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HIGH TEMPERATURE REACTIONS OF THIYL RADICAIS

M.G. VORONKOV, E.N. DERYAGINA
Institute of Organic Chemistry, Siberian Branch
Ao.Scei. USSR, 1 Favorsky Street, 664033 Irkutsk, USSR

Abstract Some results of the exemination of the
reactivity of thiyl radicals in thermal prooesses,
which allow the synthesis of organic ocompounds of
sulfur other types of compounds, have been summarized
for the first time.

INTRODUCTION

Thiyl (sulfur-oentered) free radicals are short-living
reactive sulfur-ocontaining intermediates RS® in whioh the
sulfur atom has an unpaired electron. They are involved in
numerous chemiocal reactions, inoluding various industrial
and natural proocesses with participation of organic sulfur
compounds; therefore they are of great practical and theo-
retical interest.

The stability of thiyl radicals is stimulated by the
degree of unpaired eleotron delooalization1. The stability
oan quantitatively be evaluated by eleotron speotroscopy
and electron spin resonance.

The thiyl radiocals which have the lone electron pair
on the radiocal center are, Jjudging by their reactivity,
electrophilio. The relative stability of thiyl radiocals
oan be characterized by the energy of the highest molecular
orbital with one eleotron®.

In this paper the thermal methods for generating thiyl
radicals from simplest sources, such as hydrogen sulphide
and its derivatives,as well as methods of high temperature
synthesis by use of thiyl radicals are disoussed. During
the latest fifteen years extensive investigations of the
high temperature reactions of thiyl radicals with organic

ocompounds have been ocarried out. They show, in partiocular,
151
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hydrogen sulfide to be the most available and promising
source of thiyl radiocals whioch further initiate diverse

thermal and organio reactions>.

THERMOLYSTS OF HYDROGEN SULFIDE

When heated, hydrogen sulfide deoomposes into elemental
hydrogen and sulfur®. This process startis at 360-400° % and
becomes appreciable at 1300-1600° © At 7009 only 0.0003% of
HQS dec.somposes7 whereas at 9300, the amount of decomposed
nydrogen sulfide is 15-20% & and 83% at 1700° 7.
Investigation of the shock-wave induced thermal destruction
of hydrogen sulfide in low ooncentrations in argon has
revealed the first most energy-oonsuming stage to be
dissooiation into free radicals involving argon molecules

(o]
HyS + Ar 2400 -3500 € 5 yg-y Ho+ Ap

The energy of activation of the reaotion is 927 or 74 koal/
mole? whioh is olose to that of the bond in the molecule
of hydrogen sulfide: 98.3'0 95.0'! 81.2'2 92.0 koal/mole’?
Ingibition of the thermolysis with nitrogen oxide and
initiation with atomioc hydrogen indicates a free radical
mechanism of this proocess. A significant role in the
homolytio deoomposition of hydrogen sulfide is played by
the exothermal reaction of hydrogen sulfide with atomio
hydrogen, which ocours at a high rate. It is this reaction
that initiates the decomposition of hydrogen sulfide into
elements at the stage of the generation of sulfhydryl

radioals1 4':

HZS ———3> H" + HS" -92 koal/mole

Has + H'——> HS" + H2 +12.6 koal/mole
2 HS® ——9 HQS + S 49 koal/mole

H.S + 32'——) H2 + 82 +30.7 koal/mole

2
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This reaction is responsible the low energy of activation
(37 koal/mole) of the thermolysis of undiluted hydrogen

sulfide at 400-1000° 12

GAS-PHASE REACTION OF HYDROGEN SULFIDE WITH HALOAROMATIC
AND HETEROAROMATIC COMPOUNDS

The thermal reaction of hydrogen sulfide with chloro- and
bromosubstituted aromatic and unsaturated hydrocabons and
their derivatives have been studied in more detail. These
available organic oompounds differ by high thermal sta-
bility16and low reactivity in nuoleophilio thiylation17.
However, the thermal reaction of ipso-substitution of the
halogen atom in the aromatic ring by sulfhydryl, aryl or
vinyl thiyl radicals is facilitated by the eleotrophilioc
of thiyl radiocals, the inoreased eleotronic density on the
CBPZ— X bond (X = Cl1, Br), the possibility of the formation
of intermediate radical-adduct stabilized with the partioci-
pation of the aromatic ring T-system, as well as by the
removal of the halogen atom as a thermally stable hydrogen

halide'®

]

@—x + "SR —m> —Hx—a_HR @—SR +R’
X* SR

X= €1, Br; R=H, vinyl, aryl

These reactions were oarried out in a conventional flowing
system (hollow quartz tube) whioh models the size and
conditions of the gradientless reactor.

The gas-phase reaction of hydrogen sulfide with chloro-
benzene starts at 550° and becomes vigorous at 600-700°
(ochlorobenzene oonversion 40-50%), yielding thiophenol,
diphenyl sulfide and benzene. Their ratio depends much on
the reaction temperature. The yield of thiophenol and
diphenyl sulfide reaches maximum within a narrow
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temperature range of 600-620° above which a oonsiderable
increase in the rate of benzene formation is observed.
Partially in the same temperature range, the oyeclization of
diphenyl sulfide into dibenzothiophene takes plaoe19_29
Excess hydrogen sulfide or chlorobenzene inoreases the yield
of thiophenol or diphenylsulfide, respeotive1y21_2? Kinetio
ocurves ocharacoterize the reaction of ohlorobenzene with
hydrogen sulfide as a oomplex process involving successive-
parallel irreversible reaotions. Chlorobenzene is converted
to diphenyl sulfide via an intermediate formation of thio-

phenol, and is simultaneously reduced to benzene22:
k,
CGHSCl + HQS —>C6H5SH + HC1 (1)
k,
C6H501 + CBHSSH —_— G6H5806H5 + HC1 (2)
06H501 + HES —)06H6 + HC1 + S (3)

The reaction oconditions leading to the maximal yield of
thiophenol, are optimized by the method of mathematical
planning of the experimental The yield of C6H58H reaches
30% based on the initial oompound, and 90% based on
ochlorobenzene reacted at 600~620°, molar ratio HQS: 06H501
3:1, exposure time 38-48 =.

Since the thermolysis of ohlorobenzene involving the
rupture of the C-Cl bond at 600° has not yet started, while
the dissociation of hydrogen sulfide to form thiyl radicals
is in full progress,the mechanism of thiophenol and diphenyl
sulfide formation may be presented on the basis of kinetio
data by the following schemes®?:

K K
@-01 + HS* —2 SN NS O—SH+ HCI+HS® (4)
2
Hs” o1

c
O_SH —_— @—S' + H° (5)
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O““ H,§ — Q-sn + HS" (6)

©—5'+ m-@ TN ! T;(TS‘S') (CgHg),S + HOL + HS®
ClC'SC6H5 (7)

According to these schemes, the ipso-substitution of the
chlorine atom in the aromatic ring by thiyl radicals
follows a bimolecular chain mechanism. The thiyl radioals
are generated presumably at the stages of chain transfer.
The slowest stages are those of the formation of radical-
adduoct (reaotion (4) and (7)), the latter evidently being
the limiting stage, since the oconcentration of phenylthiyl
radicals is always lower than that of sulfhydryl radicals.
This scheme is supported by the fact that in the gaseous
phase alkylchlorides are only reduced, but not thiylated
with hydrogen sulfide. Under the oonditions studied,benzene
also fails to reaot with hydrogen sulfide.

The Arrhenius expressions of the rate constants of the
formation of thiophenol (k1) and diphenyl sulfide (k2)
by reactions (1)-(2) and the results of the direoct reaction
of thiophenol with ohlorobenzene (k2') are written as

follow324:

+
k = 10°2°1970-9¢sp[ (-27.7%0.37) koal/mole/RT] s~

+
_ 408-30%0.14 1

espl (-29.0%0.6) koal/mole/RT] 1 mole 8~

+
10'17—0'63651)[(-33.613.0) koal/mole/RT] 1 mole 8 '

k! =10

The energies of activation of reactions (1)-(2) are
olose. This shows that the oritical oontribution to the
energy of aotivation in all these oases is that from
hybridization of the oarbon atom of the C-Cl bond in
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chlorobenzene in the proocesses of the formation of an
activated complex (C or C') with the thiyl radiocals.The low
entropies of activation indicate a bimolecular mechanism
of thiophenol and diphenyl sulfide formation. The rate
oconstant of diphenyl sulfide formation in the chlorobenzene
— thiophenol system, k2', is approximately 5 times as high
as in the ochlorobenzene - hydrogen sulfide system.
Expression (8) for the k2 constant obtained by comparison
of funotional identities of differential equations
desoribing the real proocess of ochlorobenzene thiylation
(reaotion (1)-(2)) and its mechanism (reaction (4)-(7))
indicates that thie value inocludes the rate oonstant of the
limiting stage (formation of the active C' ocomplex) and is
dependent upon the ratio of phenylthiyl radical and thio-
phenol concentrations:
k, [CgHS® ]
[CGHBSH]

k=

(8)

The k2 value inoreases upon direct interaction between
chlorobenzene and thiophenol in the absence of hydrogen
sulfide. Exocess hydrogen sulfide facilitates reaotion (6)
due to whioh the concentration of thiophenol (denominatior
in expression (8)) inoreases and the rate oonstant of
diphenyl sulfide formation (k2) deoreases. As a result, the
seleotivity of thiophenol synthesis, according to scheme
shown in reaction (1) becomes higher.

The initiators and inhibitors of free-radioal reaotions
affeot ocorrespondingly the rate and direotion of the
reaction of hydrogen sulfide with ochlorobenzene. Phenol
and oyolohexane slow this reaoction by decreasing two-fold

the oonversion of ohlorobenzeneag Chloromethanes, whioch

generate free radiocals and oarbenes during thermolysisa?
accelerate the reaction of thiophenol formation,
seemingly due to a supplementary initiation of the ochain
decomposition of hydrogen Bulfid62§ Enlargement of the
reaction zone surface reduces the oonversion of ohloro-

benzene without changing the kinetic regularities of the
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reaction of the latter with hydrogen sulfide, whioh indi-
cates that the reaction occurs in full volume. However,
when the reaotor's walls are involved, generation and
annihilation of the thiyl radicals may take plaoeag

Therefore, that the material the reaotor is made up of,
affeots muoh the rate of reactions (1) and (2). With the
same oontact time, the oonversion of ohlorobenzene in a
steel reaotor is approximately 30% higher than that in a
quartz reaoctor. In thie ocase, the reaction products ratio
is changed in favour of thiophenol and benzen92? Evidently,
the steel reactor's walls are involved in the formation of
HS® and 06H5‘ radiocals due to the ocatalysis of hydrogen
sulfide and chlorobenzene thermolysis by use of nickel and
ohromium sulfides and polysulfides formed on the
Has—induoed passivation of the reaoction surfaceQ? In
copper reactor, hydrogen sulfide failes to reaoct with
chlorobenzene.

a

By analogy with chlorobenzene, in the gaseous phase,
only its para-substituted derivatives, 4—X06H401 react with
hydrogen sulfide. In this ocase, the formation of
corresponding thiol, 4—XC6H4SH, and sulfide, 4—X(06H4)2S
is indicative of ipso-substitution of the ohlorine atom by
thiyl radiocals and supporte the mechanism of reaotions
(4)~(7)2:

4—XC6H401 + HQS _— 4—X06H4SH + HC1 (9)
4—X06H401 + 4—XC6H4SH — 4—X06H4SCGH4X—4 + HC1 (10)
4—X06H401 + H28 _— 4—X06H5 + HC1I + 8 (11)

X =H, C1, OH, CHB’ CF3

Pentafluoroochlorobenzene also reacts with hydrogen sulfide
in a way analogous to the schemes shown in reaotions (9)-
(11) to form C6FSSH and (06F5)2S. The optimal temperature
of the formation of thiol and sulfide is determined by the
nature of substituent X in chlorobenzene and by the nature
of the benzene ring in CeFgCl. It drops with increasing
C-Cl1 ocapacity for homolytic dissociation. The order of
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inoreasing conversion of the chloro derivative ocoinsides
with an inorease in the electronioc density on the chlorine

atom. Aoccordingly,in the reaction with HQS, the oconversion
of 4—X06H401 and 06F501 and the physiocochemioal parameters
of the C-Cl bond change in the following order of variation
in X or the nature of the ring (CGFS):

Conversion F5 < OH <« Cl < CF < H <« CH

3 3
Q (C1) - -0,16 - 0,15 -0,17 -0,17

3501 NQR 39.4  34.9  34.8  34.7  34.65  34.5
013(01) - -8.74 -1.71 3.88 0.00 -3.21

01(%) - -0.04 - 3.03 0.00 -~0.02 >

The thiylation products ratio (RSH/RQS) depends much on
the reactivity of +the intermediate +thiol. This ratio
correlates with the electronic structure and reactivity of
4—XC6H4SH and C6H4SH and inoreases in the following order
of variation in X or the nature of the ring (CGFS):

Cl1 < CH, < H<CF

3 3 <OH<KPF

5

The reactivity of these thiols is mainly determined by
the degree of HOMO loocalization on the sulfur atom as other
parameters of the eleotroniec structure (ionization
potential and the ocharge on the sulfur atom) do not depend
muoch on the nature of substituent X or the benzene ring.

The degree of HOMO loocalization correlates only with
the resonance component of substituent X, thus inoreasing
with the deorease in their T-donor ability. The thiol/
gulfide ratio correlates in a symbath way with the value of
HOMO localization on the thiol sulfur atom, thus decrea-
eing when the M-donor properties of substituent X inorease.

Thus, the T-acoeptor substituent X in thiol 4—XC6H4SH
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reduces its reaoctivity in the reaction with the initial
ohloro derivative (socheme shown in reaotion (10)), whereas
T-donor properties increase the reactivity. In terms of
free~-radical mechanism of reaotions (9) and (10), the
formation of the aryl thiyl radical +to participate in
the second step of reaction (7) under the oonditions of
competing reaction with Has (eq.(6)), i determined by the
stabilization ability of this radical. The unpaired
eleotron distribution in 4—X06H5S' is believed to be
gimilar to the HOMO distribution in 4—X06H4SH.

Therefore, the M-donor substituents stabilize and the
T-acceptor substituents destabilize +the thiyl radioals,
whioch, in turn are generated at a lower rate and, in the
latter oase,further react, presumably with hydrogen sulfide
of scheme (6), rather than with the initial ochloro deri-
vative of scheme (7). These regularities are not the oase
for 4-hydroxythiophenol,evidently due to the autoinhibition
of the free-radiocal prooess. By inoreasing the dehydration
activity of 4-X06H4S‘ the T-acceptor substituents X promote
the highly selective formation of thiol 4—06H4SH according
to scheme shown in reaction (9), the starting ohloride
conversion being low. The highest selectivity is observed
in the of C6HSSH'

Ortho-substituted ohlorobenzenes react with hydrogen
sulfide in the gaseous phase in a different way than does
the para-substituted isomer. The main produot of 2-chloro-
toluene or chloromesytylene thiylation is the ocorresponding
thiol (scheme shown in reaction (1)) since the steric effeot
of the ortho-methyl group hinders the interaction of the
2-methylphenyl thiyl or mesytyl thiyl radiocal at the stage
of sulfide formation acoording to scheme shown in reaction
(7)30.

In the reaotion with hydrogen sulfide, 1,2-dichloro- or
1,2,4-trichlorobenzene ocorrespondingly forms thianthrene
or dichlorothiantrenes aococording to 8scheme shown in
reaction (12)31:
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o A — Y

Cl HS
Cl SH Cl
SO - XX (1)
Cl HS R
)
L O 0 L )4\
s

SH C1
S Cl
SENN¢

The formation of the above thianthrenes seems to be
caused by a fast intramolecular oyolization of ortho-chloro
substituted phenyl thiyl radiocals.

Unlike para-ohlorophenol, its ortho-isomer reacts with
hydrogen sulfide more efficiently with a more seleotive
formation of E—hydroxythiophen0132.

The reaction of hydrogen sulfides with 2-ochlorothiophene,

to give thiophenethiol and bis(2-thienyl) sulfide, ooocurs
at lower temperatures (500—5400) than with ohlorobenzene33

R o Jo1 + H,S LU RQ—SH + HC1 (13)
R—Q—SH + CI-Q—R l) R—Q—SQR + HCL (14)

R= H, C1, C2H5
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Here, reaction (14) leading to the sulfide, prooceeds at a
higher rate than with ohlorobenzene (reaotion (2)).

The Arrhenius expressions of the rate oconstants k1 and
k2, desoribing the formation of 2-thiophenethiol and bis(2-
thienyl) sulfide, have been derived.

i14. 2+0. 4

k, =10 expl (-52.0% 3.4 koal/mole) 10 3/R’I‘] g

+
18. 8-0. 2

k,=10 expl (-55,7 ¥ 2,9 koal/mole) 10°/RT]1 mole ™' 5™

The high energies of aotivation of the two reaotion
stages and the preexponential multiplier value indicate a
monomoleocular reaotion mechanism. In oontrast to the
reaction of ohlorobenzene with hydrogen sulfide, this ocan
be due to a faster attack of thiyl radiocals HS® and RS" on
the polarized double bonds of the thiophene ring and a
greater stability of the activated D oomplex whioch slowly
decomposes at the limiting stage according to the scheme
shown in reaotion (15)34:

]
K —— SR k.
U Jo1+ g8 —= kK —25 Jsu+or (5
s k', 87 el s
D

R=H,R

By the schemes shown in reactions (13) and (14),the
thiol from 5-ethyl-2-chlorothiophene is formed in a somewhat
higher yield and the thiol from 2,5-dichlorothiophene and
in a lower yield than that from 2-chlorothiophene. In the
absenoe of hydrogen sulfide, 2,5-dichlorothiophene is de-
hydrodimerized into tetrachloro-3,3'-dithienyl at 570° 3?

The reaotion of hydrogen sulfide with bromobenzene
sBtarts at 5000, i.e., 50° lower than with chlorobenzene. At
various the temperatures studied, the oconversion of bromo-
benzene is higher than that of chlorobenzene, the products
of the reaction with hydrogen sulfide being similar.
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However, the product ratios and yields are dirferent3§ The
reaotions of hydrogen sulfide with bromobenzene and its
substituted derivatives give mainly the ocorresponding
sulfides.

Condensed aromatic hydrocarbon bromo derivatives
(naphthalene, anthrooene, phenanthrene) react with hydrogen
sulfide even in the liquid phase at 150-250° to form only
the oorresponding gulfides’’.

Iodobenzene reacts with hydrogen sulfide at as low as
480-500° to be converted mainly to diphenyl sulfide and
benzene with a small amount of thiophenol and diphenyl
disulfide. In the reaction of benzene halides with hydrogen
sulfide the bvest temperature for the formation of thio-
phenol and diphenyl sulfide drops with inoreasing halogen
atomio number:Cl (600-620°) > Br (550- 580°) > I (400-500°).
The conversion of halo derivatives inoreases and the thiol/
sulfide ratio deoreases in the same order.This order of the
change in halogen mobility is consistent with the change
in the strength of the C-X bond in benzene halides and is
characteristio of radioal reactions o

Fluorobenzene fails to react with hydrogen sulfide even
at 700°. Above this temperature, the former is partially
converted to a mixture of mono- and difluorodiphenyls.

GAS-PHASE REACTION OF THIOPHENOL WITH HALO AROMATICS AND
HALO HETERO AROMATICS

Thiophenol reacte with halo derivatives of the aromatio
geries at 400-600° first +to form unsymmetrio aromatio

sulfides acocording, to the general scheme?:

C6H58H + X —m 06H5SR + HX (16)

R = Aryl, thienyl, naphtyl; X =2¢Cl, Br

Reaction (16) is favored by excess halo derivatives
and the lowest temperature. An inorease in the
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temperature and concentration of thiophenol accelerates the
reduction of halo derivatives, exochange and oyolization
reactions of diaryl sulfides and thiyl radicals. The
reaction of thiophenol with ortho-substituted benzene

halides involves the formation of sulfur-containing
heteroocyolic compounds: thioxanthene has been isolated in
the reaotion of thiophenol with 2—ohlorotoluene4o,

thianthrene in the reaction with ortho-dihalobenzenes and
4-oxydibenzothiophene in the reaction with ortho-chloro-
phenol41. Many unsymmetrical aryl thienyl sulfides (yield
44-76%) were prepared for the first time by the reaction of
aromatio thiols with 2-chlorothiophene and 5-substituted

ohlorothiophene4?:

450—500°C4 [O]

S

X= H, CEHS’ Cl

R 1-C, ,H

30-Cgliy 10

C6H5, 4-H 7

GAS-PHASE REACTION OF ALKANE THIOLS, DIAIKYL SULFIDES

AND POLYSULFIDES WITH ARYIL, HALIDES

Readily available alkanethiols, dialkyl sulfides and poly-
sulfides or their mixtures may be used as the source of
thiyl radiocals in the reactions with aryl halides. In the
gas phase they deocompose to form hydrogen sulfide and
olefins by a free-radical mechanism via the intermediate
generation of thiyl radioals?’:

CH CH250H20H3 —_— CHBCH S*+ CH,CH

3 2 372

RH

CH,CH,SH +R

3
CHBCHQSH _— CH3CH2 + HS*°

CH,OH,SH + HS® ———> CH36HSH + HyS
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CHB(-)HSH ——> OH,=CH, + HS'

CH3CHESH + CH30H2 —_— CHBOHSH + CH30H3

CH CHECH—-——CHE —_— HES + C 4H8

o

DHs S-H ., 90 kocal/mole
2

The high temperature reactions of alkane thiols, dialkyl
sulfides and disulfides with benzene, thiophene, and
naphthalene chloro derivatives give the same thiylation
products those with hydrogen sulfide44'46 which sBeems to
indicate a single mechanism for these reactions involving
radicals according to the schemes shown in reaction (4-7):

R-S-H o
600-630"C
R—Sn—R > + R'Cl > R'SH +R'SR' (17)
n=1,2
R = alkyl

R'= CgHg, 4-CH40gH,, 4-C1CcH,,
2~C1CgH,, 4-CF,-CgH,, CgF,,
(01,)CqH,, 2-thienyl,1-naphtyl

The reaction of alkanethiols with arylhalides are distin-
guished by the higher seleotivity of the formation of thiol
R'SH (reaction 17). It is likely that the limiting stage of
the formation of sulfide R'SR' is inhibited by the alkenes.
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REACTION OF HYDROGEN SULFIDE, THIOLS, DIAILKYL SULFIDES

AND DIALKYI POLYSULFIDES WICH ALKEN HALIDES

At 400—5500, hydrogen sulfide is condensed with haloalkenes.
The simplest of these, vinyl chloride, reacts with hydrogen
sulfide at 530-550° to form vinyl thiol and thiophene. With
exoess hydrogen sulfide, vinyl thiol presents the major
reaction product (60% yield ), whilst with excess vinyl
chloride, thiophene is mainly formed (60-80% yield)47:

CH,=CHC1 + H,§ —————> CH,=CHSH + HCI (18)
-HC1 -H
- - j 22, ]
CH,=CHC1 + HSCH-CH, —— ms) —4 o (19)

On passing out of the gaseous phase, vinyl thiol was
stabilized by ocooling to ~-70°2 and after a quiok defrosting,
it was subjected to analysis48.

In reactions (18) and (19) the thiyl radicals add at the
double bond of the halo olefin to the carbon atom attached
to the halogen atom. This leads to the ipso-substitution of
the latter according to scheme (20):

Al 4,8
CH,=CHC1+HS® ——> ° CH,-CH
2 N
SH
~HC1
+H*
CH,=CHS® &= CH,=CHSH+HCI+HS"
-H"*
F (20)
: +H,S
L 2
= = ————
CH,=CHC1+"SCH=CH, —> Cl_ksJ —E | ] ]
A - ’
+H,8 -H
2 , L J 2|
-HC1, HS® S

Vinyl thiol, the primary product of reaction (20),
thermally generates the vinyl thiyl radical which further
initiates ochain thiylation of vinyl ochloride. Thiophene
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may be the product of oyolization of radical-adduct A
or divinyl sulfide. Reaotion (20) is also oconfirmed by
the faot that neither ethylene nor acetylene react with
hydrogen sulfide under analogous oonditions, and by the
direction of the reaction of dichloroethylenes with
hydrogen sulfide and its organic derivatives.

Unlike vinyl ohloride, vinyl bromide reacots with hydrogen
sulfide at 450-500° to form only vinyl thiol in accordance
with scheme shown in reaction (18) independently of the
reaotion oonditions?d. Tnis may be due to the inhibiting
effeot of hydrogen bromide released in the reaotion course.
Being a stronger hydrogen-donor than hydrogen sulfide,
hydrogen bromide reacts very quickly with the vinyl thiyl
radical, the latter does not take part in reaction (20)
whioh yields thiophene.

The reaction of dichloroethylenes with hydrogen sulfide
proceeds mainly by schemes shown in reactions (18-20).
this oase, a mixture of organic sulfur compounds is formed
due to secondary transformations of labile intermediates.

The interaction of 1,2-dichloroethylene with hydrogen
sulfide is illustrated by soheme (21) whioh may explain the
formation of all the reaction products observed5 :

C1CH=CHCl1 + HES —~———3 C1CH=CHSH'+ HC1

C1CH=CHSH + C1CH=CHCl———> C1CH=CHSCH=CHCl + HC1

- C1
2 C1CH=CHSCH=CHC1l ——m> E B Cl + + 2HC1
Cl SH
E ﬂ + HQS — E B + HC1
S S
SH SC0H=CHC1
ES B + C1CH=CHCl —mm> [S]

g -HC1
57 S * S

(21)
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Exoess 1,2-diochloroethylene promotes the predominant
formation of 2- and 3-chlorothiophene in yields amounting
to 30-35%.

Acoording to the schemes analogous to that in (21),
1,1-dichloroethylene and hydrogen sulfide at 470° form a
mixture of 2- and 3-chlorothiophene, thiophene, 2- and 3-
thiophenethiol, thienothiophenes and vinyl sulfide551.
However, the sulfides formed oontain the chlorine atom in
the f-, rather than in the a-position to the sulfur atom.
This shows that the a-ochlorovinyl thiol wich generates the
a~chloro vinyl thiyl radical responsible for the formation
of all further reaction products, to be the primary product
of the reaction of 1,1-dichcloroethilene with hydrogen
sulfide:

SH
. é +H28
CH,=CCl, + HS" ———> °CH,CCl, —ppT

-HC1

—H5°; onp-cersE —E— cH,=cHC1S "

In this oase, Btrong evidence is provided for the regio
direotion of the thermal addition of thiyl radiocals to
alkene halides, and namely, to the carbon atom attached to
the halogen atom.

Trichloroethylene in the gas phase does not form any
sulfur-oontaining oompounds with hydrogen sulfide. The
reaction of tetrachloroethylene with hydrogen sulfide52 at
450° leads to tetraohlorothiophene (in 75% yield), however,
it proceeds more slowly than with other ohloroolefins
having polarized multiple bond553.

Benzo[b]thiophene (85% yield) is practiocally the only
product of the reaotion of f-ohlorostyrene with hydrogen
sulfide at 600°. The initially formed f-phenyl vinyl thiol
readily generates the f-phenyl vinyl thiyl radioal (stabili-
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zed by the ring-multiple bond T,T~conjugation), which
undergoes a very fast intramoleocular oondensation to

benz.othiophene54_55 :
HS
"I"‘. /H st
C6HSCH=CHCl + HS*—> C 6H 5 CH-C >
N\¢1 -HC1l,HS®

(22)

-[H] HS -~ m
_— C6H50H CHSH —> . R$ —_-H?s--) s

Instead of ochlorostyrene, its gas-phase precursor,
a,pf-dichloroethylbenzene, is involved in reaction (22)
where lower alkanethiols are used instead of hydrogen
sulfide.

In the liquid phase, boiling P-chlorostyrene fails to
react with hydrogen sulfide. However, both a- and B-bromo-
styrenes reaot with hydrogen sulfide in the liquid phase
as low as 150-170% to form mainly 2,4-diphenylthiophene
(37% yield). In the 1liquid phase the phenyl vinyl thiyl
radiocals seem to undergo only intermoleocular oondensation
whioch gives the same product as reaction (23) (due to the
ocage effect and a fairly high oconcentration of radicals at
the moment of form:.«a.tion)5 :

- |
CgH;CH=CHBr + HS'~— CGHS—?-E—SH T
H

= C6H5CH=CHS -

H -HBr

- |
—2 CgHg-C-C-8H —
. [ | (23)

CgHgCBr=CH, + HS'— Br H

Y , 0, H C=CH, + HBr
7 YRy

&
S.

-H,5 C.H. -H,5
Qe 2 | !] 65 2 =
2CgH;CH=CHS "——=—> C¢H; < —_— QCGHSé_CHa
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In the gaseous phase, benzothiophene is formed in 76%
yield from P-bromostyrene and hydrogen sulfide and in 9%
from 0~bromostyrene. In the latter ocase, partial generation
of p-phenyl vinyl thiyl radical takes place, however this
trend of the HS® radical attack on the halo olefin moleocule
is achieved to only a very small extent even in this ocase
when +the radical adduct of lthe benzyl type is formed
(scheme 23, reaction 'b' is more preferable than reaction
'a').

Organic derivatives of hydrogen sulfide (thiols, dialkyl
sulfides and disulfides) react with alkene halides in both
gaseous and liquid phase. The reactions of the above
derivatives with vinyl ohloride at 400° give 1,1-
bis(alkylthio)ethenes (in 10-30% yield) formed due to a
preliminary thermal condensation of the alkyl thiyl radicals
with the initial sulfur-containing reagent acoording to the
scheme shown in reaction (24)57:

. H
RSH ———> RS* + H° RSH+ RS —— 5 RS—S<
R (24)
i <4
ol SR
rs-§~ 5, 010H=CH,,—> clzﬂ—cfi WCRSH H -clzﬂ +RS"
R - 2 K \\ 2 - 3
R—Sl----S—R SR
h H -

No intermediate formation of alkyl vinyl sulfides oocours
in this ocase, since the thermal addition of alkane thiols
under similar oonditions 1leads +to the normal anti-
Markovnikov adduots. Also, no thermal isomerization of the
latter to isomeric thioacetals is observed :

RSH + CH2=CHSR _— RSCH2—0H2$R

The gas—phase reaotion of vinyl ohloride with aromatio
thiols and 2-thiophenethiodl leads to the oorresponding aryl
vinyl sulfides or 2-thienyl vinyl sulfide, respectively.
The reaction seleotivity is facilitated by exoess ohloro
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derivative58:

(o)
RSH + ClCH=CH, 320-450 C, RS-CH=CH, + HCL
60-90%

R = CGHS ' 4—0H306H4, 3—CH306H4, 1—01 OH7 ’ 2—C4HBS
The aromatio thiols and 2-thiophenthiol react with
f-chloro and f-bromo styrene in the liquid phase as low as

80-160° to give 1-phenyl-2-aryl or (P-thienyl)thioethanes,
respeotively (70-95% yieald)59:

#-+C

6H55H
= an -(QH- -
C6H5CH—CﬂX + bL6H5—-——-—9 CGHS Qﬁ QHX. ————
\s-
| (25)
C6H5

—_— C6H50H=CHSC6H5 + HX + CGHBS'

Reaclion (25) =starts as low as 80° and prooceeds
effeoctively at 140-160°.

At 80-100° reaction (25) involver only the irans isomer
of f-halostyrenes whereas at 140-160° the two isomers are
involved. The reaction is highly stereospeoifio, probably
due to the P-phenylthio group.In this oase, a less strained

trangition state arises from the f-halostyrene trans isomer
0
(26)7

——C C—C
H ? X 06H5/ ? \x (26)
CeHe CgHg

Thiophenol reacts with p-bromostyrene more slowly than
with f-ohlorostyrene owing to the inhibiting effeot of
hydrogen bromide which aois as a trap of thiyl radicals and
initiates decompositiion of the sulfide formed according to
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the scheme shown in reaction (27):

C6H58' + HBr —T—— C6H5SH + Br -
?r
206H5CH—OHSCGH + 2Br* - [205%0H4ﬂm0§{] —
— “ + ?C6HSSH + 2HBr (27)
JBH

In particular, 1--phenyl-2-(naphthylthio)ethene and 1-
phenyl-2 (thienylthio)ethene have been prepared by reaotion
(25).

THERMAL SYNTHESIS OF THICPHENE AND THIOPHENE DERIVATIVES
The 1reaction of thermal conversions of the thiyl radioals

generated from diverse organic compounds of sulfur made it
possiblle to develop different synthetic routes to thio-
phene, benzothiophene, dibenzothiophene, thianthrene,
thioxanthene, and other sulfur-containing heterooycles. All
these methods are based on thermal oyclizations and
condensations of various types of a,f-unsaturated thiyl
radioa1561.

The thiophenes are the products of the thermolysis of
dialkyl sulfides which decompose by a single mechanism
involving a stage of vinyl thiol generetion. The vinyl
thiyl radical formed from the latter, is subjeoted to
intermoleocular ocondensation to thiophene according to the

socheme shown in reaotion (28)62 6? for example:

600-660°C

CH,SCH, —‘He—) [H?_C\?/CHQ ]—3 CH,=CHSH — Es J
(28)

-HC1 \CH
5 =v5a g
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Thiophene is also formed upon the pyrolysis of vinyl
sulfides and dialkyl polysulfides®47%. 1In this oase,
dibutyl polysulfides (C4H9)28n are subjected to the most
selective thermolysis to thiophene~-:

((341{9)283 —_— CHBCH

GHQGHQS' + CH,CH CHECH 55

27, 3.,° 2re

+I

—0 . (29)
——>L4H98H + CHBCHZCHQCH§?§CH20H?CHQCH3

III — IT + CH,O0H,cH=cHsH LEl;y on

|

With n = 3, the maximum yield of thiophene attains 43% at
500~520°. Acoording to scheme (29), it is the molecule of
trisulfide that provides the richest Bsource of buthenyl
thiyl radicals whioch further undergo oyolization to
thiophene64.

Acetylene is an effeotive trap of vinyl thiyl radiocals.
At 470-520,° its oothermolysis with lower dialkyl poly-

sulfides leads to thiophene66:

3 CH2 CH=CHS"®

—H,5

_ . -H"
ALK,S —> [CH,=CHS"] HO2CH, [on,=CHSCH=CH] —— | ] ]

62%
In this case, along with thiophene, two isomeric thieno-
thiophenes are formed, seemingly due to the interaotion of
the vinyl thiyl radical with the thiophene ring (1:1 ratio):

Q\( +.S\l ’ Q( ] ; :s: :s: - ll‘s- x)Q
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The cothermolysis of 2-chlorothiophene with a mixture of
diethyl polysulfides also shown by scheme in reaction (20),
forms a mixture of isomeric thienothiophenes; however, in
this case the [2,3-b]-isomer prevails67
evidenoe for the predominant attack of the thiyl radical on
the sp?—hybridized oarbon atom attached to the halogen

. This provides

atom.

The oothermolysis of phenylacetylene with dimethyl
sulfide at 450-500° 1leads to 3-phenylthiophene and
benzo[b]thiophene according to the scheme shown reaction

(31)68:
(CH3)2S —[H2C=CH]A \/:

l Ceﬂsé=CH S

_ e s AN

/

H,C=CH
. -H" -C,.H
i ] _____)US 675

The main product of the gas-phase thermolysis of divinyl
sulfoxide is represented by thiophene, the maximum yield
of which is achieved at 400° 6? The scheme of reaoction (32)
involves the mechanism proceeding through a stage of vinyl

thiyl radical generation:

. S—CH _
=~ Y
s _s o7 " — 5 HC=CH + SOH
H—CH
HC=CH
> ()
‘sog =iy g7 (32)
=,
W, T '(SJ
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Thiophenol reacts with acetylene at 550-590° whereas
diphenyl disulfide at 500° with a selective formation of
benzo[b]lthiophene. The products of the reaction of phenyl-
acetylene with diphenyl disulfide are 2- and 3-phenyl-
benzo[blthiophenes in a 1:1.5 ratio. The sochemes of the
mechanism of reactions (33-34) involve the stages of

generation and addition of phenyl thiyl radioals70:

~[H)

CGHSSH .
CH ~-[H]
b @\ C||H > (33)
—C6H;)S' S/
(CgH5 )55, -
wm —L QO
[06H5(|.‘,=CH] > g —CGH5
_ . 5C¢Hs (34)
C6H55 + C6H50=CH
. -[H]
_ X C-H
[CgH g C=O0RSOH g 1 —> [: U 65
s

CONCLUSION
In studying the thermal generation and reactivity of thiyl
radicals the following regularities have been found:

1. The HS", CH2=CHS' and ArS® radioals, generated from
hydrcgen sulfide and its organic derivatives, are readily
involved in the reaction of ipso-substitution of the
halogen atom attached to the sp2~hybridized carbon atom.

2. The alkyl thiyl radicals are not prone to oconversions
of this type. However, they are thermally oondensed with
alkanethiols, dialkyl sulfides and dialkyl disulfides to
the oorresponding sulfuranyl radiocals RénRQ. In the gas
phase the latter are fixed with halo olefins to form
dithioacetals.

3. In the gas phase, the vinyl thiyl radicals undergo
intra~ or intermolecular oyolization to heterooyolic
ocompounds of the thiophene or benzothiophene series.
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4. Acetylene and phenylacetylene act as effective
trapping agents of thiyl radicals. In the gas phase the
sulfhydryl radiocale HS® do not react with alkynes, alkenes
or arenes, but add readily to the multiple bonds of alkene
and arene halides.

The above regularities of the thermal reaction of thiyl
radicals with organic compounds are of great importance for
elucidating the mechanism of the formation of sulfur-
oontaining oomponents of oils, ooals, shales and gases as
well as the products of their thermal processing.

Numerous synthetic routes to diverse organic sulfur
compounds have been developed on the basis of the above
reaction of thiyl radiocals. Many of these methods ocan be
performed on a large scale by use of available intermediate
products and sulfur-containing wastes of petroochemioal,
coalchemical, chemical, gas and pulp-and-paper industry.
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