow liquid. The products from two
runs were combined and distilled through an 8 in. Vigreux column.
After removing dissolved dimethylacetylene, the following frac-
tions were obtained.

Found: S,

1, ~25° (65 mm.) 0.7g n23p 1.4782
2, 45-46° (12 mm.) 1.2¢g 1.5182
3, 37° (~1 mm.) 0.6g 1.5189
4, Residue ~1.0g 1.556

The infrared spectrum of 1 included the expected bands for a
1:1 adduct, CH,;C(SH)=CHCHj3; viz., 2564 cm. ™1 (SH) and 1639-
1613 cm.™! (C=C; doublet), in addition to the usual C—H
absorptions.

Amnal. Caled. for CHsS: C, 54.5; H, 9.15; S, 36.3.
C, 56.5; H, 9.34; S, 34.8. '

Fraction 2 was shown to be butane-2,3-dithiol® by its infrared
spectrum (strong SH absorption and no C=C absorption) and
by preparation of a derivative with 2,4-dinitrobenzenesulfenyl
chloride. A mixture of 0.2 g. of the dithiol and 0.8 g. of 2,4-
dinitrobenzenesulfenyl chloride in 60 ml. of anhvdrous ether on
standing for 15 hours gave 0.4 g. (409 yield) of the bis-disulfide
derivative. It was recrystallized from benzene to a constant
melting point of 169-170°.

Anal. Caled. for C15H14N4OSS4: L\v, 10.8; S, 24.7.
N, 10.8; S, 24.9.

Nuclear Magnetic Resonance Spectra.—Proton spectra were
obtained with an A-60 nuclear magnetic resonance spectrometer
manufactured by Varian Associates, Palo Alto, Calif. Thestand-
ard was tetramethylsilane. F?!° spectra (56.4 Mc.) were ob-
tained by means of a high resolution nuclear magnetic resonance
spectrometer and associated electromagnet, both manufactured
by Varian Associates. The standard was sym-1,2-difluoro-
tetrachloroethane.

Found:

Found:
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Stereochemistry of Allylic Rearrangements.

XIII. The Racemization, Carboxyl-oxygen

Equilibration and Solvolysis of {rans-o,y-Dimethylallyl p-Nitrobenzoate in Aqueous Acetone’

By HarLAN L. GoErRING, MELVIN M. PoMB0o? AND KIRK D. McMICHAEL
RECEIVED NOVEMBER 7, 1962

Rate constants for the following four first-order processes associated with the solvolysis of optically active
trans-a,y-dimethylallyl p-nitrobenzoate (I) in 609, aqueous acetone have been determined: (a) racemization
of the unsolvolyzed ester (k.4 €q. 1), (b) solvolysis of the ester (&), (c) equilibration of the carboxyl-oxygen atoms
in the unsolvolyzed ester (k.q eq. 2) and (d) scrambling of carboxyl-oxygen atoms in each enantiomer starting

with discretely #0-labeled optically pure I (&, eq. 3).

Comparison of these constants with those reported

earlier (ref,.?‘:) fog 909, acetone shows that solvent effects are consistent with the view that racemization and
oxygen equilibration result from reformation of substrate (racemic and oxygen-equilibrated) by internal return

from an internal ion-pair intermediate (II); & = koq for both solvents.

The rate at which the oxygen atoms

in the enantiomers become scrambled (k) relative to the rate of interconversion of the enantiomers (krac/2)
provides information concerning the nature of the ion-pair intermediate II.

Introduction

_Internal return associated with the solvolysis of op-
tically active and !80-labeled trans-e,y-dimethylallyl p-

(1) This work was supported by the National Science Foundation, Grant
G-19244,

nitrobenzoate (I) in aqueous acetone results in the
following first-order changes in the unsolvolyzed ester.?
In these equations R represents the trans-a,y-dimeth-

(2) Du Pont summer research assistant, 1858 and 1939; Procter and
Gamble Fellow, 1855—-1860.
(3) H. L. Goering and M. M. Pombo, J. Am, Chem. Soc., 82, 2515 (1860).



