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I. INTRODUCTION designated as the corresponding olefin sulfides, since

Thiirane is the official term for three-membered
rings comprising one sulfur atom.

S
AN Ci—\— C/
/ AN
Other designations used for these compounds include
olefin sulfides, alkene sulfides, ethylene sulfides, epi-
sulfides, thioalkylene oxides, thiacyclopropanes. In
the present report the individual representatives are
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these names are easy to construct from the name of
the corresponding olefin and enable the structure
to be readily understood. The term ecyclohexene
sulfide, for example, is simpler and clearer than the
respective designations 2,3-tetramethylenethiirane or
2,3-tetramethylenethylene sulfide or episulfidocyclo-
hexane or 7-thiabicyclo[4.1.0]heptane. However, for
certain complicated structures, such as carbohy-
drates, the prefix epithio attached to the name of the
sulfur-free saturated hydrocarbon derivative may be
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the more convenient nomenclature, which is generally
used in Chemical Abstracts. For the entire class
the name thiiranes or thiirane compounds will be
adopted, and for the atomic grouping
S
VERN
—C——C—

I I
the term thiirane group is used.

Thiirane compounds have been known for a rela-
tively short period of time. In 1916 Staudinger and
Pfenninger (222) mentioned the synthesis of tetra-
phenylethylene sulfide and its thermal decomposition
to tetraphenylethylene and sulfur; a more detailed
description of this reaction was published in 1920
(223). In the same year Delépine (50) prepared ethyl-
ene sulfide, the first pure aliphatic thiirane, and recog-
nized the importance of this group of compounds as
reactive substances suitable for a variety of reactions.
When in 1934 Dachlauer and Jackel discovered a
method for the synthesis of thiiranes from olefin
oxides and alkali thiocyanates or thiourea (42), thi-
iranes started gaining technical interest. The most
important scientific knowledge on the chemistry of
thiiranes is due to studies conducted by Culvenor and
Dayvies between 1949 and 1952 (3740, 43, 44).

In 1951, Tarbell and Harnish (237) presented the
first summarizing review on ring-opening reactions of
thiiranes; in 1953 the first general review on thiiranes
was published in Japanese (166). A review in German
was given by Schonberg in 1955 (200); a Russian
review appeared in 1957 (107). Short summaries
on the chemistry of thiiranes have been published by
Reid (179) and by Kaufmann and Schickel (113).

The present review comprises the literature on prepa-
ration, properties, and reactions of thiiranes up to
1964.

II. METHODS OF PREPARATION

A. FROM ALKENE OXIDES (OXIRANES)

The most important method for the synthesis of
thiiranes is the conversion of alkene oxides (epoxides)
with thiourea or tnorganic thiocyanates as described for
the first time in a patent specification (42).

N /O\ (H:N)CS ANV4 S\ 7/ (H:N)CO
c——d + - c— +
AN SCN® / AN OCNe®
The reaction of ethylene oxide with thiourea was
studied some years ago, but only intermediates and no
thiiranes were isolated (169). In general, the reaction
is carried out at 0 to 20° in aqueous or aleoholic solu-
tion, in the simplest case, by storing an aqueous solu-
tion of potassium thiocyanate and ethylene oxide. Re-
action temperatures above 60° entail appreciable poly-

merization.! Since all thiiranes are insoluble in
water, whereas the low alkene oxides are water-soluble,
no difficulties are encountered in controlling the reac-
tion and in isolating the reaction products if water is
used as solvent. If water-insoluble alkene oxides are
used, the reaction is carried out either in a mixture of
water and alcohol or dioxane, or in methanol or eth-
anol alone. No cooling is required if cyclohexane
is used as solvent (250). The inexpensive alkene
oxides are used in excess to give conversions of thio-
cyanate or thiourea up to 989, (42). The expensive
epoxides, on the other hand, are treated with excess
thio reagent. The yields obtained at the conventional
molar ratio of 1:1 generally range between 40 and 75%,.
Individual references reporting yields above 909 are
assumed to relate to crude products. Even if the
alkene oxides used are soluble in water, they are
partially extracted by the resultant thiiranes, so that
the crude products usually contain a certain propor-
tion of the original reactants. The thiiranes are com-
monly purified by fractional distillation. For subse-
quent conversions it is also possible to use the crude
products extracted from the reaction mixture. If
the reaction is carried out at room temperature or
lower temperatures, there is hardly any difference in
yields, no matter if thiourea, potassium thiocyanate,
or ammonium thiocyanate is used. Temperatures
involving more substantial polymerization of the
thiiranes make the yields drop in the foregoing order of
the individual thio reagents (37). Most probably,
this has to be attributed to the basicity of the reagents,
since the pH value of the aqueous solution increases
rapidly during the reaction. If ethylene oxide is re-
placed by a mixture of ethylene chlorohydrin and
alkali, ethylene sulfide is obtained in low yield (167).
According to the unanimous reports of several
authors (21, 69, 175, 246), the reaction of alkene oxides
with thiocyanates proceeds according to the mechanism

-4 —bos b0

AN AN
O + SCN® — — =N —
/ /
- NCS—C— —C—$

l I I
I II

NCO——(JJ—— ——(JJ

— \S + OCN®
7
—C—8® —

| I
IIT
The first two steps are very fast, while the last two
steps take place at a very slow rate. The oxathiol-
animine intermediate (II) was isolated as nitrobenzoate
(175). The entire reaction is accompanied by Walden

(1) Higher thiiranes which do not tend to polymerize are dimerized if the
temperature exceeds 60° (181).
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inversion at both of the two C atoms of the ring, so
that 1-(—)-2-butene sulfide results from b-(4)-2-
butene oxide (175). Both the oxathiolane ring and
the thiirane ring may be closed only in the #rans posi-
tion, just as the ring opening of thiiranes by nucleo-
philic reagents—analogous to that of oxiranes—always
results in frans derivatives.

The rapid increase of the pH value in the early
stage of the reaction may be explained by hydrolysis of
I. The formation of 8-hydroxy isothiocyanates turns

__(]j__oe
] + HOH —
—C—SCN

I

—&—om
——(]J——SCN o
l

out to be the main reaction if ethylene oxide is con-
verted with thiocyanic acid at low temperature (175,

208, 249). Those hydroxy isothiocyanates decompose
CH,
AN CH.—OH
O + HSCN — (]J
H,—SCN
H,

in acid solution at room temperature to give primarily
oxathiolane derivatives and thiiranes (175), but other
by-products are obtained as well. Hence, it has

-4 o

AN
- /s +
— —C—8
I I
been proposed to carry out the reaction in weakly
alkaline medium (addition of K;COs).
A similar reaction mechanism has been proposed for

the reaction with thiourea (21, 40).

20—

—&—onm

(]J N =N—CONH;
— ] —SCN

- NH;e

s g g
l\o +s—c” - —-J]:—-s—-c< -
—C NH, NH,
| Ia
——(jJ NH, /NHZ‘B
DR s
——(lj——S NH, eS——(]j NH,
IIa II1a
_¢ NH,
l S + 0=C
—C NH,

Owing to the possible mesomeric forms of Ia and IIIa,
these intermediates are relatively stable. This applies
particularly to Ia which, in the presence of at least 1
equiv of aqueous mineral acid, may be isolated as

the g-hydroxyisothiuronium salt (5,21, 115). Addition
of alkali to the isothiuronium salt or heating of the
salt with weak acids gives the desired thiiranes. The
best yields were obtained by neutralization with so-
dium carbonate (21). Excessive pH values encountered
upon pouring the isothiuronium salt solution into
alkali has an adverse effect on the yield, since this
results in the corresponding hydroxythiol, as well as
polymers.

In the absence of acid or alkali, the pH value of the
solution increases strongly in the early stage of the re-
action. This may be attributed either to hydrolysis
of the intermediate Ia or to hydrolysis of the resultant
urea to ammonia. At any rate, this increase of the pH
value has an adverse effect on the yields of cyclic
sulfides.

Cyclopentene sulfide is not obtained by reaction of
cyclopentene oxide either with thiocyanates or with
thiourea, despite the fact that the corresponding thiu-
ronium salt is obtained in satisfactory yield if the re-
action is carried out in acidic medium (21, 246). This
may be rated as evidence indicating that also in the
case of the reaction with thiourea cyclization takes
place in the ¢rans position. However, this assumption
was disproved by Goodman and Baker (84) who ob-
tained cyclopentene sulfide in a yield of 209, by treat-
ing cyclopentene oxide with KSCN,

The above mechanism applies to all thio reagents;
the last step—cleavage of III or IIla followed by cycli-
zation—is feasible only if the O-C bond is weakened by
electron-attracting groups, as in the case of O-uronium
salts or cyanates. However, cyclization does not occur
if a hydrogen atom or an alkyl group is attached to the
oxygen atom; this includes compounds of the type
HS-CH,-CH-OH or HS-CH,-CH,-O-alkyl (40).

By interaction of the corresponding alkene oxides
with thiourea the following thiiranes have been pre-
pared: ethylene sulfide (42, 76, 91), propene sulfide
(18, 21, 37, 43, 46, 92), chloropropene sulfide (37,
44, 46, 75), 2-butene sulfide (96), isobutene sulfide
(37), butadiene monosulfide (38), 1-hexene sulfide
(22), l-octene sulfide (153), cyclohexene sulfide (37),
4-methylcyclohexene sulfide (38) stilbene sulfides
(115), thioglycidyl ethers (5, 205), thioglyeidyl sulfides
and thioglycidyl amines (5, 204), various bis(thio-
glycidyl) ethers (135), thiirane fatty acids, fatty esters,
and fatty alecohols (60, 113, 172). Thiiranes could
not be prepared from the following alkene oxides by
means of thiourea: glycidol (5, 37), styrene oxide (37),
ethyl dimethylglycidate (37), ethyl phenylglycidate
(39), other glycidates (29, 60), glycidamides (243),
benzylideneacetone oxide (37), stilbene oxide (37),
cyclopentene oxide (21).

By converting epoxides with potassium thiocyanate
(or ammonium thiocyanate), the following alkene sul-
fides were obtained: ethylene sulfide (24, 42, 46, 75,
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148, 212, 250), propene sulfide (212, 225), 3-chloro-
propene sulfide (42, 37), 2-butene sulfide (163, 175),
isobutene sulfide (212), cyclopentene sulfide (84),
cyclohexene sulfide (37, 46, 212, 246, 247), styrene sul-
fide (87, 165, 228), various 3-alkoxypropene sulfides
and 3-phenoxypropene sulfide (122, 168, 205). Only
small yields of thiiranes have been obtained from sugar
epoxides (89) and epoxysterines (127). Thiiranes were
not obtained from cyclopentene oxide (246) and glycidol
37).

Other thio reagents which are less or not suitable for
the synthesis of thiiranes from epoxides include: di-
phenylthiourea (37), xanthamide, thioacetamide, thio-
benzamide, thiobarbituric acid (39). Interaction of
alkene oxides with alkali dithio- and polythiocarbonates
gives cyclic thiocarbonates (37); the same applies to
the reaction with carbon disulfide (61, 178). Some
types of cyclic thiocarbonates can be converted to
thiiranes (see section IIB). Reactions with alkali
mercaptides yield B-hydroxy mercaptans (39, 158)
and those with thioacetic acid furnish the acetyl
derivatives of hydroxy mercaptans which can be con-
verted to thiiranes (see section IIC). Interaction of
epoxides with alkali thiosulfates gives g-hydroxysul-
fonic acids (39), whereas only polymers were obtained
from PySs (158). Durden (62) investigated the reac-
tion of alkene oxides with carbonyl sulfide which in
general furnished only small yields of thiiranes. Treat-
ment of epoxides with sulfur dioxide in the presence of
quaternary ammonium salts yields copolymers which
are reported to give thiiranes upon pyrolysis (68).

Hexafluoropropene oxide reacts with perhalogenated
thiocarbonyl compounds in a unique reaction affording
a perhalogenated thiirane and trifluoroacetyl fluoride

(147). The reaction is carried out at 175 to 400°
. /N R\ / S\

\C=S + CF;—FC——-CF, — C——CF; + CF;COF
RI RI

R, R’ = F, C), CF;, or other highy fluorinated alkyl groups

under pressure or in vapor phase without catalysts.
The yields are about 509,. In this way, tetrafluoro-
ethylene sulfide, hexafluoropropene sulfide, chlorotri-
fluoroethylene sulfide, and octafluoroisobutene sulfide
(147) have been prepared.

Worth mentioning is the generation of thioglycidyl
thiophosphates by conversion of epichlorohydrin with
2 moles of the alkali salt of dialkyl thiophosphates (203).

0]

0]
N l
C}{Z—CH——CHzCI + 2KS—P(OR). —
S

0] 0]
CHZ/-EH—CHz—S—{:L(OR)z + KCl + KO——lli(OR)z

The authors interpret this result by postulating sub-
stitution of an SH group for the OH group of an inter-
mediate chlorohydrin ester. However, it seems more

probable that the reaction involves the substitution of
a thiophosphate group for the chlorine atom of the
chlorohydrin ester or an oxygen-sulfur exchange in
an intermediate epoxy ester; in both instances the
reaction may proceed via the anion

0e
(RO )2P(O)—S——CH2——(EH——CH2——S——P(O)(OR )

an analog to intermediates I or Ia, in the sulfuration
with thiourea and thiocyanates.

B. FROM CYCLIC CARBONATES

Reaction between the cyclic carbonates of 1,2-diols
(1,3-dioxolones) with alkali thiocyanates at 100 to
200° furnishes the corresponding thiiranes according
to a four-step mechanism including two Walden in-
versions analogous to the reaction with alkene oxides
(206). Yields are high if the reaction occurs below 150°

—¢0 —b—o0s

AN
C=0 + SCN® — —
—C—0 NCS— : —

I
4o NCO—6— ¢

N AN
/C=Ne - - L/S + OCN®
—C—0 —O—ge —

l l l

and if the resultant thiirane distils off quickly. This is
both the case with low-molecular-weight compounds.
The yield of ethylene sulfide obtained in this way is
80859, (reaction temperature 95-100°); the yield of
propene sulfide (reaction temperature 140-150°) is
only 519, whereas higher substituted dioxolones react
slowly to give polymers as main product. Cyeclic
carbonates of diols with tertiary hydroxyl groups
showed no reaction. Only low yields are obtained by
using thiourea instead of thiocyanates. Some years
after the first publication (206) a patent protecting
this reaction was issued in France (220).

Another important process is the synthesis of thi-
iranes by heating cyclic monothiol carbonates (184, 185).

CH,—S8 H,
N

AN A
i S0 i /
HZ—O HZ

These starting compounds are readily prepared by
the following route or by heating open-chain g-mer-

-4 —&—su —&s

l>0 HES - J: COCle-pyr. J} N
--cl —~ —O0H — ]—-o/
captoethyl carbonates in the presence of sulfonic acids
(111).

S + CO,

C=0
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The advantage inherent in this method is to be seen
in the fact that cyclic carbonates are storable for ex-
tended periods of time. The thiirane is prepared im-
mediately before it is used by heating the thiol carbo-
nate, or else the thiol carbonate is used itself instead
of the thiirane (186).

The decomposition is prompted by small amounts
of alkali and inhibited by acids. For example, the
decomposition of ethylene monothiol carbonate in the
presence of 19, Nay,CO; at 200° gives ethylene sulfide
in a yield of 889, (184).

The cyeclic thiol carbonates may be replaced by the
open-chain O- and S-carbonates (73, 186)

0 0
l I
RO——é——OCHchZSH and RO—C—SCH,CH,0H

(likewise obtainable from 2-hydroxy mercaptans) or
by mercaptocarbaminates
O

I
RNH—C—OCH,CH,SH

This method may also be used for the synthesis of
hydroxyalkylthiiranes (73, 186).

Cyclic trithiocarbonates, which are available from
epoxides by reaction with alkali alkylxanthates, can
be converted to thiiranes by alkaline hydrolysis.
The method is restricted to the synthesis of such thi-
iranes which show low tendency to polymerization.
Yields of 50-609, are reported (145).

C. FROM HYDROXY MERCAPTANS
AND THEIR DERIVATIVES

Signaigo (210) described the synthesis of dithio-
glycidol (yield 329,) by heating of dithioglycerol (BAL).

CH,—SH CH,—SH
] H—SH — CH\
CH,—0OH (jJHZ/

This is the only reference dealing with the preparation
of a thiirane by dehydration of a hydroxy mercaptan.
Miles and Owen (151) observed that 2-mercaptoeth-
anol (2-hydroxyethyl mercaptan) and 2-mercaptocyclo-
hexanol fail to give thiiranes upon treatment with
alkali. 2-Hydroxy mercaptans are reported to be com-
paratively stable distillable compounds: cyclization
generally is possible via derivatives only. Such deriva-
tives include S-acetyl (93, 94, 151), O-acetyl (93, 94,
151), and O,S-diacetyl derivatives (70, 83, 93, 94, 151)
of 2-hydroxy mercaptans. By heating these deriva-
tives with aqueous alkali solutions, such as KOH or
NaHCO;, they are converted into thiiranes. The
latter should be continuously distilled off during the
reaction in order to reduce the tendency to ring opening
or polymerization by the alkali.

Yields between 25 and 809, are reported for this
process; differences between the individual derivatives

were not observed. This method was used for making
ethylene sulfide (93, 151), cyclohexene sulfide (93,
151), cyclopentene sulfide (83, 94), cholestene sulfide
(234, 235), dithioglycidol (93, 151), hydroxymethyl-
dithioglycidol (70), and dithioglycidyl acetate (151)
and its homologs (57). However, there are 1,2-
diacetates which do not give thiirane upon treatment
with alkalies (57).

Further derivatives of 2-mercaptoethanol which can
be readily converted in high yield by alkali-catalyzed
pyrolysis in ethylene sulfide include the respective O-
carbamates, O-carbonates, and S-carbonates (186).
The conversion of eyclic carbonates of 2-hydroxy mer-
captans (184, 185) to thiiranes has been discussed in
section ITB.

2-Thiocyanatocyclopentanol mesylate, in the pres-
ence of aqueous NaOH, furnished cyclopentene sul-
fide in a yield of 639, whereas the corresponding tosyl-
ate furnished only small quantities of that thiirane
(84). Equally negative was the treatment of 2-
acetylthiocyclohexyl tosylate with alkali (94); how-
ever, from a sugar-a-thiocyanomesylate the thiirane
was obtained in high yield (30, 31), whereas the direct
conversion of the corresponding epoxide is difficult
(30, 89).

For steroidal thiiranes the alkaline treatment of
mesyloxy thiocyanates or even hydroxy thiocyanates
seems to be the best method of preparation (121,
127, 234, 235). The yields are reported to be nearly
quantitative.

D. FROM HYDROXYALKYL HALIDES

Interaction of 2-hydroxyalkyl halides with thiourea
in a polar solvent results in the corresponding iso-
thiouronium salts which in turn yield the respective
thiiranes upon treatment with alkali (117).

OH
R——(JJH——CHZ——Hal + (HN2CS —

[ OH
OH®
R— H——CHZ——S——C(NHz)z]Hal —
R—CH NH
AN I
S + N—C—NH—CN
CH,

In general, the thiuronium salt is not isolated but de-
composed by adding a concentrated solution of alkali
carbonate. Yields are reported to be ‘‘very high”;
detailed figures are not available.

Ethylene sulfide, propene sulfide, 1-butene sulfide,
2-butene sulfide, and isobutene sulfide were prepared
by this method (117). Conversion of 2-thiocyano-
cyclopentanol with aqueous potassium carbonate
solution gave cyclopentene sulfide in very low yields
(84).
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Tasie I
PrREPARATION OF THIIRANES
Thiirane Starting material Reagent Yield, % Ref
A. Aliphatic Thiiranes without Functional Groups
5] 0
J/ /7 \ KSCN 97 42
CH—-CHa CH;~CH: KSCN Ca. 50 212
KSCN 27 148
KSCN 50 24
KSCN Cee 75
KSCN 46
KSCN N 85
NH$SCN 48 250
(HaN)2CS e 42
(H:N):C8 50-60 76
(H:N):C8 48 91
CO8 Max, 40 62
(IJH’_°> o KSON 64.5 208, 207
CHr—0 KSCN 80-85 206
CHz—O\
| /CO Heating (+Na:C0s) 88 184-186
CHy—S
CICH:CH:SCN NasS 50
NCSCH;CH:SCN Na:S 50
CICH:CH,SH NaHCO; or Na:§ Ca. 90 32
CICH.CH,8H NaOH Ca. 50 32
CICH:CH,0H (H:N)2:CS Very good 117
CICH.CH:0H NaOH-KSCN 27 167
CHyCOOCH:CH:8H or |
HOCH;CH:SCOCH;s or NaOH Ca. 25 93,151
CH;COOCH;CH:8COCH;
CsHsNHCOOCH:CH:SH Heating High 186
C:HsOCOSCH,CH:0H Heating High 186
C;H;0COOCH:CH:8H Heating High 186
5] 0
/ /7 \
CHy—CH—CH; CH—CH—CH: (H:N):CS8 61 37
(H:N):CS 70 43
(H:N):C8 63 21
(H:N):CS 140
(H:N)2CS R 46
(HaN):CS 58 92
(H:N)2C8 85 18
(H2N)2CS e 190
KSCN e 212
KSCN 65 225
CH—CHr—O KSCN 85 18
] / co 51 206
CH—0
CICH(CHs) CH:SCN Na2S 51
NCSCH(CH:s)CH.:SCN Na:8 e 51
CICH(CHs)CH.0H (HaN)2C8 Good 117
CH3;CH:SCH:C1 HF-KF 173
CH,CH=CH; C:HsS4CaHs 15 112
S
/7 \
CHr—CH—CH:CH;: BrCH(C:Hs) CH:SCN Nas.S 51
NCSCH(C;Hs) CH.SCN NasS s 51
CICH:CH(OH)CH.CH; (H:N):C8-K:COs Good 117
5] 0
7\ 7/ \
CHr—CH—CH=CH; CHy—CH—CH=CH: (HaN):CS 50 38
8 CH;y 0 CH;s
/N / SN/ (H:N)2CS 57 37
CH—~C CHzC KSCN 73 212
(H:N):CS/K:COs Good 117
CHs CH:
<]
/7 \
CHy—~CH—CH—CHa CICH(CHs)CH(CHs)SH NaHCO,s 80 32
CICH(CH:)CH(CH) OH (H:N)2C8/K:COs Good 117
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TaBLE I (Continued)
Thiirane Starting material Reagent Yield, % Ref
8 (0]
/ 7/
CHs—CH—CH—CHj, ctis CHs—CH-—CH—CHj3 cis KSCN 163
CHa——CH——O\
cis | /CO meso KSCN 31 206
CH—CH—0
0
/7 N\
trans CH~—CH—CH—CH; trans KSCN 163
L-(—=) p-(+) KSCN 78 175
S8 RR (NH3):CS8 73 96
S CH;
N/
CH—CH—C NCSCH(CH;3) C(CH;) (CH:)SCN NasS 26
CHs
8 0
7N\ / N\
CH—CH—(CH,)sCHs CH;—CH—(CH,):CH:3 (H:N):CS 52 22
C«H:CHBrCH:Br (H:N):CS/NaOH 64 252
CH; ] CH:
N/ N/
c——C NCSC(CHs):C(CH3):SCN Na2S 90-95 256
/ N
CH; CHs
8 0
7\ /7 \
CHr—CH—(CH:2)sCHs CHr—CH—(CH:)sCH: (H2N)2CS 78 153
B. Aliphatic Thiiranes with Functional Groups
1. Hydroxyl Compounds and Their Ether and Ester Derivatives
S
/7 N\
CH—CH—CH:0H C:HsOOCSCH:CH(OH)CH:0H Pyrolysis 77 186
8 0
/7 "\ 7\
CH—CH—CH.0CH;s CHy—CH—CH;0CH; KSCN 80 168
KSCN 92.5 205
(H:N):CS 85.5 205
8 0
/7 \ 7\
CHr—CH—CH,0C:Hs CH—CH—CH,0C:H; KSCN 85 168
KSCN 90 205
(HaN).C8 5
(H:N).C8 83 205
8 0
7/ \ 7N\
CH—CH—CH0C:Hy CH—CH—CH;0C:Hx KSCN 59 205
(H:N):CS8 90 205
8 0
7\ RN
CHx—CH—CH0CH(CHy) CH—CH—CH,;0CH(CHa)s KSCN 53 168
KSCN 38 205
(H:N):CS 81 205
8 0
7N\ 7\
CH;—CH—CH:0(CH2)sCHs CH;—CH—CH,0(CH:)sCH; KSCN 50 168
KSCN 40 205
(H:N).CS 90 205
8 8 0 0
/7 /7 \ 7\ 7\
CHy—CH—CHr—0—CH:CH:~0—CHs+—CH—CH: CH;—CH—CH,;0CH:CH:0—CH—CH—CH; (H:N)2C8 135
8 0
/N /N /
CHr—CH—CH;—0—CHr—CH—CH,; CH;—CH—CH—0—CH,—CH—CH; (H:N):C8 135
N
cn;—cn——cx—x,o—@ /N
CHy—CH—CH:0CsHs KSCN 65 168
KSCN 122

KSCN

81

205
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TABLE I (Continued)

Starting material

Reagent

Yield, %

Ref

/N
CHr—CH—CHr—O0—R

R=

A mo@i?bocrx

2\
CHy(CHz)r—CH—CH—(CHp):CH:0H

7\
CHy(CH):CE—CH—(CH)uCH:0H

w0

CH,

O
e

CH,CH=CH,

< Hcema,

Br

0

8

8

8

7\
CH—CH—CH:Cl

8

/N
CHr~CH—CH:Cl

cfs% CQSECHCH,OQCT@OCHZC{O—\CH; EN,C8

CH,

0

7N\
CH3(CH2):CH—CH—(CH»):CH,OH

8
1

CHs(CH2)7:CH—CH~—(CH2):COOH

8

7N\
CHy(CH,):CH—CH—(CH);COOH

/N
CH3(CH3)CH—CH—(CH)uCH:0H

C¢HiONa

RONa

(HaN):CS

LiAlH:

LiAlH

(H:N):C8

84

62.5

192

192

192

192

192

192

192

192

192

192

192

192

192

192

135

118

144

144

113
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TaBLE I (Continued)
Thiirane Starting material Reagent Yield, % Ref
2. Thiol Compounds and Their S-Alkyl, Aryl, Acyl, and Phosphoryl Derivatives
5]
CHs—CH—CH:8H HOCH:CH(SH)CH:SH Heating 32 210
HOCH:CH(OH)CH:SH HCl-NaHCOs 57 57
CH:;COOCH:CH(SH)CH:8H NaHCO: 27 93,151
5] 8
7\ /7 \ 7\
CHr—CH—CH:8—S8CHs—CH—CH; CHy—CH—CH:8H I~KI 5
CHz~CH—CH:SCH;s CH—CH—CH:SCH; (H:N)2:CS Low 5
8 o]
7\ /
CHr—CH—CH:8C:Hs CH>—CH—CH:8C:H; (H:N):C8 60 5
o]
7\ |
CHy—~CH—CH—8—C—CHj: CHsCOOCH:CH(SCOCH;)CH:8COCH: NaHCO: 80 151
HOCH:CH(SCOCH,:) CH:8COCH: NaHCO: 55 151
/7 |
CHy—CH—CHr—8—C—CH:—CH: C:HsCOOCH:CH(SCOC:Hs) CH:8COC:Hs NaHCOs 38 57
5]
/N
CH—CH—CH:8H C:HsCOBr-NaHCO: 24 176
N |
CHr—CH—CH:SCR
5]

R=CsHy CHe—CH—CH:SH RCOCI-NaHCOs 35 5,176
CH.C1 RCOCI-NaHCOs 49 5,176
CHCl: RCOCI-NaHCOs 29 5,176
CCls RCOCI-NaHCOs 40 5,176

RCOOCOOC:Hs 15 58
CH:CH:Cl RCOCI 41 5,176
CeHut RCOCl 53 5,176
CuHa RCOCI] 81 5,176
CH:S8C:Hs RCOCI 9 5,176
CH:CH:SCHa RCOCI-NaHCOs 5 5,176
CH:CH:COOCH; RCOCI-NaHCOs 39 5,176
RCOOCOOC:Hs 25 58
CHsCOOC:Hs RCOC1 45 5,176
CH.CH:COCHjs RCOOCOOC:Hs 63 5, 58
CeHs RCOCl 22 5,176
C:dH«NHCOCHs-p RCOOCOOC:Hs 54 5, 58
CsH«N(CHa)s~p RCOC1 13 5,176
CeH«N=NCsH¢-p RCOCl 83 5,176
CHCsHe RCOC1 38 5,176
CH(CsHa)s RCOCI 65 5,176
RCOOCOOC:Hs 17 58
CHCIC:Hs RCOCl 2 5,176
" CH:CeHiCl-p RCOCI 77 5,176
CH:0CsH:Cl-p RCOCl 34 5,176
CH:NHCOOCH:CsHs RCOOCOOC:Hs 46 5,58
CH:NHCOC:H;s RCOCI 21 5,176
RCOQCOO0OC;Hs 30 5, 58
/CHzCuHB
CH\ RCOOCOOC:Hs 29 5,58
NHCOCHs
CeHiNOzp RCOC1 84 5,176
RCOOCOO0C:H; 59 5,58
CeHiCl-p RCOCI 99 5,176
CiHiO (furyl) RCOC1 56 5,176
RCO0OCOQOC:H; 49 58
0
CH‘N< :O RCOCI 74 58
03}
OCH; RCOCI 67 58
0C:Hs RCOCI 50 58
OCiHs RCOCI 19 58
OCH:CsHy RCOCI 20 58


CH.NHCOCH.-p

L9

49

19

29

18

geT

ge1

eeT

€81

€03

geT

€81

geT

€03

8¢'¢

144

29

69

€9

¥

001

96

G 68

0

86

001

€'¢8

99

9°'89

19

t00H®N
t00HSN

t00H®N

t00H®N

t0O0OH®N-10H

10'HO—HO—HO
N/
8
10*HO—HO—*HO
AN
8
10*HO—HO~*HO
AN
8
10'HO—HD—*HO
N/
o]
10°HO—HO—HO
8
10*HO—HO—HO
N/
o]

10*HO—HO—HO
8
10°HO—HO—HO
S
10*HO—HO—HO
N
8
10°HO—HO—HO
o]
10*HO—HDO—*HO
8
10*HO—HO—FHO
N/
o]

0g *H30*(000000%H?0)

SHOOOS*HO'HOHOHOS0OHO
*HOO0DO0

*HOOOS*HO*HOHO*HO00OHO
tHOO008

SHOOOSCHO)HOHO*HO 00O HO
f*HOO008

SHOOOS*HO CHO)O'HOSOOHD

tHO0D0

HS'HO CHO) (HO)O*HOSH

'(HO):T]"SX
8

z(QIO)»:T]—S}I
o]

HS'HO—HO—HO

*HOOOS*HOFHO—HO—*HO
N/
g
*HOQOSHO—HO—HO
'HO
'HO
tHOOQOS'HO—O—*HO
N/
3
IHC])
HS*HO—O—HO
N/
3
LD~

LHD-%
s cle]

'HO = u
*(40)d—8—*HO—HO—HO
I N
8 §

LHD

LHRO'“
SH'O

SHO =Y

«¥0)d—8—HO—HO—HO
[ NS

HO—HOS0 *HO—H)—]
‘H%— HO—HO ” :ﬁs HO—] N H
8 S
o}
PE % 'PRIX yueBBey T8HejeT Funiery susInyy,
(panuyguo)) 1 E1av],
YAANVES CHIINVI 908
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Thiirane Starting material Reagent Yield, % Ref
S OCOCH;
/7 \
HOCHy—CH—CH—CH:SH CH:COOCHr—CH—CH—CH,SCOCH; HCl 70
SCOCH;
8 SCOCH;
/7 \
CH¢+—CH—CH—CH:SCOCH: CH;COOCH(CHy) CHCH:SCOCH; NaHCO: 59 57
S OCOCH:
7\
CHy—CH—CH:CH:CH:SCOCH;: CHsCOSCH:CHCH:CH.CH:SCOCH; NaHCO:s 46 57
OCOCH;:
/7 \
CHr—CH—(CH2)«SCOCH; CH3COSCH:CH(CH:)«SCOCH, NaHCO: 56 57
3. Amines
5] 5]
7\ /N
CHe—CH—CH:—N(CHj)s CHr—CH—CH:Cl (CHe):NH 37 229
8 0
7\
CH:—CH—CH:N(C:Hy)2 CHe—CH—CHaN(C:Hs) (H:N):CS 29 5
(H:N):C8 80 204
5]
7\
CHr—CH—CH:Cl (C:H;):NH 35 229
S
c/ 7/ \
f ——crm«(] CH—CH—CH:Ol DNH 48 229
8 [
/\ e /N
CH;—CH—CH,N, CHy—-CH—CH:1Cl [ NH 75 229
S, 5]
4N ~ /N
CH,—CH—CH, o] CH—CH—CH;Cl OC>N'H 62.5 229
5] 5]
7\ 7\
CHy~CH—CH:N(CHs)2 CH:—CH—CH:Cl (C:H)NH 72 229
Carboxylic Acids and Their Derivatives
S 8 o]
/7 \ 7N\ /7 \ 7\
CHy—CH—CH:CH:COO(CH3)«CH—CH: CH:—CH—CH:CH:COO(CH3):CH—CH; (H2N):CS 135
S 0
7\ 7\
CH—CH—C—CH;C0OOC:Hs CH+—CH—C—CH:C00C:H; (H:N)1:CS 17 60
CHs CHs
(HaN)2C8 58 172
[ 0
7\ 7\
CH:CH:CH—CH—CH:;COOCsHs cis CH:CH:CH—CH—CH:;COOC:Hs c1s (HaN):C8 54 113
S o]
/7 \ 7/ \
CHz—CH—(CH2)sCOOCH,; CHs—CH—(CH3)sCOOCH: (H:N)1CS 55.3 113
S SCN
/N
CHi(CH3);CH—CH—(CH:)COOH CHs(CH2):CH—CH—(CH»):COOH KOH 191
SCN
7/ \
cis CHs(CH:):CH—CH(C:H2):CO0H cis (H:N):C8 81 113
SCN
NasS 51 145

|
CH:(CH:)-,—CH——?H——(CH:%COOH threo

SCN
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TaBLE I (Continued)

Thiirane Starting material Reagent Yield, % Ref
KOH 51 145
S
|
C
7N\
S S
CHy(CH)—CH—CH-—(CH2):COOH threo KOH 68 145
CHy(CHy)r—CH=CH—(CH2):COOH cis CISCN/KOH 41 145
]SCN
trans CHa(CHz)1—CH—?H——(CH2)7COOH Na:S 51 145
SCN erythro
KOH 63 145
S
|
C
VAR
S 8
CHy(CHy)7—CH—CH—(CH3);COOH erythro KOH 68 145
CHy(CH)—CH=CH—(CH):COOH trans CISCN-KOH 59 145
S S
/ /N
CHs(CHs)—CH—CH-—(CH2):COOCHs cis CHs(CH2)—CH—CH—(CH2):COOH c¢is CHiN:s 92.5 113
S SCN
N
CH3s(CH2)10—CH—CH—(CH2)«COOH cis CH:(CHz)1o—-CH——]CH——(CH3)4COOH threo Na:S 64 145
SCN
KOH 63 145
8
I
C
7\
S S
CH;3(CH3)1i—CH—CH—(CH:«COOH threo KOH 56 145
CH(CHyp)1g—CH=CH—(CH2)«COOH c¢is CISCN-KOH 48 145
?CN
trans CH;(CH:)m——CH—]CH—(CH:)«COOH erythro NasS 53 145
SCN
KOH 66 145
5]
I
C
RN
P
CHs(CHas)10—CH—CH—(CH2)«COOH erythro KOH 75 145
CH3(CHp)1:—CH=CH—(CH3)«COOH trans CISCN-KOH 51 145
S o] [o]
/N VAR AR 2N\
CHi(CHy)«CH—CH—CHr—~CH—CH—(CH)sCOOH CHi(CH:)«CH—CH—CH—CH—CH—(CHy);:COOH (H:iN):CS 68.5 113
S SCN
7\
CH3s(CHs)e—CH—CH—(CHs)uCOOH c¢is CHi(CHa)r—CH—CH—(CH2)uCOOH threo NasS 61 145
KOH 62 145
SCN
S
|
C
VAN
3] S
CH;(CH2)—CH—CH—(CH2)uCOOH threo KOH 72 145
CH3(CH2)e—CH=CH-—(CHs)uCOOH cis CISCN.KOH 49 145
(o]
2N\
trans CH3(CH:z)s—CH—CH—(CH2)uCOOH trans (H:N):CS 71.5 113
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TABLE I (Continued)
Thiirane Starting material Reagent Yield, % Ref
]SCN
CH:(CHx)u——CH—?H——(CHz)uCOOH erythro NasS 74 145
SCN
KOH 74 145
S
I
C
7\
T
CHy(CHy)s—CH—CH-—(CH2)uCOOH erythro KOH 78 145
CHe(CHs)s—CH=CH—(CH:)uCOOH trans CISCN-KOH 54 145
8 [o]
7\ /N
CH;(CH3z)e—CH—CH—(CH)uCOOCH; {rans CHi(CH:)—CH—CH—(CH)uCOOH trans CHsNs 72.5 118
8 SCN
/N
CH;(CH2)—CH—CH—(CH2)uCO0OH CHa(CHz)P—CI{—?H—(CHz)uCOOH NaOH 30-80 191
SCN
5. Other Functional Groups
S [o]
CHr—CH—CH;Cl CH:—CH—CH:Cl KSCN Good 42
KSCN 47 37
NHSCN 38 37
(H2N)2CS 67 37
(H:N):C8 44
(H:N)2CS 46.5 75
(H:N):C8 50-60 46
5]
N
CFy——CF: CFy—CF——CF, FyC=8 15 147
5] (o]
N
CFe—-CFCl CFy—CF———CF: CIFC=S§ 147
C¥Fe—CF———CFy CF—CF——-CF; F(CF)C=8 42.5 147
7N\
ClF:C—CF——CF—CF,Cl CIF,C—CF CF—CFyCl Pyrolysis 150
8
02
N
CFe—C¥F——C¥F—CF; CF+—~CF CF—CF;, Pyrolysis 150
8
o2
CFs 8
N/ N\ AN
Come——=CF3 CFe—CF——-CF: (CF5):C=S8 56 147
CFs
8 B}
/7 \ /
(CF3);Cme—==C(CFy)2 (CFy):C C(CF9)2 Pyrolysis 150
N
8
02
VRN
(C¥F4)2C——-CH—COOC:Hs N:CHCOOC:H;s (CFg):C=8 150
S
7\ 7/ \
CHy—CH—CH(OC:Hi)s CH:—~CH—CH(OC:Hzs)s KSCN 57 255
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TaBLE I (Continued)
Thiirane Starting material Reagent Yield, % Ref
C. Cycloaliphatic Thiiranes
C[)s CDO KSCN 20 84
H
CEO K:COs Low 84
SCN
G:osozcm NaOH 63 8¢
SCN
NaOH 86
SCOCH, ®
<:Eococz{3
2 83
SCOCH, NaOH 8
e
2 4
B00CH, NaHCOs 0 9
O:OSOzCe}LCHa'p NaOH in 35 83
SCOCH, CH;0(C:H40)sCH;s
080,CeH,CHyp NaOH in 25 83
qSOOQHg CHi0(C1H.0)sCHs
a
CE o NaHCOs 75 246
OS 00 KSON, NHiSCN, or 43-61 37
(HiN):C8
KSCN 80 212
KSCN 71-73 246, 247
KSCN 48
S"C(I‘:Hg)z
C:[ NasCOs 69 21
OH HSO0:
oW
ot KOH Ca. 55 93,1
0COCHj8 ¢ 81
. O
SH
C( NaHCOs 70 151
OCOCHS
SCN
(:J: NasS-H:S 158
SCN
SCN
C( NasS 71
1
O C:Hs=S4=C:Hs 8 112
CHy
CH.\OZS \Oo (HaN)+C8 60 38
N SCN
OZ— CHz O<CH’SCN Na:S-HiS 158
SCN
Qs Q Na:§ 50 174
SCN
CH, CH,
O\/)\s trans Ci:)o trans KSON 127
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TasL I (Continued)

Thiirane Starting material Reagent Yield, % Ref
1.C
CLC 5 c 0 KSCN . 139
O:N 0N
Cl Cl
cl Br
a S @@ Na:S v 221
cl Cl Br
Cl Cl
D. Steroids and Carbohydrates
OH
CH,80,
8 }
H NCs~ v
H H KOH 64 235

178-Hydroxyandrostene 2a,3a-sulfide

COCH,4

m
:- %@

{ 0f H (CHiCO0)10 . 235

178-Acetoxyandrostene 2a,3a-sulfide

Ncs\C‘:} KOH or AliO: 77 235
H

178-Acetoxyandrostene 28,33-sulfide

(o}
=+

KOH cee 235

o
::%

CH;80; SCN
178-Hydrozyandrostene 35.45-sulfide

OCOCH,

OH

{ ] | (CH:CO):0 vee 235

%

178-Acetoxyandrostene 38,48-sulfide

Ttees
O
p—t—
=)

CrOs 62 235
S
178-Oxoandrostene 2a,38-sulfide
H
KOH . 233
Ho T CH,C00™
3a-Hydroxycholenic acid 115,128-sulfide COOCH;
KOH es 233

CH,CO0™"
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TasLE I (Continued)
Thiirane Starting material Reagent Yield, % Ref
COOCH;
@ (CHe«CO0):0 233
CH,C00" C’:}
5 1 HO "
Methyl 3a-acetoxycholenate 118,128-sulfide
COOCH
S 3
CrOs 233
NG
Methyl 3-oxocholenate 113,128-sulfide
s CH,OH s s
LiAlHs 233
HO ™1 CH,C00+
3a~Hydroxycholen-24-0l 118,128-sulfide
? ? 53
Lanostene 28,38-sulfide
CeHyy ﬁ
CH,0—C—S, ’\\
. H ! NaOC:H: 72 127
i H
H
Cholestene 2a,3a-sulfide
KOH High 234, 235
KOH High 234
CsHyy
KSCN 15 127
8
ISI KOH High 234, 235
1| .
Cholestene 28,38-sulfide &
CH,C0 >
KOoH High 234, 235
H
CsHyy
} KOH 68.5 128
. CH.S0:" H
H SCN
Al:Os 235

Cholestene 38.48-sulfide
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Thiirane Starting material Reagent Yield, % Ref
KOH 235
i NCS-*
Cholestene 3a,4a-sulfide
CsHys
KOH 76 128
Cholestene 58,68-sulfide
Cely
KOH 121
HO ™ NS oso.cm,
38-Hydroxycholestene 5a.6a-sulfide
CSHH
: \\i (CHiC0):0 121
CH, e Hi i
3 & S
38-Acetoxycholestene 5a,6a-sulfide
KOH 235
g’ CHi000 000,
38-Hydroxycoprostene 58,68-sulfide
0—C
an
CHsCH HC—O ]
N
0—C  CHCH H]C_
HC—O/ HC—080:CH(CH; NaOCH: 8 36
HC CH:SCOCH;
[ >s
Hzc/
5,6-Dideoxy~5,6-epithio-1,3:2,4-di-O-ethylidene-1-
iditol |
HC—
] (H:N):C8 36
H
DL
cay”
O0—CH
/ 2
(CHa)zC\O— - ]
| HC—
o——CH |
L—I—HC_O/C(CHW HC—O080:CsHCHs NaOCHs 72 38
H(il\ CH:8COCHs
|8
RO

5,6-Dideoxy-5,6-epithio-1,2:3,4-di-O-isopropylidene-1-
gulitol
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TasLE I (Continued)

Thiirane Starting material Reagent Yield, % Ref
HC—0_
C(CH,),
HC H(:)—O/
HO—-(}’JH C}IaCOO—'(FH
HC H(}) 0 NaOCH;, 73 36
HC_ HC
[ s [s
HeC H,C
5.6-Dideoxy-5,6-epithio-1,2-O-isopropylidene-
a-p-idose
Q
CeHs(‘{I KOoH 62 30, 31
0 OCHs,
Methyl 4,6-0-benzylidene-2,3-dideoxy-2,3-epithio- NHSCN 20 &9
a-p-alloside P
E. Thiiranes Substituted with Aromatic Groups
Q_Cﬁs_\cm @_C{{oy: KSON a7-60 87
H, KSCN 55 1685
KSCN 72 228
CeH;——CH——O\
| co KSCN 34 208
CH:—O/
Q—CHBrC}{th (HsN)1C8-NaOH 38 252
S\ AN
0@—0}{ (HiN)XCS 116
H o CH1OCHCH—CH
/S 0
OZNQ_CH_%HZ / '\ (H:N):CS8 118
0:NC:H.CH—CHs
Q\ A CeH
C—CC, >CN. §=CCls 224
@ CeHy
CeHa\
(5-\0012 | JON: 8=CCl 224
CoHy
S _O CeH 8
<;>\c’—-\c<0 ™ CN: Il 70 196
CeHs/ CsHiOCCl
s s—O CeHs s
O\c/-—\c: > ONs I 70 196
Cl CsHy CsHiSCCl
S, O—O CsHa 8
c’u—}/\ | >CN. I 30 195
a CsHy CeHsOCCl
S —O CesHe: 8
c’—‘c/s \CN. I Ca. 70 195
\Cl Cs CsHsSCCl
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TaBLE I (Continued)

Thiirane Starting material Reagent Yield, % Ref
OO cn

C— CNs (CsHB)sC=8 Ca. 60 195
o0 el

CH;—Q\ /S\ S_Q—CHS (o] HSCGH(\
C— /CN: (CH;CeH:8)2:C=S8 . 195
CHa—Q/ \S—O—Cﬂg CH;CsHe¢!

8, 0

/N
CyHy—CH—CH—CesHa

trans trans (HaN)2C8 86 115
ci8 cis (H:N)::C8 64 115
Ccl
Q C/S\ COHA\ S v 224
i P |
O CeHy CeHsCCl
s Cl CsH. ]
A / | ‘>CN: I . 224
CeHx¢ CeH;CCl
CeHs N==N CsH;
Oy A N L
Ay c C HiS 85 199
O O N
CeHa (o] CeHs
CeHy CeH,
\-CN: .>C=S cee 223
CeH/ CeHy
(CeHi)sCNy 8 128
S 90-95 202
£ A
O—C CeH CoH
\O [ ‘>CN1 N o=s . 223
CeHy¢ CeHl/
CsH
(CsHg)2:CN: | ‘>'CS ee 125
CeHx
S, CeH
6—\0 | ‘\c=s NaC=CH e 187
CeH/
CeHs CeHs
| \c<s\ c< | Raney Ni 20 187
CeH/ S/ CeHu
CeHq CeH.
| >CN: | >c=s 68 125
CeHy CeHy
S 60 125
Q /5 /Q—OCHg CoHa\ CH:OCeHs\
CNs C=8 s 223
Q \Q—OCH:; ca’ cH0CHE
CsH;MgBr or
CHO S OCH,
_O\C/__\C/@'— CHiOCHHN, CeH:Mgl ol o 103
/ C=8 CirHuMgBr or
CHa‘)—@/ OCH; CHi0C:Hx CHeOCsH:MgBr
CH:OC.H«\
/C.:S Mg + Mgls 40 194
CH;0CeH¢
CH30CeH: N==N C¢H.OCH,s
N/
HaS e 199

/
CH30CsH: o] CsHOCH:s
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TaBLE I (Continued)

Thiirane Starting material Reagent Yield, % Ref
(CHsOCsHy2CNs S 90-95 202
C‘H“O—Q\ A /Q—OC:H« CHEAOCH
C—C, s CeHsMgBr 193
CzHﬁo—Q \Q—oczﬁﬁ CiHIOCsHy
R
‘CH“”N—@\ s N (CHQZN—@\
-~ R
C— , CNs c=8
R /
ey R/ cawx—_y
R=R= _Q 223
_O—Cﬁa Very good 201
—O—Cl Very good 201
R=CH, K- —O Very good 201
CH;
R= _Q’ R= .@ Very good 201
CHy
R=CH;, R'= —Q—C}{, Very good 201
CH@"Q\ CHsCeH« N==N CH«CHs
A /
C / H.8 199
CH‘_Q/ \O—CH‘ CHiCH, O  CiECH
R
Qs Nox 0]
t -
o: e’—c(?v y ol c=s
RI
R=R'= _O 107
—Q—Cl Very good 201
_Q_CHa Very good 201
R-CHa,R’=—© Very good 201
Cl.
R= —O, R’=—© Very good 201
R= —Q R’=—©—N0; Very good 201
N
o X—< o )N, 0| S 85 125
S 70 125
S 93 202
05 §=S NaC=CH 187
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TaBLE I (Continued)

Thiirane Starting material Reagent Yield, % Ref
Q/S\ 8
0 C—C! Ne S vee 125

E. FROM DIHALOALKANES

Direct conversion of ethylene dichloride, ethylene
dibromide, or similar 1,2-dihaloalkanes with alkali
sulfides leads to polymeric ethylene sulfides (50).
The only example described in the literature for the
direct synthesis of a thiirane from a dihalide and
alkali sulfide is the following reaction (221)

Cl Cl
Cl Br Cl
[ == Teolups
Cl Br Cl
Cl cl

In this case, polymerization is probably suppressed
for steric reasons. Four-, five- and six-membered
thiacycloalkanes, on the other hand, are readily formed
from the corresponding o,w-dihaloalkanes upon treat-
ment with sodium sulfide.

The formation of ethylene sulfide in a yield of 209,
has been observed on reaction of 1,2-dibromoethane
with hexamethyleyclotrisilthiane (1).

N, s s 80 125

N S e 125

N s 60 125

Qo0 OO0 CO0 OLO

0O 8CN
Ié |
O i w
N_-C )
O]: I (HiN):CS 243
N7
(CeHs)2CNs (CF#)iC=8 cee 150

An indirect route for making thiiranes consists in
the reaction of 1,2-dihalides with thiourea to give the
monothiuronium salt and the decomposition of the
latter by alkali (252). It may be assumed that the
generation of the thiiranes entails the intermediate
formation of 2-halo mercaptans which are not isolated.

Br Br

R——(]JH——(JJ atiir ,:R——(jJH——CHz——S——C(NHz)z]Br o=

Br S\
OH®
R——éH—CHzSH e R——C}{——CHg

The reaction cannot be carried out with ethylene di-
bromide, since this results in the bisthiuronium salt
yielding dithioethylene glycol upon hydrolysis. It is
true that a monothiouronium salt is obtained from 1,2-
dibromopropane; however, allyl mercaptan is obtained
upon hydrolysis. The method was successfully applied
to the synthesis of 1-hexene sulfide (yield 649%),
styrene sulfide (yield 34%) (252), and quinoxaline 2,3-
sulfide (242).



318 MANFRED SANDER

F. FROM HALO MERCAPTANS

Just as epoxides are obtainable from 2-halo alcohols
(chlorohydrins) and alkali, thiiranes are derived by
treatment of 2-halo mercaptans with alkali. 2-Halo
mercaptans are preferably prepared from 2-hydroxy
mercaptans which in turn can be made from 1,2-
halohydrins or epoxides.

|
—C—Cl

NaHS
—c—oH I
|
—CTSH g _CIJ_SH oH®
—C—0H —C~—Cl
- | |
|
—&
| s
—C

In the presence of strong alkalies such as NaOH,
2-chlororoethyl mercaptan is merely converted to poly-
meric ethylene sulfide; treatment with water has the
same effect (16); 7.e., too high or too low pH values
lead to polymerization of the ethylene sulfide formed as
intermediate. However, if the pH value is kept in
a range between 5.5 and 11.5, preferably between 7.5
and 9.5, ethylene sulfide is obtained in high yield.
For this purpose, weak alkalies such as NaHCO;,
CH;COONa, NaH,PO, or Na,HPO,, and NaHS are
recommended (32); the most common reagent is
NaHCO; Since 2-halo mercaptans are fairly unstable,
they are usually not isolated; instead the crude prod-
uct from the conversion of 2-hydroxy mercaptans with
hydrochloric acid is treated with aqueous NaHCO;
solution after the excess acid has been removed (57,
175). Yields between 35 and 909 are reported.

The following compounds were prepared by this
method: ethylene sulfide (32), 2-butene sulfide (32,
175), dithioglycidol (57), 2-methyldithioglycidol (57).

A specific variation of this method comprises the
reaction of dithioglycidol with carboxylic chlorides
and subsequent treatment, without isolation, with
sodium hydrogen carbonate to give S-acyl derivatives

S
N
CH;—CH—CH.SH + RCOCl —

Cl SH S
NaHCO \,
R—cos—-CHz—rlJH—-(JJHZ = R——COS——CHZ—-CH/—CHz

of dithioglycidol. Yields between 35 and 999, are
reported (5).

G. FROM HALO THIOCYANATES OR DITHIOCYANATES

Thiiranes are also obtained by interaction of 2-halo
thiocyanates or of 1,2-bisthiocyanates with sodium
sulfide (50, 51). This reaction is of historical im-

l |
—(jJ——Hal Na:S —C\ Na:s —C—SCN
S <«

—(:J—SCN — —?]/ — —SCN

portance, since it represents the first method for making
alkylene sulfides (Delépine, 1920). The starting com-
pounds are obtainable by conversion of 1,2-dihalides
with alkali thiocyanates or by addition of thiocyano-
gen or thiocyanogen chloride to olefins. As both of
the reactions are not very convenient, Delépine’s
method today is of importance only in special cases.
The reaction involves Walden inversion caused by
trans addition of the reagent (145).

The conversion is generally carried out with aqueous
sodium sulfide solution and preferably alcohol is added
as solubilizer. The reaction takes place at room tem-
perature or with gentle heating. In a modified method
alkali is used instead of Na,S (145, 191).

The yields of this reaction are reported to be rela-
tively high, although exact figures are not disclosed.
The following compounds were prepared on the basis
of 2-halo thiocyanates: ethylene sulfide (50), propene
sulfide (51), 1-butene sulfide (51), cyclohexene sulfide
(71); on the basis of 1,2-bisthiocyanates: ethylene
sulfide (50), propene sulfide (51), 1l-butene sulfide
(51), trimethylethylene sulfide (26), tetramethylethyl-
ene sulfide (256), cyclohexene sulfide (158), cyclo-
octene sulfide (174), 2,2-pentamethylenethylene sul-
fide (158), and various thiiranylearboxylic acids (145,
191).

The conversion of thiocyanato alcohols and their
sulfonic esters to thiiranes has been mentioned in
sections C and D, respectively. In one case the con-
version of an a-thiocyanoketone to a thiirane has been
accomplished by means of sodium hydride (55). The
reaction seems to proceed via several steps.

H. FROM THIOKETONES, THIOESTERS,
AND THIOCARBOXYLIC CHLORIDES

Aromatic thioketones, upon interaction with Grig-
nard compounds, give tetraarylethylene sulfides (193).

Ar Ar
) vl
r S/ \Ar

S
2Ar—é——Ar + 2Ar'MgX — + Ar'—Ar’

A

A modification of the method comprises the con-
version of aromatic thioketones with magnesium
subiodide (194). The yields of this procedure are in-

S Ar Ar
JJ; N /
2Ar—C—Ar + Mgl; + Mg — /Cvc\
Ar S Ar
ferior to those of the Grignard reaction. Since aro-
matically substituted ethylene sulfides split off sulfur
at elevated temperatures with simultaneous conversion
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to the corresponding olefins, unnecessary heating has
to be avoided when the mixture is worked up.

This method was used for making compounds of
the above structure, where Ar = p-CH,OC;H;— and
p-02H5006H4_‘ (193, 194)

Also treatment of thioketones with sodium acetylide
results in the formation of thiiranes besides furnishing
dimeric thioketones as the main produect (187).

Interaction of diazoalkanes with thioketones is
another route for making thiiranes (223). An unstable
five-membered ring is postulated as intermediate prod-
uct. Only aromatic thioketones have been investi-
gated so far.

Ar R Ar R
\C=S + NzC/ — \C—C 4 —
Ar/ \R’ Ar/é l]\I\R’
\N/
AR S
\C/__\_C/
AR/ \R’

Diphenyldiazomethane, diazofluorene, and phenyl-
diazomethane react readily with thiobenzophenone.
Ethyl diazoacetate and phenylbenzoyldiazomethane
react slowly. No reaction was observed with diethyl
diazomalonate and ethylbenzoyl diazoacetate (223).

p,p’-Dimethoxythiobenzophenone and bis(p-dimeth-
ylamino)thiobenzophenone react with diphenyldiazo-
methane at a lower rate than does thiobenzophenone
(223). Interaction of various aryldiazomethanes with
bis(p-dimethylamino)thiobenzophenone furnished the
corresponding thiiranes in excellent yields (201). Xan-
thione (201), thiofluorenone, and thiaxanthione (125)
may be likewise converted to the corresponding thii-
ranes in high yields.

In contrast to the assumptions of Staudinger (223),
Schénberg (198) postulates 1,3-dithiolanes as inter-
mediates, since the reaction of thiobenzophenone with
diazomethane, diazoethane, and ethyl diazoacetate fur-
nished only dithiolanes instead of thiiranes (198).

Ar Ar Ar
N
2 C=S + CHzNz bl
Ar Ar

The only exception among aliphatic compounds are
highly fluorinated thiocarbonyl compounds which
react in the same manner with diazoalkanes. Ex-
amples include the reaction of hexafluorothioacetone
with diphenyldiazomethane or with ethyl diazoace-
tate (150).

Chloro-substituted aromatic thiiranes were obtained
by conversion of aromatically substituted diazoalkanes
with thiocarboxylic acid chlorides, thiophosgene, di-

thiocarbonic ester chlorides, and thiocarbonic ester
chlorides.
Ar\ /R Ar\ /S\ R
CN; + S=C — /C—C/
Ar/ \Cl Ar \Cl
The following thiiranes were synthesized: Ar = C¢Hj,
R = Cl and CeH; (224); R = OC¢H; and SCeH;
(196); Ar, Ar = diphenylene, R = Cl and C:H; (224),
R = OCGH5 and SCsHs (195)
The use of trithiocarbonates in an analogous process
resulted in thiirane disulfides.
Ar\ /SR Ar\ /S\ /SR
CN; + 8=C — c——<C
/ N

N
Ar SR Ar SR

The synthesis covered: Ar = Ce¢H;, R = CeHs (195);
Ar = p-CH,;CsH,, R = p-CH,;C.H, (195).

Thiiranes were not obtained from the conversion
of phenylbenzoyldiazomethane with thiophosgene, ethyl
diazoacetate with thiobenzoyl chloride (224), diphenyl-
diazomethane with thiourea, thiobenzamide, ethyl
dithiobenzoate, carbon disulfide, and phenylisothio-
cyanate (223), and from diazofluorene with phenyl-
thiocarbonyl chloride (195).

1. FROM OXADIAZOLINES
By interaction with H.S, 2,2,5,5-tetraaryl-A3-1,3,4-
oxadiazolines (obtained by oxidation of aromatic

ketoximes) are converted to the corresponding tetra-
arylthiiranes (199).

Ar Ar N=N Ar
\C=NOH K.F;;;N). \E E( HiS
Ar Ar/ \O/ Ar
Ar\ / i / Ar
AR
/ AN
Ar Ar

The following compounds were prepared: Ar =
CsHs, p-CH306H4, p-CH3003H4 (199)

J. FROM DIAZOALEANES AND SULFUR

Diaryldiazomethanes can be converted to symmetric
tetraarylthiiranes by treatment with elemental sulfur.

Ar Ar S Ar
N ANV NP4
2 CN;+ S8 — c———C

Ar Ar Ar

+ 2N,

The reaction, which has been discovered simultaneously
by two different research groups (125, 202), takes
place at room temperature; it gives high yields and is
accelerated by ultraviolet light.

Besides diphenyldiazomethane (125, 202) and bis-
(4-methoxyphenyl)diazomethane (202) the condensed
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ring compounds 9-diazofluorene (125), 9-diazoxan-
thene (125), and 9-diazooxanthrene (125, 202) have
been converted in this way.

K. FROM OLEFINS

Attempts at the direct addition of elemental sulfur
to olefins, analogous to the synthesis of ethylene oxide
from ethylene and oxygen, have so far not furnished
thiiranes. It is reported in various patents (48, 171)
that the conversion of unsaturated ketones, unsatu-
rated carboxylic acids, or unsaturated carboxylic
esters with sulfur results in thiirane compounds.
However, definite compounds have not been isolated
so far, nor is there any evidence establishing the pres-
ence of thiirane groups. The assumption that thiirane
compounds are formed is based exclusively on the ob-
servation that hydrogen sulfide does not evolve during
the reaction. Yet this might also be interpreted in
terms of an intermolecular addition of sulfur. It
becomes apparent from reliable scientific investigations
that the reaction of sulfur with unsaturated com-
pounds leads primarily to disulfides and polysulfides,
in addition to a number of by-products not containing
thiirane groups (9, 13, 71). A review on the reaction
of sulfur with olefins has recently been published by
Bateman and Moore (14).

Evidence contradicting the statement of the men-
tioned patents is given involuntarily by the inventor
himself. Dearborn (49) claims the addition of halogen
to such “‘thiirane carboxylic esters” to give thiirane
dihalides and thiirane tetrahalides. Yet compounds
of this type are not capable of existence. Culvenor,
Davis, and Heath (39) treated cyclohexene with sulfur
under various conditions without obtaining cyclo-
hexene sulfide.

Similar results are reported for the conversion of ole-
fins with hydrogen sulfide and mercaptans (59, 137)
which failed to yield any thiirane products. On the
other hand, small yields of thiiranes were isolated as
by-products after causing ethylene, propylene, and cy-
clohexene to react with diethyl tetrasulfide at 150°
(112). In this case, the diethyl tetrasulfide appar-
ently gives off monoatomic sulfur on heating.

If carbonyl sulfide is irradiated by light of a wave-
length of 2550 to 2290 A in the presence of ethylene or
propylene in vapor phase at 25° the formation of
ethylene sulfide and propene sulfide, respectively, is
observed (230). The yield is high, but the reaction
rate is extremely low; within 60 min, conversions of
less than 0.19; have been measured. These experi-
ments, t0o, show that monoatomic sulfur would readily
react with olefins to give thiiranes and that the problem
in the “direct synthesis’’ lies in the difficulty of obtaining
monoatomic sulfur. In fact, the formation of cyclo-
hexene sulfide from cyclohexene has recently be used
as a means for detecting monatomic sulfur (192a).

L. FROM CHLOROMETHYL SULFIDES

Petrov and Sokolskii (173) made the observation
that the reaction of ethylchloromethyl sulfide with
HF-KF at —15° gives propene sulfide instead of the
expected fluoromethyl compound. Apparently, this
is due to a decomposition of the fluoromethyl sulfide.

AN
CZHS—S—CHZF i CHa—CH—CHz + HF

Other fluoromethyl sulfides, too, decompose at room
temperature or elevated temperatures with the splitting
off of HF; however, thiiranes were not isolated in
those cases (173).

M. FROM 3-CHLOROPROPENE SULFIDE
AND FROM DITHIOGLYCIDOL

Reaction of 3-chloropropene sulfide with nucleophilic
reagents may open the thiirane ring to yield a deriva-
tive of 1-chloropropane-2-thiol which, on treatment
with alkali, is converted to a new thiirane compound.

S Se
N —ce
CP{——CH——CHzCI + X8 - X——CHz——J]H——CHzCl —_—

N
X——CHz'-—C{I—CHz

This type of reaction has been realized with thiophos-
phates (X = (RO).P(0)S-) and with dithiophosphates
(X = (RO)P®S)S-) (133). Interaction with the
ammonium salts of thiophosphates gives nearly quan-
titative yields of thioglycidyl thiophosphates.

From secondary amines (X = R.N-) the correspond-
ing tertiary glycidylamines are formed (229). In
this case no alkali is required, since the amine itself
acts as a base.

Alkali phenoxides (X = ArO-), on reaction with
chloropropene sulfide, furnish the corresponding aryl
thioglycidyl ethers, as well as aryloxythietanes and
polymers, depending on the solvent and reaction
conditions used (192). Direct chlorine displacement
is supposed in this case rather than a ring-opening
mechanism.

A similar ring opening and new ring-closing reaction
is the treatment of dithioglycidol (3-mercaptopropene
sulfide) with carboxylic halides or with chlorocarbonates

S Cl
7\ |
RCOC] + CH,~CH—CH:SSH -+ RCOSCH,—CH—CH,SH
lOHe g
\
RCOSCHr—Cé——CHe

(5). Aqueous sodium hydrogen carbonate is recom-
mended as a suitable base.

N. FROM DITHIETANE DIOXIDES

Highly fluorinated thioketones are easily dimerized
to dithietanes, which can be oxidized to their asym-
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metric dioxides. On pyrolysis these dioxides split off
sulfur dioxide yielding highly fluorinated thiiranes (150).

R\ R\ S R
=S — c/ \C/ HNO~CrO;
/ VRNV
R’ R’ S R’
R\ S\ R R\ S\ R
C/ C/ ﬂ C/—C/ + SO.
R'/ \S/ \R, R'/ R’

v N
0 ©
R, R’ = F, CF;, CF.Cl

A summary of the preparation of thiiranes is given
in Table I.

III. PuyvsicaL PROPERTIES

The structure of ethylene sulfide was calculated by
Cunningham and his co-workers (41) on the basis of
microwave measurements. As reported, ethylene sul-
fide has the following atomic distances and angles:
C-C 1.492, C-S 1.819, C-H 1.078 A, £H-C-H 116°
00/, £C-S-C 65° 48’. These values suggest a partial
double bond character of the C—C bond of ethylene sul-
fide. This applies to an even greater extent to ethyl-
ene oxide (41). Reported values for propene sulfide
are: C-H 1.09, C—Cretny1 1.513 A, ZH-C-H 109° 28’
(25). The strain energy of ethylene sulfide was esti-
mated from the difference between the heat of formation
and the individual bond energies (162). It amounts to
9 keal/mole, compared with 13 keal/mole for ethylene
oxide and 25 keal/mole for cyclopropane. More re-
cent determinations of the strain energy from the dif-
ference between the measured and the calculated heat
of formation show 18.6 for ethylene sulfide, about 28
for ethylene oxide, about 23 for ethylenimine, and
27.5 keal/mole for cyclopropane (34). In any case,
ethylene sulfide features a lower ring strain than other
saturated three-membered rings. Difficult to explain is
the strong difference of the proton—proton coupling
constants of propene oxide and propene sulfide—meas-
ured from nmr spectra—whereas no difference in this
respect is found between ethylene oxide and ethylene
sulfide (161). However, large differences have been re-
ported for the C1*-H couplings of ethylene oxide, sul-
fide, and imine (157).

The electron donor ability of different saturated
hetero rings toward phenol has been determined by in-
frared measurements at different temperatures. Cy-
clic sulfides have been found to be weaker donors than
cyclic ethers and these are weaker than cyclic imines.
From the cyeclic sulfides the five-membered rings form
the strongest hydrogen bridges, thiiranes the weakest.
A similar relationship between ring strain and donor
ability is found with the cyclic ethers and imines show-
ing increased s character of the free electrons at the

heteroatom with increasing ring strain (129). Anal-
ogous spectroscopic measurements on the iodine com-
plexes of different cyclic sulfides also indicate a de-
crease in electron donor ability in the order: five- > six-
> four- > three-membered rings (236).

A further measure for the electron density at the
heteroatom is the chemical shift of the «- and g-CH,
groups in the magnetic proton resonance spectrum.
According to these measurements, the electron density
at the heteroatom of saturated heterocycles decreases
in the order: N > O > 8. With all three types the
three-membered compounds show the lowest electron
density at the heteroatom (90, 130).

The infrared absorption of ethylene sulfide was meas-
ured in the gaseous phase (240) and in the liquid phase
(88); the infrared absorption of polyethylene sulfide
(in Nujol) was measured as well (88). The Raman
spectrum of ethylene sulfide is likewise known (239,
240). Sheppard (209) measured the infrared absorption
of cyclohexene sulfide but did not assign a specific band
to the C-S bond. Guthrie, et al. (88), assigned the
bands at 625 and 660 cm—! to the C—S stretching vibra-
tion of ethylene sulfide. The force constants of ethyl-
ene sulfide have been calculated from spectroscopic
data and have been found to be very similar to the
known constants of ethylene oxide (248).

Ultraviolet absorption of ethylene sulfide, propene
sulfide, and cyclohexene sulfide in solution and gase-
ous phase was measured by Davis (46). In iso-
octane solution, a peak at 2610-2625 A and a minimum
at approximately 2370 A were found to be characteris-
tic of thiiranes. The ultraviolet spectra of styrene sul-
fides substituted in the para position indicate that there
is a certain conjugation of the thiirane ring with the ben-
zene ring suggesting a pseudo-unsaturated character or
electron-attracting properties of the thiirane ring (231).
Optical rotatory dispersion and circular dichroism of
optical active thiiranes have been measured (15, 56).

The potential functions for hindered internal rota-
tion of the methyl group in propene sulfide has been
determined from the far-infrared spectrum (72).

From the electron impact spectrum of ethylene sul-
fide its molar ionization potential has been determined
to be 8.87 = 0.15 (80) and 8.9-9.1 ev (118).

The influence of molecular configuration on the
chemical shift of thiirane protons has been studied by
nmr spectroscopy of steroidal thiiranes (241).

The dipole moment of ethylene sulfide totals 1.66 D.
(85), that of ethylene oxide 1.88 D., that of propene sul-
fide 1.95 D. (25). The molar refraction of ethylene
sulfide was found to be 17.33 (85), while the equation
Rp = 17.33 4+ 4.635Z (Z = number of C atoms of the
alkyl group) applies to alkyl-substituted thiiranes
(141). The refractive indices of the individual thi-
iranes are always larger than those of their oxygen ana-
logs.
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Corresponding to their higher molecular weight thi-
iranes always have lower vapor pressures than the
equivalent oxiranes. The vapor pressure of ethylene
sulfide was measured between 18 and 88° and the equa-
tion log p = 7.03725 — 1194.37(t + 232.42) derived
(88). From this, the heat of vaporization (at 25°) is
calculated to be 7240 = 5 cal/mole (88). The heat of
formation of ethylene sulfide, determined from its heat
of combustion, was found to be 19.29 = 0.16 kecal/mole
for the real gas under saturation pressure (88). The
thermodynamic functions (Fy° — Ho°)T, Hz° — H,°,
8°, and C,° were calculated from microwave spectra
and infrared spectra of ethylene sulfide (88).

Calorimetric determinations of heat of combustion
and heat of formation of a number of thiiranes—at 25°
in liquid phase—furnished the following values (232).

H,, keal/mole H¢, keal/mole

Ethylene sulfide —481.02 +12.38
Propene sulfide —633.75 +2.74
Isobutene sulfide —787.56 —5.82
2-Butene sulfide, cis —787.56 —5.82
2-Butene sulfide, trans —786.32 —7.06
2-Methyl-2-butene sulfide —041.26 —14.49
2,3-Dimethyl-2-butene sulfide —1098.24 —19.88

The corresponding values for about 100 organic sulfur
compounds, including some thiiranes, have been
tabulated by Mackle and O’Hara (136).

IV. ReactIioNs

Considering the multitude of reactions which thi-
iranes are able to undergo, fundamenta] information is
still scarce in this field. Much of the information is
published in patents or short communications. Some
statements reported in the earlier literature have later
been found incorrect, and sometimes even those correc-
tions were later disproved. It has only been in the
last few years that more fundamental investigations on
the reactivity of thiiranes were conducted. Thislack of
information may be attributed to the difficult availa-
bility of thiiranes and the limited storability and the un-
pleasant odor of the lower representatives of this class.
In view of the recent development of more convenient
methods of synthesis, further basic studies on the reac-
tions of thiiranes may be expected in the future.

Similar to oxiranes, all reactions of thiiranes involve
ring opening. The polarity of the C-S bond is smaller
than that of the C-O bond, as is demonstrated also by
the difference in the dipole moments of ethylene sulfide
and ethylene oxide. The electron density at the oxy-
gen atom in oxiranes is higher than that at the sulfur
atom in thiiranes.

Hence, thiiranes are expected to be less reactive
toward electrophilic reagents than oxiranes, which
seems to be true in some cases. No clear rule can be
outlined about the reactivity of thiiranes toward nu-
cleophilic reactants in comparison with oxiranes; in
practice thiiranes seem to have about the same or a
little higher reactivity.

In non-ionic reactions involving ring cleavage thi-
iranes are more reactive than oxiranes. Obviously the
lower ring strain is overruled by the lower bond energy
of C-8 compared with C-O bonds. Thus thermal de-
sulfurization of thiiranes is much more readily achieved
than deoxygenation of oxiranes. In reactions of this
type electron-attracting substituents enhance the reac-
tivity of thiiranes drastically. Little is known about
radical reactions with thiiranes.

The most important reactions from the point of view
of organic syntheses are the additions of ethylene sul-
fide to compounds with active hydrogen atoms, which
always involve mercaptoethylation. Mercaptoethyla-
tion may be catalyzed by acids or bases; the latter are
preferred and involve a nucleophilic mechanism.
Polymerization may be considered as a special case of
mercaptoethylation.

While reactions of asymmetric oxiranes entailing
ring opening frequently yield a mixture of the two possi-
ble isomers, with the product of the ring-opening reac-
tion at the primary C atom prevailing (this mechanism
is therefore referred to as “normal addition”), the two
possible isomers could never be definitely isolated from
reactions of asymmetric thiiranes. The predominant or
exclusive formation of the product of the “normal”’ or
“abnormal” addition has been observed in each in-
stance. (Some authors who report to have obtained a
mixture of isomers failed to prove this statement.) The
reaction scheme is

0} OB
ot &

R—CH—CH; + AB — R—CH—CHs—A and

“normal”’
A
R——(]JH——CHzOB
“abnormal”
SB A

2 e e
R—CH—CH: + AB - R—CH—CH:A or R—CH—CH.SB

For anionic (nucelophilic) additions the ‘“normal”
ring opening at the primary carbon atom seems to be
preferred, whereas the ‘“abnormal” opening at the
secondary (or tertiary) carbon atom has usually been
observed for cationic (electrophilic) additions. How-
ever, no systematic studies have been conducted on this
subject; also the effect of different substituents on addi-
tion reactions of thiiranes is largely unexplored.

A. POLYMERIZATION

A review on poly (alkylene sulfides) has been presented
by Davis and Fettes (45).

Ethylene sulfide polymerizes so readily (without
initiator) that poly(ethylene sulfide) had been known 80
years before the monomer was synthesized (132). Vari-
ous attempts made in the 19th century to convert ethyl-
ene chloride or ethylene bromide with KS or NasS
furnished poly(ethylene sulfide) described as a white,
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amorphous, insoluble substance of the composition
(C.HS), (35, 104, 138, 142). The earlier authors dis-
tinguished between a modification (mp 145°) which
does not depolymerize upon heating and a modifica-
tion (mp 113°) which is converted to dithiane upon
heating. Crafts demonstrated that poly(ethylene sul-
fides) of this type contain organically combined halogen
in substantial proportion even if excess sodium sulfide
is used (35). In more recent papers the polymers from
ethylene bromide and sodium sulfide are reported not
to melt below 180° (79) or 187-190°, respectively (124).
The polymer (C.H,S), was also obtained from 2,2’-di-
chlorodiethyl sulfide and potassium sulfide or from di-
sodium ethylenedithiolate and ethylene dibromide
(149). 2,2’-Dichlorodiethyl sulfide on treatment with
sodium metal is split to gaseous ethylene and a poly-
(ethylene sulfide) melting at 158-160° (103). This
polymer is reported to be soluble in aniline, nitroben-
zene, or camphor at 170° and could be oxidized by
treatment with H0. in acetic acid to a substance
melting at 312°, whose analysis agrees approximately
with poly(ethylene sulfone). In 1863 already poly(pro-
pene sulfide) was prepared from 1,2-dibromopropane;
this product was described to constitute a white, amor-
phous, insoluble powder (104, 149). On heating it did
not depolymerize to form the corresponding dimer—di-
methyldithiane (104, 149).

Bennett (16) obtained poly(ethylene sulfide) by
interaction of 2-hydroxyethyl mercaptan with 509
sulfuric acid at boiling temperature. Somewhat dif-
ferent modifications, A and B, were reported which
were insoluble in conventional solvents but soluble in
fused camphor. Fraction A melted at around 193-
197°; its molecular weight determined by cryoscopic
analysis in camphor ranged between 1400 and 1700.
Fraction B melted at approximately 177-180° and
showed a molecular weight of 1720. Dry heating of A
furnished a yellow oil of unpleasant odor, while heat-
ing of B gave substantial quantities of crystalline di-
thiane. On heating in phenol both substances failed
to give dithiane. Similar polymers not described in
detail were obtained from the dehydration of 2-hy-
droxyethyl mercaptan with phosphoric acid, zinc chlo-
ride, or phosphorus pentoxide. Another sample of
poly(ethylene sulfide) which Bennett obtained by
causing 2-chloroethyl mercaptan to react with caustic
soda solution melted at 170-175°. More recent repeti-
tion of Bennett’s work furnished poly(ethylene sulfide)
which melted at 158-165° (103). It was not before
1920, when Delépine was successful in making the
monomer in pure form, that the actual research on the
polymerization of ethylene sulfide and its homologs
started.

According to Delépine (52) ethylene sulfide, on storing
at room temperature, gradually polymerizes to form a
white mass. This was confirmed by all later investiga-

tions. Delépine reports (50, 52) that the polym-
erization is accelerated by the addition of hydrochloric
acid, nitric acid, sulfuric acid, aqueous or alcoholic am-
monia solutions, concentrated caustic soda solution,
and to a lesser extent by acetic acid or calcium chloride.
While all of these polymers are colorless, the addition
of pyridine results in a dark brown resin. Analysis
of the terminal groups of some of these polymers
showed that they had a low degree of polymerization.
The product polymerized with acetic acid, for example,
had a degree of polymerization of n = 12 (52), while
polymerization with ammonia furnished a product with
n = 6 (50).

After Delépine’s work, poly(ethylene sulfide) was neg-
lected almost completely for 30 years. Only the more
recent polymer science has taken a more or less super-
ficial interest in the polymerization of ethylene sulfide.

Braz (24) made the statement that the reaction of
ethylene sulfide with molar quantities of primary or
secondary amines to give the corresponding 2-mercapto-
ethylamines is always accompanied by polymerization.
The use of polar solvents and strongly basic amines
such as diethylamine makes the polymerization become
the main reaction.

Furukawa, Nomura, and Oda (76) described the
poly(ethylene sulfide) obtained in the absence of cat-
alysts as a white powder of mp 140~150°, which is in-
soluble in conventional solvents.

Ohta, Kondo, and Ohi (167) used aqueous caustic
soda solution in methanol for making a polymer of mp
182-185°, Initiation with ammonia, piperidine, pyri-
dine, methylamine, hydrazine, ethylenediamine, and
hydrochloric acid furnished polymers whose molecu-
lar weights, calculated from the N or Cl content, ranged
between 419 and 960. Variation of the NH; concentra-
tion did not affect the molecular weight of the products.
The rate of polymerization is higher in base-catalyzed
reactions than in the presence of acids.

Boileau and Sigwalt (18) polymerized ethylene sulfide
by means of NaOH, C;H;ONa, and primary amines.
The resultant polymers melted below 180°. The molec-
ular weights determined by cryoscopic analysis in cam-
phor were below 1000. A product polymerized in the
presence of small quantities of NaOH was insoluble in
chloroform, ether, dioxane, benzene, CS,, and the like.
Apparently this insolubility is due to pronounced crys-
tallinity, since the polymer shows a distinet X-ray dif-
fraction pattern. In a second paper the same authors
describe the polymerization in tetrahydrofuran at —50°
(19). By using naphthalenesodium as catalyst they
obtained polymers which melt at 208-210°, whereas
reactions catalyzed by boron fluoride etherate furnished
a polymer melting at 192-195°. The polymers
could be melt-spun to fibers, for which the crystallo-
graphic constants have been determined by X-ray
analysis.
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Propene sulfide and 1-butene sulfide have a much
lower tendency to polymerization. On storing these
compounds for 6 months Delépine did not note any
change (51). After adding concentrated H,SO, a
transparent gel is formed rapidly; the use of alkali or
ammonia involves slow polymerization to viscous prod-
ucts; no reaction is observed with acetic acid; HNO;,
HC], and pyridine react without polymerization (51).

For comparison, Marvel and Weil (140) prepared
poly(propene sulfide) by heating the monomer with
catalytic amounts of sodium ethoxide. The polymer
was viscous soluble in dioxane and chloroform, and in-
goluble in ether and methanol. Carrying out the
polymerization in dioxane furnished a solid polymer.
Oxidation with peracetic acid leads to the corresponding
polysulfone.

Boileau and Sigwalt (18) described a more elaborate
study of the polymerization of propene sulfide. Ca-
tionic catalysts such as TiCly and AlCl; yielded low-
molecular-weight polymers; anionic catalysts in-
cluding NaNH,, KOH, and Na gave high-molecular-
weight products upon polymerization with quantities
of about 29, of catalyst at room temperature. Other
anionic catalysts such as Al(C.H;); or butyllithium
were unsuccessful. All samples were soluble in organic
solvents such as chloroform, CH,Cl;, CCl,, dioxane,
THF, benzene, etc., and insoluble in ether, acetone,
aleohols, cyclohexane, and water. Relative molecular
weight determinations were made by viscosimetry.
The highest viscosity totaling [n] = 2.65 was deter-
mined for a specimen polymerized with sodium metal.
Products of [3] > 1 are elastic polymers; products of
[7] < 1 constitute viscous oils.

In an excellent paper the same authors refer to polym-
erization studies using naphthalenesodium in tetra-
hydrofuran (20). By using ultrahigh purity reagents
in a hermetically sealed apparatus they were able to ob-
tain polymers of a very low dispersity (Mn/Mw = 1)
and molecular weights of 70,000 to 320,000. The
molecular weights of these polymers determined by
osmometry, light scattering, and end group analysis
agreed very well with the molecular weights calculated
from the monomer/catalyst ratio. Thus, this system
represents a classical type of “living polymers” without
the possibility of chain transfer to the monomer.

In the presence of a complex salt of CdCl;, NH,CI,
and K,S as catalyst propene sulfide can be polymerized
to give high-molecular-weight products (63). While
zine catalysts tend to produce amorphous, largely atac-
tic poly(propene sulfide), cadmium salts tend to pro-
duce a crystalline polymer, which is believed to be the
isotactic modification melting at 40-41° (3). The
glass transition temperature lies at —52.5°.

Copolymers of propene sulfide containing about 25—
30% ethylene sulfide and about 5% of an unsaturated
thiirane are tough white gums, which can be vuleanized

with sulfur in the presence of conventional vulcaniza-
tion accelerators and fillers. The resulting polysulfide
rubber shows promising technological elastomer proper-
ties (3).

Polymerization of 3-chloropropene sulfide in the pres-
ence of catalytic quantities of sulfuric acid was reported
by Furukawa, Nomura, and Oda (77, 78). At room
temperature a colorless, soft resin is formed which is
soluble in chloroform. Conversion of the product with
aniline yielded a brittle resin showing 639, of the calcu-
lated nitrogen content. Polymerization with H,SO, at
elevated temperature furnished a dark brown, soft
resin which is soluble in benzene. A molecular weight
or approximately 1000 was determined by cryoscopy.

Polymeric cyclohexene sulfide was obtained by Mous-
seron (158) who tried to prepare the monomer. The
polymer is soluble in benzene, insoluble in ether, and
decomposes roughly at 165-170°. Culvenor, et al.
(39), obtained viscous to solid polymers on treatment of
cyclohexene sulfide with hydrazine, hydroxylamine,
guanidine, ¢-aminophenol, sulfuric acid, alkali, or am-
monia. A polymer melting at 71° has been obtained by
using triethylaluminum as catalyst (10).

1-Octene sulfide, which is completely stable at room
temperature and polymerizes only to a very low degree
even at 140°, polymerizes rapidly on addition of lithium
aluminum hydride, a typical anionic catalyst (153).

Styrene sulfide polymerizes slowly at room tempera-
ture. The polymerization can be catalytically accele-
rated by aluminum trialkyls or heavy-metal mercap-
tides. The polymers melt at 50-120°, are soluble in
organic solvents, and have a noncrystalline structure.
Their thermal stability is low; at 200° strong de-
composition occurs; one of the resultant decomposition
products is 2,5-diphenyldithiane. Oxidation with hy-
drogen peroxide leads to the corresponding polysulfones
(165). Polymerization of styrene sulfide in the pres-
ence of basic or acidic catalysts furnishes solid or vis-
cous products with molecular weights of 1000 to 2000
(134).

Polymerization of a sugar episulfide has been effected
by using a boron fluoride catalyst. The soluble poly-
mer is reported to have a number-average molecular
weight of 72,000 (253).

Highly fluorinated thiiranes are capable of undergo-
ing radical polymerization. By irradiation or with di-
nitrogen difluoride or organic peroxides as catalysts
tetrafluoroethylene sulfide can be polymerized to a solid
polythioether melting at 174-176°. Monochlorotri-
fluoroethylene sulfide under the same conditions yields
oily polymers. In this way also copolymers of fluori-
nated thiiranes and other vinyl monomers have been
obtained (147).

Copolymers of alkene sulfides and alkene oxides are
claimed in a patent (11). Propene sulfide is used in the
examples. Copolymerization is effected in the auto-
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clave with alkali metal hydroxide at 25-175°. The re-
sultant oils have a high stability to oxidation and are
recommended as additives to lubricating oils or greases.
Another patent teaches how to make block copolymers
from alkene sulfides and alkene oxides by mathematical
manipulation (131).

Copolymers of trioxane with small amounts of thi-
iranes show higher thermostability than the homo-
polymer or other copolymers of trioxane. Boron fluo-
ride etherate is used as polymerization catalyst (119).
However, the requirement of high amounts of catalyst
and the low space-time yield are disadvantages of this
copolymerization (251).

No copolymers could be obtained from propene sul-
fide and B-propiolactone (54).

B. DIMERIZATION

If a mixture of ethylene sulfide vapor and hydrogen
sulfide is passed over Al,O; at 220°, dithiane is obtained
in a yield of 949, (257).

S
VAR
S CH: CH:
7\ | |
2CH—CH — CH: CH,
\S/

Dithiane is also formed on thermal decomposition of
poly(ethylene sulfide) and especially on heating of the
polymer in phenol at 160-180° (35, 104, 137). Treat-
ment of styrene sulfide with dimethyl sulfate at 0-20°
vields approximately 159, 2,5-diphenyldithiane (165).
Heating of propene sulfide in the presence of toluene-
sulfonic acid yields 2,5-dimethyldithiane (180). Simi-
larly, on refluxing dodecene-1 sulfide with potassium
thiocyanate the 2,5-didecyldithiane is obtained (181).

C. ADDUCTS WITH HEAVY METAL SALTS

AgNO;, HgCly, PtCly, K,PtCls, and AuCl; combine
with ethylene sulfide, propene sulfide, and 1-butene
sulfide to form solid adducts which are insoluble in
water, alcohol, or ether (50, 51). Closer examination
of the yellow silver adduct of ethylene sulfide showed an
approximate composition of Ag(C:H,S);. On storing it
decomposes slowly to give free ethylene sulfide (52).
Later investigations (39) confirmed that the precipi-
tates of ethylene sulfide with Hg(II) salts cannot be
purified.

D. REACTION WITH METHYL IODIDE

Cyclohexene sulfide, chloropropene sulfide, and pro-
pene sulfide combine with excess methyl iodide to give
trimethylsulfonium iodide (39), 7.e., the two C—S bonds
of the thiirane ring are split, probably via an inter-
mediate methyl sulfide.

l l
—C—S8—CH; cHx

|
—C —C—S(CHy)
NS + CHI — I
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However, Schuetz and Jacobs could not isolate a
1,2-diiodide as intermediate (205). Helmkamp and
Pettitt also failed to obtain the diiodide from the reac-
tion of 2-butene sulfide and methyl iodide; however, on
heating the solution butene is formed while iodine is set
free.

[(CH:)sS11

& N

\S + 3CH;I — | 4+ I, + [(CH;)S]I

—C

I

The reaction is stereospecific; an unstable cyclic sul-

fonium salt is assumed as intermediate (97). Open-

chain sulfonium salts as intermediates have been iso-

lated in the reaction of butene sulfide or cyclohexene
sulfide with methyl bromide (99).

Delépine, et al. (50, 51), reported that the reaction of
methyl iodide with ethylene sulfide yields a crystalline
salt of the approximate composition C.H,S.-CH:I,
while unstable salts are obtained with propene and bu-
tene sulfide. The lower is the thiirane; the higher is
the excess of CH,I that has to be used in order to ob-
tain trimethylsulfonium iodide (39). Also alkoxypro-
pene sulfides require a large excess of methyl iodide; if
used in 30-fold excess, yields of 65-709, of trimethyl-
sulfonium iodide were obtained (205).

Since methyl iodide splits only one C-S bond of tri-
methylene sulfides (thietanes) and ring opening is not
encountered with tetra- and pentamethylene sulfides,
the reaction with CH;I and the subsequent isolation
and identification of the resultant quaternary salt pro-
vides a convenient way of distinguishing sulfur-contain-
ing ring systems of different size.

Formation of a eyclic sulfonium salt has recently been
observed upon interaction of cyclooctene sulfide and tri-
methyloxonium 2,4,6-trinitrobenzenesulfonate, but not
in the case of cyclohexene sulfide or 2-butene sulfide
(174). Intermediate formation of cyclic sulfonium com-
pounds of thiiranes is assumed for a number of reactions
involving sulfides substituted in 8 position. A review
on such reactions has been published recently (86).

= Q)

Da

E. DESULFURIZATION TO OLEFINS

1. By Thermal Decomposition

Aromatically substituted thiiranes split off elemental
sulfur on heating and are converted to the correspond-
ing olefins.
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This is true especially if the thiirane is substituted by
more than one aromatic nucleus. Electron-attracting
groups such as C=0, COOR, and Cl likewise promote
the abstraction of sulfur. Thus, styrene sulfide can
still be distilled undecomposed under vacuum (87),
while attempts to prepare stilbene sulfide or ethyl
phenylthioglycidate furnished stilbene or ethyl cinna-
mate and sulfur at room temperature (38). Conse-
quently, thiiranes with two or more aryl groups can
only be isolated and purified by crystallization. To a
small extent, olefin formation was also observed on ex-
tended heating of l-octene sulfide (153) and cyclo-
hexene sulfide (158).

Thermal decomposition of polyarylthiiranes to olefins
oceurs so easily that this reaction is regarded as one of
the best methods to prepare certain arylolefins (223,
224). It is promoted by the addition of copper bronze
and then requires temperatures below 100° (195, 196
174).

2. By Organophosphorus Compounds

Aliphatic thiiranes which, on heating, tend to polym-
erize or dimerize rather than to decompose to olefin and
sulfur can be desulfurized by interaction with trivalent
organophosphorus compounds.

=
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The following phosphorus compounds are used: tri-
phenylphosphine (39, 47, 53), triethylphosphine (39),
triethyl phosphite (31, 39, 47, 163, 204, 205), and tri-
butylphosphine (53). With tertiary phosphines the re-
action takes place readily at room temperature; gentle
heating is recommended if phosphites are used. The
yields of olefins and of phosphine sulfides range be-
tween 85 and 999,. The reaction is stereospecific (53,
163). The kineties of the reaction were investigated
(53); it is a first-order reaction with respect to the two
reactants. This suggests a nucleophilic attack of the
phosphorus at the sulfur atom. The following thi-
iranes were subjected to the reaction: ethylene sulfide
(39, 205), propene sulfide (39, 204, 205), 1-butene sul-
fide (53), 2-butene sulfide (163, 53), isobutene sulfide
(39), 3-chloropropene sulfide (39, 204, 205), styrene sul-
fide (205), cyclohexene sulfide (39, 47, 205), methoxy-
propene sulfide (204, 205), ethoxypropene sulfide
(205), propoxypropene sulfide (205), isopropoxypropene
sulfide (205), butoxypropene sulfide (205), phenoxy-

propene sulfide (205), and diethoxypropene sulfide (205),
as well as a sugar episulfide (31).

3. By Organometallic Compounds

A further possibility of desulfurizing aliphatic thi-
iranes is their reaction with organometallic com-
pounds, especially organolithium and Grignard com-
pounds (22, 163, 205). The reaction yields olefin on
the one hand and metal thiolate on the other.

¢

| >s + RLiRMgX)
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The yields of olefins are lower than those obtained from
the conversion with organophosphorus compounds.
However, this reaction is important for the synthesis of
certain thiophenols which are difficult to prepare by
other methods (22); the yields total around 609,
With Grignard compounds the reaction is more com-
plex; Bordwell, et al. (22), isolated only low yields (5~
13%) of the corresponding thiols. Japanese authors
(75) reported that g-phenylethyl mercaptan is formed
upon interaction of ethylene sulfide with phenylmag-
nesium bromide. This suggests that the addition
mechanism known for epoxides may also occur as a
side reaction with thiiranes,

The following substances were subjected to the reac-
tion: ethylene sulfide (22, 75), propene sulfide (22), 2-
butene sulfide (163), cyclohexene sulfide (22), and a
number of 2-alkoxypropene sulfides (205).

-~ [ + RLiBSMeX)

4. By Other Reagents

Stereospecific desulfurization of 2-butene sulfide has
been observed on treatment with methyl iodide in boil-
ing acetone (97, 99) or with catalytic amounts of iodine
in benzene (98).

Certain thiiranes could be desulfurized quantitatively
on treatment with lithium aluminum hydride (127, 144)
or with potassium butoxide (146). Reaction of aryl-
thiiranes with nascent hydrogen (Zn—CH;COOH) also
gives the corresponding olefins besides hydrogen sulfide
(199).

F. OXIDATION

Nearly all attempts to oxidize ethylene sulfides to
cyclic sulfones or sulfoxides failed. Any oxidation re-
action entails ring opening (39). Sulfonic acids and
sulfuric acid are formed (39). Thus, the carboxysul-
fonic acids, HO;SCH,COOH and HO,SCH.CH,SCHS,-
COOH, were isolated on oxidation of ethylene sulfide
with nitric acid (52). Oxidation with KMnQ, also
yields sulfuric acid (50). Hydrogen peroxide reacts
vigorously with ethylene sulfide (39, 100); 2-hydroxy-
propanesulfonic acid, CH;,CH(OH)CH,SOsH, was ob-
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tained from propene sulfide (225). Oxidation of ethyl-
ene sulfide with perbenzoic acid or dibenzoyl peroxide
furnished insoluble polymers, probably poly(ethylene
sulfone) (100).

One exception is the synthesis of the sulfoxide

by oxidation of the corresponding thiirane compound
with peracetic acid, as described in a patent (221). Re-
cently dibenzoylstilbene sulfide has been oxidized to the
corresponding sulfoxide or sulfone, depending on the
amount of hydrogen peroxide used (55). However,
thiirane dioxides can be synthesized by routes other
than oxidation. Thus tetraphenylethylene sulfone
has been prepared by causing diphenyldiazomethane to
interact with sulfur dioxide, whereas no stable sulfones
could be obtained by analogous reaction with mono-
aryldiazomethanes (222). Monomeric ethylene sulfone
was recently isolated upon conversion of diazomethane
with 8O, (100) or with sulfene (170). This substance
(mp 19°, bp 64° (0.3 mm)) israther stable at room tem-
perature, but tends to polymerize to poly(ethylene sul-
fone) at temperatures above 60°. c¢is-2-Butene sulfone
has been synthesized in an analogous way from diazo-
ethane and sulfur dioxide (164).

G. REDUCTION

It has already been mentioned that the reduction of
aromatic ethylene sulfides with nascent hydrogen is
accompanied by the formation of the corresponding
olefin and HsS (199). Reduction of alkene sulfides with
lithium aluminum hydride yields secondary mercap-
tans under ring opening.

R—CH—SH

R~—CH
| \\. LiAlH l
/S - CH,
CH,

The yields of mercaptans amounted to 729, for pro-
pene sulfide (22), 739, for 1-hexene sulfide (22), 209,
for 1-octene sulfide (153), and 75-859%, for a number of
3-alkoxypropene sulfides (110). The reduction of
cyclohexene sulfide (22, 159) and carbohydrate thi-
iranes (36) with LiAlH, was also reported. By-prod-
ucts of the reduction are solid polymers and sulfur-
containing liquids, but not hydrogen sulfide (153). By
the use of lithium aluminum deuteride it was demon-
strated that the reduction of 2-butene sulfide involves
inversion of the configuration (96).

Relatively resistant to reduction by LiAlH, are
steroidal thiiranes and some higher thiiranyl carboxylic
esters. Such esters may be reduced to the alcohols

without affecting the thiirane group (144, 233). At
higher temperature desulfurization occurs with forma-
tion of olefins (127, 144, 234).

Reductive desulfurization may be accomplished with
Raney nickel in ethanol (36, 229, 233).

S
N Ni
R—CH—CH; —» R—CH,;—CH; + H.S

H. REACTION WITH HALOGENS

Bromine reacts with ethylene sulfide to form a vis-
cous, colored substance (50). Interaction of chlorine
(in CCL) with cyclohexene sulfide yields 1,2-dichloro-
cyclohexane in addition to a large proportion of poly-
mers (39). If a solution of chlorine or bromine (molar
ratio 1:2) is slowly added to a nonaqueous solution of
propene sulfide, a bis(halopropyl) disulfide results,
which according to Stewart and Cordts (225, 227) has
the structure A. Other authors recently showed that

S CHs—(]JH——CHzx
2CH,—CH—CH; + X, S

s

CHa—éH—Cng
A

CH;—CHX—CH;—S—S—CH,—CHX—CHj3;
B X=Cl or Br

the disulfide has structure B (65), which would mean
“abnormal” ring opening by halogens.

As in later papers Stewart postulated “abnormal”
ring opening for the reaction of 3-chloropropene sulfide
with chlorine and bromine (229) and also for the reac-
tion of styrene sulfide with bromine (228). The “ab-
normal”’ mechanism may be generally accepted for the
addition of halogens to thiiranes. The reaction is
quantitative and fast, so that thiiranes can be titrated
with bromine solution. Chloroform or carbon tetra-
chloride may be used as solvent.

Treatment of 2-butene sulfide with iodine solution at
room temperature gives the diiodo disulfide, which on
further treatment with warm iodine solution decom-
poses with desulfurization (98).

If propene sulfide is added to a solution of chlorine or
bromine in a molar ratio of 1:1, g-halosulfenyl halides
are obtained (225).

A\ ™
CH,—CH—-CH; + X, —l—-’ CH;—CH—CHX
A

CH;3;—CHCI—CH,SCl
B

Here again an earlier report (225) claimed structure A,
whereas in a more recent publication (65) structure B
has been proved. The yields are about 45%, and sul-
furyl chloride may be used instead of chlorine.
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Interaction of aqueous chlorine solution with propene
sulfide gives the corresponding 8-chlorosulfonyl chloride
(226).

S SO.

AN
C{IZ—CH—-CHa + Cl/H,O — CHa——(jJH——CHzcl

The same compound is formed if an aqueous chlorine
solution is permitted to act on the sulfenyl chloride, or
by interaction of chlorine in acetic acid with bis(-
chloroalkyl) disulfide (225). On addition of limited
quantities of chlorine to an acetic acid solution of pro-
pene sulfide a product was isolated whose analysis sug-
gests the following structure (225).

CHa——(]}H——Cchl
S]Oz
S

|
CH;—CH-—CHCl
“Abnormal” ring opening is reported for the reaction

of chlorine in aqueous acetic acid with styrene sulfide
(228). The analogous structure is assumed for the re-

A
C¢H:—CH—CH; + Cly/H,0 — CgH;—CHCI—CH,SO,Cl

action product of 3-chloropropene sulfide and aqueous
chlorine (229).

I. REACTION WITH HYDROGEN HALIDES

Dilute aqueous hydrochloric acid yields polymers as
exclusive products (50, 228), which, however, contain
chlorine as terminal groups. If ethylene sulfide is
added to an excess of concentrated hydrochloric acid,
the monomeric and the dimeric adduct can be isolated

(52).

S
N cfl—CH,
CH.—CH; + HCl — HS—CH,—CH:—Cl ———
HSCH,CH,SCH,CH,Cl

With gaseous hydrogen chloride in ethereal solution
only B-chloroethyl mercaptan was obtained (148); in-
teraction with hydrogen bromide gave B-bromoethyl
mercaptan (52). Only polymeric products were ob-
tained from cyclohexene sulfide and boiling concen-
trated hydrochloric acid, while 2-chlorocyclohexyl mer-
captan was formed in a yield of 579, by shaking cyclo-
hexene sulfide with hydrochloric acid in great excess at
room temperature. Analogous to this, a yield of 729,
of the corresponding dichloropropyl mercaptan is ob-
tained from 3-chloropropene sulfide-1 (39). Based on
the example of propene sulfide and chloropropene sul-
fide Davies and Savige demonstrated that hydrogen
halides add to asymmetric thiiranes under ring opening
at the secondary carbon atom (43, 44).

N\
R——Cﬁ—CHe + HCl — R—CH(CI>-CH,SH

The same “abnormal’’ mechanism is assumed for the
addition of hydrogen chloride to styrene sulfide (228).
Not even traces of the isomeric 1-chloro-2-thiols could
be detected. Contrary to this, the ‘“normal”’ addition
product is always present in the few known cases of
“abnormal”’ ring opening of ethylene oxides. There-
fore, the authors assume that ring opening proceeds via
an intermediate ethylenesulfonium ion, which would
correspond to an electrophilic attack by the hydrogen
halides (44). A further proof for the “abnormal”
addition of HCI to propene sulfide has been provided
recently (64).

J. REACTION WITH SULFUR HALIDES AND
PHOSPHORUS HALIDES

The additions of sulfur dichloride and disulfur di-
chloride to thiiranes obey the same mechanism as does
the addition of halogens to thiiranes (66). While di-
meric products are formed at a molar ratio of sulfur
halide to thiirane of 1:2, monomeric polythiochlorides
are isolated at aratioof 1:1.

S

R Cﬁ 2
—CH—CH, + §,Cl; — R—CHCI—CH;—S,+.—Cl
S

2R——C}{——EH2 + 8.Cl; —

R-—CHCl—CHy—=S, +,—CH,CHCl—R
Ring opening again is “abnormal” in nature. For re-
actions carried out in carbon tetrachloride yields of
40-859%, have been reported (66). Sulfuryl chloride
reacts with thiiranes in a manner similar to chlorine
(see section IVH); sulfur dioxide is split off (65).
Phosphoric or phosphorous halides react with thiiranes
to form B-halothiol esters (120). No proof has been

S

POX; + R—CI'{—EHz —

given for the structure of the products.
POF; were used in the examples.
served as catalysts.

(R—CHX-—CH,—S);P(0)

PCl;, PF;, and
Tertiary amines

K. REACTION WITH CARBOXYLIC ACIDS

Acetic acid causes slow polymerization of ethylene
sulfide, while propene sulfide and 1-butene sulfide show
no change (50, 51). On boiling with excess glacial
acetic acid, cyclohexene sulfide forms 269, monomeric
and 489, dimeric acetoxy mercaptan (96).

SH
Os + CHCOOH — C[
0—COCH,
0 _lo
O\/? HS

COCH,
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Treatment of thiiranes with excess iodine in glacial
acetic acid results in quantitative formation of the ace-
toxy disulfide so that this reaction can be used for iodo-
metric determination of thiiranes (192).

Conversion of technical grade fatty acids with a solu-
tion of ethylene sulfide in benzene at 100° yields 8-mer-
captoethyl esters which can be oxidized to give the cor-
responding disulfide diesters.

[0z]
— RCOOCH:CH:SH —>

RCOOCH.CH.SSCH,CH,O0CR
The latter products, added to lubricating oils in quanti-
ties of 5-109%, increase the film stability and reduce
abrasion (211).

L. REACTION WITH CARBOXYLIC HALIDES AND
CHLOROMETHYL ETHERS

At room temperature, acetyl chloride and ethylene
sulfide furnish g-chloroethyl thiolacetate in a yield of

75% (7).

7N
RCOOH + CH:—CH,

S
N
CH,;COCl + CH.—CH: — CH;COSCH,CH.Cl

This reaction also gives high yields with propene sulfide.
chloropropene sulfide, and cyclohexene sulfide (39), as
well as with styrene sulfide (228). In the case of asym-
metrical thiiranes, ring opening is “abnormal;”’ i.e.,
it occurs at the secondary C atom (43, 44, 109).

R—CH—CH: + CH 00X - R—CH(X)—CH,SCOCH,
R = CH,, CICH;; X = C], Br
Acetyl bromide (43, 91, 109), acetyl iodide (108, 109),
chloroacetyl chloride (109, 148, 173), chloroacetyl bro-
mide (148), propionyl bromide (91, 109), butyryl bro-
mide (91, 109), benzoyl chloride (39), and benzoyl
bromide (91, 109) react in the same manner as acetyl
chloride; the reactions furnish yields up to 90%.

Accordingly, 3-mercaptopropene sulfide reacts with
carboxylic chlorides to yield 1-acylthio-2-chloropro-
pane-3-thiols, which can be converted to 3-acylthio-
propene sulfides by treatment with alkali (5).

S

N
C}/L—CH—CstH + RCOCl —
RCOSCH,—CHCl—CH:SH

OH®

N
RCOSCHr-CéI——CHz

Phosgene reacts with ethylene sulfide in two steps
(188). Tertiary amines act as catalysts.

cocl + cé—\-\cm <,

S
+
CICH,CH:SC0CI —5=— (CICH,CHS):CO

In the case of propene sulfide the addition of phosgene
follows the “abnormal’”’ way (67).

Chlorocarbonates react with thiiranes analogous to
phosgene (67).

Benzoyl fluoride, picryl chloride, dinitrobenzoyl
chloride, triphenylmethyl chloride, p-toluenesulfonyl
chloride, and p-toluenesulfonyl fluoride react with pro-
pene sulfide or cyclohexene sulfide according to a dif-
ferent mechanism, giving polymersas principal products
(39).

The reactivity of the chlorine atom in e-chloroalkyl
ethers is generally very high. Hence the reaction of
these compounds with thiiranes gives g-chloroalkyl
sulfides. As observed with propene sulfide, ring open-
ing is “abnormal” (8). Catalyzed by HgCl, the reac-

—da '
R—CH—CH; + CICH,OR’ — R—CHCI—CH,S—CH,0R’

tion takes place at room temperature; depending on R,
the yields vary between 23 and 78%, (8).

M. REACTION WITH CARBOXYLIC ANHYDRIDES

Ethylene sulfide reacts with carboxylic anhydrides to
give the diester of S-mercaptoethanol (7).

S

7\
(RCOX0 + CH~—CH, — RCOOCH.CH,;SCOR

The reaction is catalyzed by pyridine (7), and in the
case of asymmetrical thiiranes involves “normal”’ ring
opening at the primary C atom (43, 44).
S R
2\ (jJ
R—CH—CH: + (RC0O),0 — RCOS—CH—CH,0OCOR

These two facts are indications of a nucleophilic reac-
tion mechanism. Normally, the reaction is carried out
at 130°, furnishing the diester in yields of approxi-
mately 50-809;. Thiirane groups in some steroidal
thiiranes are not affected by acetic anhydride even in
pyridine (233, 121).

The use of dicarboxylic anhydrides results in polym-
eric esters (7).

— [-CH:CH.,SCOCH.CH.COO-].

N. REACTION WITH HYDROXY COMPOUNDS

Water. At room temperature no reaction with thi-
iranes is noticed. Nevertheless, a spot test proved
minor ring opening (39). At 100° propene sulfide re-
acts with water to form different unidentified products
(39). Kinetic measurements of the hydrolysis of sty-
rene sulfide catalyzed by sulfuric acid did not furnish
conclusive information on the reaction order (123).
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Alkaline hydrolysis of 3-chloropropene sulfide yields
3-hydroxythietane suggesting an exceptionally ‘‘ab-
normal” ring opening by nucleophilic attack at the
secondary carbon atom (5).

S
+0H®

7\
CH;—CH—CH;Cl ——> [®8—CH,—CH(OH)—CH.Cl]

J-ax

CH,
7N\
HO—CH S
CH,

Alcohols. Propene sulfide reacts with ethanol at 100°
to form different unidentified products (39).

B-Alkoxy mercaptans are obtained by conversion of
thiiranes with alcohols in the presence of catalytic
quantities of boron trifluoride (213, 218). The reaction

—& —4—or

(jJ S + ROH - —(IIJ—SH

is carried out at around 100°; with isobutene sulfide
the yields are 20409, if primary alcohols are used
(213), but very small upon use of secondary alcohols,
Propene sulfide or cyclohexene sulfide yield no or only
small amounts of alkoxy mercaptans even with pri-
mary alcohols (213). The use of excess quantities of
the thiirane results in products of high boiling points
(213). The alkoxy group adds in ‘“‘abnormal’” manner
to the secondary or tertiary C atom of asymmetrical
thiiranes (213, 218).

R\ '
C/

R/ R/ \CHzSH

The same direction of ring opening has been reported
for the addition of ethanol to styrene sulfide catalyzed
by sulfuric acid (123).

Reaction of thiiranecarboxylic acids with potassium
butoxide resulted in desulfurization affording the ole-
finic acids (146).

Phenols. According a Japanese paper (75) ethylene
sulfide reacts with phenol to form 8-phenoxyethyl mer-
captan.

Alkali phenoxides react with 3-chloropropene sulfide
in a twofold way: besides polymers, arylthioglycidyl
ethers A are formed as well as 3-aryloxythietanes B
(192).

R S
N/ \. ROH
_CHz —

Al‘ —CHz-CH \CHz

ArONa + CHz—CH—CH2C1 ‘&A
CHZ\

A—O0—CH s
ey’

In protic solvents such as water or alcohol the forma-
tion of A is preferred, whereas the formation of B is pre-
ferred in polar aprotic solvents such as diglyme, di-
methyl sulfoxide, or methyl ethyl ketone. However, in
any solvent both the products A and B are formed.
The formation of B clearly shows attack of the phe-
noxide ion at the secondary carbon atom; this is
evidence seldom observed for a nucleophilic thiirane
ring scission in the “abnormal” way. The formation
of A may be explained either by “normal” ring open-
ing or by direct exchange of chlorine. The first ex-
planation would imply that in this reaction the thiirane
ring is opened both in the “normal” and in the “ab-
normal”’ way. This has never been observed in other
cases and thus the direct chlorine exchange is the more
probable explanation.

0. REACTION WIYH THIOL COMPOUNDS

Hydrogen Sulfide. The reaction of ethylene sulfide
with excess hydrogen sulfide at 45-60° yields approxi-
mately 509, dithioglycol (ethylenedithiol) and about
169 trithiodiglycol (148).

{ N\,
CH,—CH, + HS —
HSCH,CH.SH + HSCH.CH.SCH,CH,SH

The corresponding 1,2-dithiols are also formed upon
interaction of potassium hydrogen sulfide with eyclo-
hexene sulfide, propene sulfide (39), and 1-octene sulfide
(153). The yields are lower than those obtained with
hydrogen sulfide, since polymers are formed in greater
proportion. Chloropropene sulfide and KHS furnish
a small amount of trithioglycerol (39).

Mercaptans. In the absence of catalysts, thiiranes
react rather sluggishly with mercaptans. Thus, upon
heating cyclohexene sulfide with ethyl mercaptan for 6
hr at 120°, almost all of the starting material was re-
covered unchanged (39).2 In a patent recommending a
reaction temperature of 100 to 200° and the use of ex-
cess quantities of mercaptan, a yield of 569 of the 1:1
addition product (I) and 249 of the 2:1 addition prod-
uct (II) is indicated for the conversion of propene sul-
fide with ethyl mercaptan. The conversion of ethylene

C/ N
CHs— H—CHZ + CszSH bl
CH, CH,
CgHssCHz(JJHSH + Csz(SC}iz(jJH)zSH
I I

sulfide with ethyl mercaptan gives yields of 229, of the
1:1 addition product and 69 of the 2:1 addition prod-
uct (183).

Snyder, Stewart, and Ziegler (213) reported that the
addition of mercaptans to thiiranes was successful only
in the presence of catalysts. The reaction of isobutene

(2) Mercaptans or HsS are elmmed to stablize ethylene sulfide on storage,
preventing it from polymerization (33
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sulfide with the equivalent quantity of mercaptans in
the presence of sodium ethoxide as catalyst (ca. 10%),
furnished approximately 409, of the 1:1 addition prod-
uct; a 1009, excess of mercaptans supplied the 1:1
addition product in a yield of 759%. This reaction is
claimed to yield a mixture of the two isomers

CH;, CH;
R—S8— (jJ——CHz—SH and R——S——CHe—é——SH
Ha Hl

with the primary mercaptans prevailing; this would
correspond to a preference of the ‘“‘abnormal” ring
opening. In the presence of boron fluoride etherate as
catalyst, the yields are about the same; however, the
tertiary mercaptan dominates in the mixture (“normal”’
ring opening). Yet, this statement (213) is supported
by only one single experiment, and in a patent (216)
the same authors state just the contrary structures.
In no case have the isomers been isolated; the tertiary
mercaptans were identified by amperometric titration of
the mixture.

In the presence of C;H;ONa as catalyst, cyclohexene
sulfide and mercaptans furnished a yield of 30409, of
the 1:1 addition product (213, 216). Tetramethyl-
ethylene sulfide does not react as desired (213). Sty-
rene sulfide reacts with n-butyl mercaptan in the pres-
ence of BF; yielding 339 of a 1:1 addition product of
unidentified structure (228). Also the catalyzed addi-
tion of mercaptans yields 2:1, 3:1, and higher products.
Analogous to simple mercaptans, alkoxy mercaptans,
such as B-ethoxyethyl mercaptan, react with ethylene
sulfides (213, 217). Additions of different hydroxy
mercaptans and dithiols to propene sulfide in the pres-
ence of catalytic quantities of sodium ethoxide furnished
the corresponding 1:1 addition products in a yield of
approximately 509 besides 2:1 addition products.
Products from the addition of thiols to dithioglycidol
were obtained only in small quantities (4).

The use of molar amounts of alkali, or the reaction of
thiiranes with alkali mercaptides, does not improve or
impair the result obtained with catalytic quantities of
alkali. The reaction of cyclohexene sulfide with sodium
ethyl mercaptide, for example, gives 559, of the 1:1
addition product and 309, of the 2:1 addition product;
259, of the 1:1 product and 259, of the 2:1 product are
obtained with sodium ¢-butyl mercaptide (39). Ethyl-
ene sulfide and sodium methyl mercaptide (509, excess)
yield 409, of the 1:1 product; the reaction with sodium
amyl mercaptide is similar (148).

Bisulfites. Reaction of thiiranes with aqueous solu-
tions of sodium hydrogen sulfite at 50-100° furnishes
good yields of salts of 8-mercaptosulfonic acid (245).

S SH
N
R—C{I—CHz + NaHSO; — R—(EH—CHz—-SOgNa

Thiophosphates. Dialkyl dithiophosphates, (RO).-
P(S)SH, add ethylene sulfide at 70-80° in the absence of
catalysts, the reaction obviously stopping at the stage of
1:1 adduct (RO),P(S)SCH,CH.SH. In the presence of
NaOH, higher adducts, (RO).P(S)S(CH;CH.S),P(8)-
(OR),, are formed (143). The conversion of thiiranes
with dialkyl dithiophosphates is also claimed in a pa-
tent, but the products are not described in detail (101).

Alkali xanthates react with thiiranes under formation
of eyclic trithiocarbonates (see section IVS).

P. REACTION WITH AMINO COMPOUNDS

Ammonia. Aqueous ammonia solution causes quick
polymerization of ethylene sulfide (50), while propene
sulfide and butene sulfide polymerize slowly with this
reagent (51). The reaction of anhydrous ammonia with
thiiranes has not yet been described.

Primary and Secondary Amines. According to Reppe
and Nicolai (182), primary and secondary amines re-
act with ethylene sulfide or propene sulfide at 100~
200°, in the absence of catalysts, to give S-mercapto-
alkylamines.

R
\NH + C}/Iz—}CH——R - >N—(.L/H——CH2——SH

No evidence supporting the assumed “abnormal”
mechanism of the reaction is given by the authors.
The higher the basicity of the amines, the higher is the
rate of the addition. In general, primary amines
merely furnish the monomercaptan, RNHCH,CH,SH;
if the thiirane is used in large excess and in the case of
strongly basic amines, the dimercaptans, RN(CH,-
CH.SH),, are obtained as well. But even the strongly
basic piperidine furnishes the monomercaptan as prin-
cipal product upon conversion with 1 mole of ethylene
sulfide. Conversion of a primary amine to the dimer-
captan is best performed in two steps. In this way 1:2
addition products can be obtained in the case of strongly
basic secondary amines (even in the absence of a cata-
lyst). Here, the mercaptoamine itself obviously acts
as a basic catalyst.
]
CH/z—\an C§2—§CH2
(CHy,NH ——> (CH;):;NCN,CHSH —>

(C.H,).N(CH,CH:S8),H

The following amines were used: aniline, N-methyl-
aniline, o-toluidine, 2-naphthylamine, benzylamine,
cyclohexylamine, dodecylamine, N-methyldodecyl-
amine, butylamine, dibutylamine, piperazine. The
yields are up to 909, (182).

In an analogous way, Culvenor, et al. (39), obtained
2-methylanilinocyclohexyl mercaptan (yield 509;) from
methylaniline and cyclohexene sulfide in boiling 809,
ethanol. It is interesting to note that no reaction oc-
curred upon heating of the two components at 100° in
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the absence of solvent. Furukawa, et al. (75), de-
scribed the formation of S-anilinoethyl mercaptan from
aniline and ethylene sulfide.

Snyder, et al. (212), studied the reaction of equimolar
quantities of secondary and primary amines and thi-
iranes at 100°. The results obtained by these authors
agree essentially with those obtained by Reppe and
Nicolai (182). The reaction rate drops not only with
decreasing basicity, but also in the case of steric hin-
drance. Thus, the strongly basic, but sterically hin-
dered dicyclohexylamine does not form an adduct under
the reaction conditions applied. Contrary to Reppe and
Nicolai, Snyder, et al., maintain that the addition of
asymmetric thiiranes involves ‘“‘normal” ring opening,
since in this reaction the tertiary mercaptan is practi-
cally the only product obtained from isobutene sulfide.

CHa\ s\ ?Hg
R,NH + ((——CHZ — R,N—CH,—C—SH
CHS/ H,

This view is based on a color test and the conversion
into sulfenyl iodides by means of iodine.

The authors state that the reaction is catalytically
accelerated neither by phenol or aluminum chloride,
nor by the sodium derivative of amines. This is in
agreement with the findings of Gilman and Woods (82)
who, from diethylaminelithium and ethylene sulfide,
obtained similar yields of B-diethylaminoethyl mer-
captan as did Braz (24) later on in the absence of alkali.

Snyder, et al. (212), used the following substances as
thiirane compounds: ethylene sulfide, propene sulfide,
isobutene sulfide, cyclohexene sulfide; as amines:
dibutylamine, diamylamine, diheptylamine, dioctyl-
amine, dicyclohexylamine, diphenylamine, piperidine,
3-methylpiperidine, 4-ethylpiperidine, morpholine,
piperazine, as well as the primary amines: heptylamine,
dodecylamine, and aniline. The yields of 3-amino mer-
captan ranged between 50 and 809,. Only small
amounts of 1:2 or higher molecular weight addition
products were obtained. In spite of Reppe’s patent
(182) issued in 1934, Snyder and Stewart were granted
a patent for the conversion of amines and thiiranes
without catalysts in 1950 (219).

Braz (24) studied the reaction of ethylene sulfide with
secondary and primary amines in benzene solution at
100°. He observed that the differences in the basicity
of the amines have a strong effect on the yield of 8-
amino mercaptan. In the case of strongly basic am-
ines (diethylamine) in polar solvents (methanol), poly-
merization becomes the main reaction. It can be sup-
pressed by using a large excess of amine, or nonpolar
solvents, or no solvents at all.

The investigated amines include diethylamine, diiso-
amylamine, diallylamine, N,N-diethylethylenediamine,
morpholine, hexylamine, benzylamine, and aniline.
The yields ranged between 50 and 809, (24).

Rachinskii, Slavachevskaya, and Ioffe (177) carried
out the reaction of ethylene sulfide with amines in
benzene at room temperature and obtained similar
yields.

In a series of publications Yuriev and Dyatlovit-
skaya, (258) reported on the preparation of 8-mercapto-
ethylamines from primary amino compounds and ethyl-
ene sulfide, and their conversion to heterocyclic com-
pounds containing sulfur and nitrogen. The mercapto-
ethylation takes place at approximately 100° in the
absence of catalysts; the yields amount to approxi-
mately 60-709%,.

A detailed study on the mercaptoethylation of ali-
phatic amines has been reported by Wineman, Gollis,
James, and Pomponi (254). They recommend adding
a benzene solution of ethylene sulfide slowly to a boiling
benzene solution of the amine. The amines—particu-
larly primary amines—should by used in excess.
Strongly polar amines tend to telomerization; addition
of ethanol may suppress this side reaction. In this way
the monomercaptoethyl derivatives are obtained in
yields of 40~709, except in the case of branched amines.
Two secondary and 27 primary amines have been in-
vestigated, including hydroxyalkyl-, alkoxyalkyl-, ¢-
aminoalkylamines, and di-primary diamines (254).

Using an ethereal solution at room temperature, Han-
sen (91) obtained S-dimethylaminoethyl mercaptan
from dimethylamine and ethylene sulfide in a yield of
70%, and 2-dimethylaminopropanethiol-1 from di-
methylamine and propene sulfide in a yield of 699 (92).
The structure of this product was proved by acetylation
and comparison with material synthesized separately.
Accordingly, amines seem to add to asymmetric thi-
iranes with ‘“‘abnormal” ring opening, as assumed by
Reppe and Nicolai.

S CH;
/N ]
(CH;).NH + CH,—CH—CH; — (CH,);N—CH—CH.SH

Contradictory results have been reported by Turk,
Louthan, Cobb, and Bresson (244) on repetition of Han-
sen’s work. The reaction product of dimethylamine
and propene sulfide has been found to be identical with
1-dimethylaminopropanethiol-2 synthesized in an un-
ambiguous way. Also the two other isomers, 2-di-
methylaminopropanethiol-1 and 1-dimethylaminopro-
panethiol-3, have been synthesized and were not identi-
cal with the mercaptoalkylation product. Further
structural evidence has been furnished by nmr spectra.
Accordingly the addition of amine involves “normal”’
ring opening.

SH
(CHs)zN—CHz—(jJH—CHs

An analogous structure has been proved by nmr for the
reaction product of isobutene sulfide and piperidine
(244) thus confirming the earlier assumption of Snyder,

S
(CH;),NH + Cé—%H—CHs —
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Stewart, and Ziegler (212). For analogy the addition
of octylamine and decylamine to isobutene sulfide is
formulated according to the “normal’’ mechanism (244).

Upon reaction of methoxy- and ethoxypropene sulfide
with a 1009, excess of piperidine or morpholine in boil-
ing benzene, Jacobs and Schuetz (110) obtained yields
of 80-929, amino mercaptans, whereas only the start-
ing materials were recovered upon interaction of alkoxy-
propene sulfides with diethylamine under the same con-
ditions. This is attributed by the authors to a renewed
cleavage of the resultant diethylamino mercaptans
during distillation. Aqueous solutions of diethylamine
exclusively involve polymerization of the thiirane.
The authors assume ‘“normal” ring opening without
proving the structure.

Reaction of styrene sulfide with piperidine and mor-
pholine only yields sulfur-free products (87). How-
ever, in solvents styrene sulfide could be added to
secondary amines (dimethylamine, piperidine, morpho-
line) under “normal” ring opening (228). The struc-
ture of the products has been proved by desulfurization
furnishing g-phenylethylamines. The addition is not
influenced by basic or acidic catalysts but is sterically
hindered by larger substituents at the nitrogen atom.
The yields are about 609, (228).

Special attention should be given to the recently pub-
lished results on the reaction of 3-chloropropene sulfide
with secondary amines (229). Three alternative prod-
ucts may be expected if the amine is used in excess.

AN "
CH;—CH—CH:Cl + R;NH — R,N—CH,—CH—CH,Cl

~ A
> l—HCl
~
N /s\
RgN—C H2 —CBH _C H2

l+RgNH
SH

]
R:N—CH;—CH—CH:—NR:
C

However, in no case has it been possible to isolate type
A. If the reaction is carried out in ether or petroleum
ether in a molar ratio of 1:1, mainly B is obtained,
whereas a mixture of B and C is formed from the reac-
tants used in a 1:2 ratio. The structure of type B and
C has been established by desulfurization evidencing
“normal” ring opening. Although the possibility that
B may be formed by direct halogen displacement
(dotted line) instead of an addition mechanism is not
completely ruled out, such a displacement is highly im-
probable according to the author. Only polymeric ma-
terials could be obtained by converting chloropropene
sulfide with primary amines (229).

From all these papers, particularly from the more re-
cent literature, a clear picture can be obtained on the

reaction of thiiranes with primary and secondary
amines, which may be summarized as follows. (1) The
reaction involves mercaptoalkylation and needs no
catalyst. (2) Ring opening of asymmetrical thiiranes
obeys the “normal” mechanism with nucleophilic at-
tack at the primary carbon atom. (3) In primary
amines the two hydrogen atoms at the nitrogen atom
may react under mercaptoalkylation. (4) The thiol
group of the resultant mercaptoalkylamine may be sub-
jected to a further mercaptoalkylation. (Side-reactions
according to (3) and (4) can be suppressed by using the
amine in large molar excess.) (5) High basicity of the
amine and high polarity of the solvent promote polym-
erization of the thiirane.

Other NH Compounds. The g-mercaptoethylation of
cyanamide (154), guanylurea (155), and biguanide
(156) is described in patent specifications. Details of
the non-uniform products obtained are not reported.

Q. REACTION WITH CH-ACIDIC COMPOUNDS

Ethyl malonate and ethyl acetoacetate do not react
with simple thiiranes in the presence of sodium ethoxide
(214). In the presence of NaOC.H;, ethyl 2-iminothio-
phane-3-carboxylate is obtained from ethyl cyanoace-
tate.

R—CH
l \ NaOCsHs
é ’
CHz H,COOC:H;

7\
R—CH =NH
(jJHz——CI'-I——COOC&Is

The constitution of the products and thus the mecha-
nism of the reaction involving ‘“‘normal” ring opening
was definitely identified by Snyder and Alexander. In
the case of ethylene sulfide the yields are low (23%) in
view of substantial polymerization; from propene sul-
fide and isobutene sulfide which polymerize less readily,
the imino ester was obtained in respective yields of 30
and 609 (214). The corresponding imino ester was
also obtained from styrene sulfide, in addition to
polymeric material (87).

R. REACTION WITH CAREON DISULFIDE
An American patent claims the formation of cyclic
trithiocarbonates from thiiranes and carbon disulfide at
200° under pressure in the presence of quaternary salts
(152). No yields are 1eported. The reaction was
R—CH ——S\

R—CH—XH, + c& "% s/
simultaneously found by Russian authors (178) who
used trimethylamine as catalyst at temperatures of 100~
120°. In this way the trithiocarbonates have been ob-
tained from ethylene sulfide and propene sulfide in a

yield of about 90%.
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The formation of cyelic trithiocarbonates by interac-
tion of thiiranes with carbon disulfide in the presence of
alkali hydroxide in alcoholic solution is assumed to in-
volve addition of the resultant xanthate ion, followed by
abstraction of an alkoxide ion (36, 38, 105, 146).

-4 s
AN
S + ROCSS® — —

] —C—SCSOR
_bs e s
l AN c/

N
N — i /CS + RO®
—(]Z—S OR —C—S

V. TUsss

The high reactivity and most disagreeable odor of
thiiranes are obstacles to the direct technological appli-
cation of this group of compounds. On the other hand,
their high reactivity makes thiiranes valuable materials,
either for the finishing of natural or synthetic polymers
or as intermediates for the manufacture of other sulfur-
containing compounds.

A. DIRECT APPLICATION OF THIIRANES

Ethylene sulfide vapors have a higher disinfecting
effect than ethylene oxide (114). At a concentration of
0.27 mmole/l., 909, of the spores of an aerosol com-
prising Bacterium globigit are destroyed within 65 min.
The use of thiiranes as insecticidal and fungicidal con-
stituents of sprays is described in a patent (238). Ina
comparative study covering the evaluation of 6155 sub-
stances for their toxic effect on insects thiiranes proved
to belong to the most active groups (74). Chloropro-
pene sulfide has been claimed to be an effective nemato-
cide (95).

Dithioglycidyl thiophosphates have a strong contact
insecticidal effect (133, 203). S-Acyl derivatives of
dithioglycidol inhibit tuberculosis (5, 57, 176). Among
a number of S-acyldithioglycidols the furanoyl com-
pound showed the highest tuberculostatic activity in
mice; however, the activity of these compounds de-
creases upon more extended application as the bac-
teria soon become resistant (2).

Aryloxypropene sulfides have been proposed as light
and heat stabilizers for polyvinyl chloride and copoly-
mers of vinyl chloride (122). They are claimed to be
more effective than the conventional aryloxypropene
oxides. Episulfidized soy bean oil is a suitable plasti-
cizer for polyvinyl chloride (113).

Combined with a polymerization catalyst for thi-
iranes (e.g., amines), bisthiiranes are vuleanizers for
natural or synthetic rubber at low temperatures (135).
It is assumed that the terminal SH groups of the resul-
tant thiirane polymers add to the double bonds of rub-

ber, thus giving rise to cross linking. Thiiranecar-
boxylic acids may be used in the manufacture of Fac-
tices (191).

Addition of small amounts of dithioglycidol (3-mer-
captopropene sulfide) to the polymerization of acrylo-
nitrile yields polymers of increased thermal stability
(106). The dithioglycidol apparently acts as transfer
agent, similar to dodecyl mercaptan, a well-known
regulator.

Fluorinated thiiranes may be used as refrigerants or as
fire extinguisher agents (147).

B. TREATMENT OF POLYMERS WITH THIIRANES

Attempts to make wool unshrinkable by a treatment
with ethylene sulfide were successful only if compara-
tively large amounts of ethylene sulfide are polym-
erized within the fiber. However, the handle of the
fabric is impaired by this treatment (12). According
to Barr and Speakman (12), the terminal SH groups of
polyethylene sulfide react with the disulfide bridges of
keratin. According to Blackburn and Phillips (17),
the disulfide bridges are reduced in a first step, where-
upon the resultant cysteine groups combined with ethyl-
ene sulfide to form long side chains.

Similar studies were performed on collagen (81). On
incorporation of substantial amounts of polyethylene
sulfide, the shrinkage of raw and tanned hides is re-
duced, and the percentage of soluble components ap-
proaches zero.

Champetier and Hennequin-Lucas (27) investigated
the grafting of cellulose with ethylene sulfide and pro-
pene sulfide. Reaction occurs on using cellulose con-
taining benzene inclusions in the presence of catalysts
like BF;, HClO,, or piperidine, and on using alkali
cellulose without catalysts. After extraction with xy-
lene the products obtained show a sulfur content corre-
sponding to 4 moles of C:H,S per glucose unit and a sub-
stitution of up to 2.5 OH groups per glucose unit. Aec-
cording to the authors, the growth of the side chains is
stopped soon (maximum degree of polymerization of the
side chain 6.3) by oxidation of the terminal SH groups
to disulfide bridges with cross linking of the cellulose.
It appears probable that the cellulose treated with ethyl-
ene sulfide also contains polyethylene sulfide as the lat-
ter can hardly be extracted with xylene. Films from
cellulose or partially acetylated cellulose, which have
been treated with ethylene sulfide, can be grafted with
styrene at 65° in the presence of radicals (28). The
styrene side chains are linked to the cellulose by the
mercaptoethyl groups.

The treatment of polymers of any type with dithio-
glycidol (3-mercaptopropene sulfide) is claimed in a
patent (126). Examples are the treatment of rayon
yarn, alkali cellulose, polyamides, and styrene-buta-
diene copolymers. This treatment may involve chemi-
cal linkage with the polymer (via the OH, NH, or olefin
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group) or polymerization within the substrate. In any
case the materials contain organically combined sulfur
after the treatment, which cannot be extracted by sol-
vents. Grafting of unreactive synthetic fibers such as
polypropylene or polyvinyl chloride fibers with thi-
ranes is possible by exposure to a v source (160).

C. THIIRANES AS INTERMEDIATES

The reactions described in section IV yield products
of a more or less defined chemical structure; for the
major part they are mercapto compounds. Potential
applications have been indicated for almost all of these
products; however, it would be beyond the scope of
this review to discuss the practical potential of these
products in greater detail. Nevertheless, some reac-
tions of thiiranes are discussed in the following which
furnish undefined products of commercial usefulness.

Treatment of halogen-containing lubricant additives,
e.g., ethyl tetrachlorothiobutyrate, with ethylene sulfide
yields products which are less corrosive at the same
lubricity (102). Further lubricant additives described
in the literature include the undefined produects of the
reaction of dialkyldithiophosphoric acids with thi-
iranes (101). The reaction products of hydroxyecar-
boxylic acids with ethylene sulfide are also recom-
mended as lubricant additives (6).2 The reaction
products of cyanamide, of guanylurea, and of biguanide
can be used as dehairing agents, as insecticides, as vul-
canization accelerators, as plasticizers, or for the pro-
duction of resins (154-156). The addition of poly-
ethylene sulfide to mixtures of synthetic elastomers is
described in a patent (189), while copolymers of alkylene
oxides and alkylene sulfides are recommended as addi-
tives to lubricating oils, greases, or cutting oils (11).

Copolymers from ethylene sulfide and propene sul-
fide are—after vulcanization—elastomers of potential
technical interest (3). Polymers of fluorinated thi-
iranes are usable as packaging films, as coatings and as
water-repellent impregnation (147).
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