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HIGH TEWERATUIU REACTIONS OF THIYL RADICALS 

M.G. VORONKOV, E.N. DERYAGINA 
Institute of Organio Chemistry, Siberian Branoh 
Ao.Soi. USSR, 1 Favorsky Street, 664033 Irkutek, USSR 

Abetqo! Some results of the exemination of the 
reaotivity of thiyl radioals in thermal prooesses, 
whioh allow the ByIItheBiB of organio oompounds of 
sulfur other types of oompounds, have been summarized 
f o r  the first the. 

IIWRODUCTION 
Thiyl (sulfur-oentered) free radioals are short-living 
reaotive sulfur-oontaining intermediates RS’ in whioh the 
sulfur atom has an unpaired eleotron. They are involved in 
numerow ohemioal reaotions, inoluding variow indwtrial 
and natural prooesses with partioipation of organio sulfur 
oompounds; therefore they are of great praotioal and theo- 
retioal interest. 

stimulated by the 
degree of unpaired eleotron delooalieationl . The stability 
oan quantitatively be evaluated by eleotron speotroeoopy 
and eleotron spin resonanoe. 

The thiyl radiOalB whioh have the lone eleotron pair 
on the radioal oenter are, judging by their reaotivity, 
eleotrophilio. The relative stability of thiyl radioale 
oan be oharaoterized by the energy of the highest moleoular 
orbital with one eleotron . 

The stability of thiyl radioals is 

2 

In this paper the thermal methods for generating thiyl 

and its derivatives,as well as methods of high temperature 

the latest fifteen years exteneive hvestigatione of the 
high temperature reaotione of thiyl radioale with organio 
oompounds have been oarried out. They show, in partioular, 

radioals from BhpleBt BOuTOeB, suoh as hydrogen eulphide 

synthesis by w e  of thiyl radioals are diBowBed. b h g  

IS1 
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152 M . G . V O R O N K O V ,  E . N . D E R Y A G I N A  

hydrogen sulfide to be the most available and promieing 
souroe of thiyl radioals whioh further initiate diverse 

3 thermal and organio reaotions . 
THERMOLYSIS OF HYDROGEN SULFIDE 

into elemental 
360-400' and 

When heated, hydrogen sulfide deoomposes 
4 hydrogen and sulfur . Thi6 PPOOeBB Btal?tB at 

beoomes appreoiable at 1300-1 600' f, At 700: only 0.0003% of 
deoomposee7 whereas at 930°, the amount of deoomposed 

hydrogen sulfide is 15-209b 
Investigation of the shook-wave induoed thermal destruotion 

and 83% at 1700' 7. 

of hydrogen sulfide in low oonoentrations in argon has 
revealed the first most energy-oonsuming stage to be 
diBBOOiatiOn into free radioals involving argon moleoules 

The energy of aotivation of the reaotion is 9z7 or 74 koal/ 
mole whioh is olose to that of the bond in the moleoule 9 

13 92.0 koal/mole . of hydrogen sulfide: 98.3'? 95.0': 81.2': 
Ingibition of the thermOlysif3 with nitrogen oxide and 
initiation with atomio hydrogen indioates a free radioal 
meohanism of this prooess. A signifioant role in the 
homolytio deoomposition of hydrogen sulfide is played by 
the exothermal reaotion of hydrogen sulfide with atomio 
hydrogen, whioh OOOUTB at a high rate. It is this reaotion 
that initiates the deoomposition of hydrogen sulfide into 
elements at the stage of the generation of sulfhydryl 

~ 

radioa1.s 14. . 

+ H' t 

H2S t He- 

H2S 

2 Hs' + H2S 

H2S t S2- H2 -t 

Hs' -92 koal/mole 

HS' + H2 +12.6 koal/mole 

t S +9 koal/mole 

S2 +30.7 koal/mole 
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This reaotion is responsible the low energy of aotivation 
(37 koal/mole) of the thermOlyf3is of undiluted hydrogen 

o 15 sulfide at 400-1000 . 

GAS-PHASE REACTION OF HYDROGEN SULFIDE WITH HllLoARoMATIC 
AND HETPEROAROMATIC COMPOUNDS 
The thermal reaotion of hydrogen sulfide with ohloro- and 
bromosubstituted ammatio and unsaturated hydrooabons and 
their derivatives have been studied in more detail. These 
available organio oompound6 differ by high thermal eta- 
bility 16 and low reaotivity in nuoleophilio thiy1ationl7. 

However, the thermal reaotion of ipso-substitution of the 
halogen atom in the ammatio ring by sulfhydryl, aryl or 
vinyl thiyl radioals is faoilitated by the eleotrophilio 
of thiyl radioals, the inoreased eleotronio density on the 
C 2- X bond (X = C1, Br), the pO66ibility of the formation 
of intermediate radioal-adduot stabilized with the partioi- 
pation of the aromatio ring '16-system, a6 well as by the 
removal of the halogen atom as a thermally stable hydrogen 

18 halide . 

SP 

X= C1, Br; R= H, vinyl, m y 1  

These reaotions were oarried out in a oonventional flowing 
system (hollow quartz tube) whioh models the size and 
oonditione of the gradientlef36 reaotor. 

The gas-phase reaotion of hydrogen sulfide with ohloro- 
benzene starts at 550' and beoomes vigorous at 600-700' 
(ohlorobenzene oonversion 40-50%), yielding thiophenol, 
diphenyl sulfide and benzene. Their ratio depends muoh on 
the reaotion temperature. The yield of thiophenol and 
diphenyl sulfide reaohes maximum within a narrow 
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154 M.G.VORONKOV, E . N . D E R Y A G I N A  

temperature range of 600-620' above whioh a oonsiderable 
inorease in the rate of benzene formation is observed. 
Partially in the same temperature range, the oyolization of 
diphenyl sulfide into dibenzothiophene takes plaoe . 
Exoess hydrogen sulfide or ohlorobenzene inoreases the yield 
of thiophenol or diphenylsulf ide, respeotivel?1-2? Kinetio 
o w e s  oharaoterize the reaotfon of ohlorobenzene with 
hydrogen sulfide as a oomplex prooess involving suooessive- 
parallel irreversible reaotions. Chlorobenzene is oonverted 
to diphenyl sulfide via an intermediate formation of thio- 
phenol, and is simultaneously reduoed to benzene : 

19-20 

22 

kl 
CgHgC1 + HZS -> CgHgSH t HC1 (1 1 

C6H5c1 C6H5SH -3 C6H5SC6H5 + HC1 (2 
% 

The reaotion oonditions leading to the maximal yield of 
thiophenol, are optimized by the method of mathematioal 

21 planning of the experiment . The yield of C6H5SH reaohes 
30% based on the initial oompound, and 90% based on 
ohlorobenzene reaoted at 600--620°, molar ratio H2S: C6H5C1 
3:1, exposure time 38-48 R. 

Shoe the theXmOlyEiB of ohlorobenzene involving the 
rupture of the C-C1 bond at 600' has not yet started, while 
the dissooiation of hydrogen sulfide to form thiyl radioals 
is in full progres6,the meohanism of thiophenol and diphenyl 
sulfide formation may be presented on the basis of kinetio 
data by the following ~ohemes~~: 

0 - C l  + HS' k3 9 -*> 0 - S H  + HCl+HS' (4) 

HS C1 
C 
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o-S=+ - H2S -) 0 - S H  + HS' 

C1 S C g H g  (7 1 
C' 

Aooordhg to these sohemes, the ipso-substitution of the 
ohlorhe atom the aromatio ring by thiyl radioals 
follows a bimoleoular ohain meohanism. The thiyl radioals 
are generated presumably at the stage13 of ohain transfer. 
The slowest stages are those of the formation of radioal- 
adduot (reaotion (4) and ( 7 ) ) ,  the latter evidently being 
the limiting stage, shoe the oonoentration of phenylthiyl 
radioals is always lower than that of sulfhydryl radicals. 
This soheme is supported by the fact that in the gaseous 
phase alkylohlorides are only reduoed, but not thiylated 
with hydrogen sulfide. Under the oonditions etudied,bemene 
also fails to reaot with hydrogen sulfide. 

The Arrhenius expressions of the rate oonstants of the 
formation of thiophenol (kl) and diphenyl sulfide (5) 
by reaotions (1)-(2) and the results of the direot reaotion 
of thiophenol with ohlorobenzene (k2') are written as 
f 0110ws24: 

+ 
+ ki = 1 0 ~ m ~ ~ - ~ . ~ e ~ p [  (-27.7'0.37) koal/mole/RT1 ~3-l 

k, = 10 am30-om1 4esp[ (-2g.OfO.6) koal/mole/RTl 1 mole ~3-l 

k: = 10 
+ 

7-0 63esp [ (-33.623.0) koal/mole/RT I 1 mole s-l 

The energies of aotivation of reaotions (1) - (2)  are 
olose. This shows that the oritioal oontribution to the 
energy of aotivation in all these oasee ie that f r o m  
hybridization of the oarbon atom of the C-C1 bond in 
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156 M.G.VORONKOV, E.N.OERYAGINA 

ohlorobenzene in the prooeseee of the formation of an 
aotivated oomplex (C or C * )  with the thiyl radioals.The low 
entropies of aotivation indioate a bimoleoular meohanism 
of thiophenol and diphenyl sulfide formation. The rate 
oonstant of diphenyl Sulfide formation in the ohlorobenzene 
- thiophenol ByBtem, k2', ie approximately 5 times as high 
ae in the ohlorobenzene - hydrogen sulfide system. 
Ekpression ( 8 )  for the 5 oonstant obtained by oomparison 

of funotional identities of differential equations 
desoribing the real prooess of ohlorobenzene thiylation 
(reaotion (I )-(2)) and ite meohanism (reaotion (4)-(7)) 
indioates that this value inoludes the rate oormtant of the 
limiting stage (formation of the aotive C* oomplex) and is 
dependent upon the ratio of phenylthiyl radioal and thio- 
phenol oonoentrations: 

The % value inoreases upon direot interaotion between 
ohlorobenzene and thiophenol in the absenoe of hydrogen 
sulfide. Exoess hydrogen sulfide faoilitate8 reaotion (6) 
due to whioh the oonoentration of thiophenol (denominatior 
in expreeeion ( 8 ) )  inoreases and the rate oonstant of 
diphenyl sulfide formation (5) deoreaees. AS a result, the 
seleotivity of thiophenol ByntheBiB, aooording to soheme 
shown in reaotion (1) beoomee higher. 

The initiators and inhibitors of free-radioal reaotione 
affeot oorrespondingly the rate and direotion of the 
reaotion of hydrogen sulfide with ohlorobenzene. Phenol 
and oyolohexane elow this reaotion by deoreasing two-fold 
the oonversion of ohlorobenzene 22 . Chloromethanes, whioh 

25 generate free radioale and oarbenes during thermolysis , 
aooelerate the reaotion of thiophenol formation, 
eeemingly due to a eupplementary initiation of the o h a h  
deoompoeit ion of hydrogen eulf ide2$ Enlargement of the 
reaotion zone surfaoe reduoes the oonversion of ohloro- 
benzene without ohanging the kinetio regularities of the 
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reaotion of the latter with hydrogen eulfide, whioh hdi- 
oates that the reaotion oooure in full volume. However, 
when the rea~tor~e walls are involved, generation and 
annihilation of the thiyl radioale may take plaoe2? 

Therefore, that the material the reaotor is made up of, 
affeots muoh the rate of reaotions ( 1 )  and (2). With the 
erne oontaot time, the oonversion of ohlorobenzene in a 
steel reaotor is approximately 30% higher than that in a 
quartz reaotor. In this oase, the reaotion produote ratio 
is ohanged in favour of thiophenol and benzene2? Evidently, 
the steel reaotor's walls are involved in the formation of 
HS' and C6H5' radioals due to the oatalysie of hydrogen 
sulfide and ohlorobenzene thermolysis by m e  of niokel and 
ohromium sulfides and polysulfidee formed on the 
H2S-inCuoed passivation of the reaotion eurfaoe2? In a 
ooppe? reaotor, hydrogen sulfide fails to read with 
ohlorobenzene. 

By analogy with ohlorobenzene, in the gaseous phase, 
only its para-substituted derivatives, 4-XC6H4C1 reaot with 
hydrogen sulfide. In thie oaee, the formation of 

ie indioative of ipso-substitution of the ohlorine atom by 
thiyl radioale and supports the meohaniem of reaotione 

oorresponding thiol, 4-XCgHqSHp and sulfide, ~-X(CGH~)~S 

(4 1- (7 )29 : 

4-XCgH4C1 t HZS 4-XCgH4SH + HC1 (9 1 

4-XCgH4C1 t H2S ~- 4-XCgHg + HC1 + S 
X = H, C1, OH, CHg, CF3 

Pentafluoroohlorobenzene a160 reaote with hydrogen sulfide 
in a way analogoue to the BOh13me6 shown h (9)- 

of the formation of thiol and sulfide is determined by the 
nature of 6UbStitUent X in ohlorobenzene and by the nature 
of the benzene ring in C6F5C1. It drops with inoreaeing 
C-C1 oapaoity for homolytio dieeooiation. The order of 

reaotione 
(1 1 )  to form CgFgSH and (CgFg)$. The O p t h d  temperature 
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inoreasing oonversion of the ohloro derivative ooineides 
with an inorease in the eleotronio density on the ohlorine 
atom. Aooordingly,in the reaotion with H2S, the oonvereion 

of the C-C1 bond ohange in the following order of variation 
in X or  the nature of the ring (C6F5): 

Of 4-XC6H4C1 and C6F5C1 and the physiooohemioal pal?aIneterB 

CH3 Conversion F5 < OH < C1 < CF3 < H < 

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

3% N ~ R  39.4 34.9 34.0 34.7 34.65 34.5 

-8.74 -1.71 3.88 0.00 -3.21 CI3(C, 1 - 

- 3.03 0.00 -0.02 3 CI(E) - -0.04 

The thiylation produots ratio (RSH/R$S) depends muoh on 
the reaotivity of the intermediate thiol. This ratio 
oorrelates with the eleotronio struoture and reaotivity of 
4-XC6H4SH and C6H4SH and inoreases in the following order 
of variation in X o r  the nature of the ring (C6F5): 

C1 < CH3 < H < CF3 < OH < F5 

The reaotivity of these thiols is mainly determined by 
the degree of HOMO looalization on the sulfur atom as other 
parame t ers of the eleotronio etruoture (ionization 
potential and the oharge on the sulfur atom) do not depend 
muoh on the nature of subetituent X o r  the benzene ring. 

The degree of HOMO looalization oorrelates only with 
the reeonanoe oomponent of subetituent X, thus inoreasing 
with the deorease in their 76-donor ability. The thiol/ 
sulfide ratio oorrelates in a symbath way with the value of 
HOMO looalization on the thiol sulfur atom, thus deorea- 
sing when the %-donor properties of BUbBtitLEnt X inorease. 

Thus, the 76-aooeptor substituent X in thiol 4-XC6H4SH 
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reduoes its reaotivity in the reaotion with the initial 
ohloro derivative (soheme shown in reaotion (lo)), whereas 
Ilr;-donor properties inorease the reaotivity. In terms of 
free-radioal meohanism of reaotions (9) and (lo), the 
formation of the aryl thiyl radioal to partioipate in 
the seoond step of reaotion (7) under the oonditions of 
oompeting reaotion with H2S (eq.(6)), is determined by the 
stabilization ability of this radioal. The unpaired 
eleotron distribution in 4-XC6H5S' iS believed to be 
similar to the HOMO distribution in 4-XC6H4SH. 

Therefore, the 76-donor substituents stabilize and the 
7c-aooeptor substituents destabilhe the thiyl radioals, 
whioh, in turn are generated at a lower rate and, in the 
latter oase,further reaot, presumably with hydrogen sulfide 
of soheme ( 6 ) ,  rather than with the initial ohloro deri- 
vative of soheme (7). These regularities are not the oase 
for 4-hydroxythiopheno1,evidently due to the autoinhibition 
of the free-radioal prooess. By inoreasing the dehydration 
aotivity of 4-XC6H4S' the 76-aooeptor substituents X promote 
the highly seleotive formation of thiol 4-C6H4sH aooording 
to soheme shown in reaotion (9), the starting ohloride 
oonversion being low. The highest seleotivity is observed 

Ortho-substituted ohlorobenzenes reaot with hydrogen 
sulfide in the gaseous phase in a different way than does 
the para-substituted isomer. The main produot of 2-ohloro- 
toluene or ohloromesytylene thiylation is the oorresponding 
thiol (soheme shown in reaotion (1)) sinoe the sterio effeot 
of the ortho-methyl group hinders the interaotion of the 
2-methylphenyl thiyl or mesytyl thiyl radioal at the stage 

in the Of C6H5SH. 

of sulfide formation aooording to soheme shown in reaotion 
1" \30 
\ I 1  

In the reaotion with hydrogen sulfide, 1,2-diohloro- or 
1,2,4-triohlorobenzene oorrespondingly f o m  thianthrene 
or diohlorothiantrenes aooording to soheme shown in 
reaotion (12 13' : 
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160 M.G.VORONKOV, E.N.DERYAGINA 

c1 Hs 

SH C1 

The formation of the above thianthrenes seems to be 
oaused by a fast intramoleoular oyolization of ortho-ohloro 
substituted phenyl thiyl radioale. 

TJnlike para-ohlorophenol, its ortho-isomer reaots with 
hydrogen sulfide more effioiently with a more 6eleotive 
formation of 2-hydroxythiophenol 32 . 
The reaotion of hydrogen sulfides with 2-ohlorothiophene, 

to give thiophenethiol and bis(2-thienyl) sulfide, ooou1.6 
at lower temperatures (500-540' ) than with ohloroben~ene~~ : 

R G S H  t C l 4 Y - R  5) R-USA-AR t HC1 (14) 
S S S S 

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

The Arrhenius expressions of the rate oonstants kl and 
5, desoribing the formation of 2-thiophenethiol and bis(2- 
thienyl) sulfide, have been derived. 

ki = 10 id. 2+0.4 - exp[ (-52.0f 3.4 koal/mole)'lO 3 /RTl 6-l 
k2=1 ois. e-0. 2 exp[ (-55,7 + - 2,9 koal/mole)'lO 3 /RTl1 mole'-' -s-' + 

The high energies of aotivation of the two reaotion 
stages and the preexponential multiplier value indioate a 
monomoleoular reaotion meohanism. In oontrast to the 
reaotion of ohlorobenzene with hydrogen sulfide, this oan 
be due to a faster attaok of thiyl radioals HS' and Rs' on 
the polarized double bona of the thiophene ring and a 
greater stability of the aotivated D oomplex whioh slowly 
deoomposes at the limiting stage aooording to the soheme 
shown in reaotion (15)~~: 

D 
1 

R =  H,R 

By the Soheme6 shown in reaotions (13) and (14),the 
thiol f r o m  5-ethyl-2-ohlorothiophene is formed in a somewhat 
higher yield and the thiol from 2,5-diohlorothiophene and 
in a lower yield than that from 2-ohlorothiophene. In the 
absenoe of hydrogen sulfide, 2,5-diohlorothiophene is de- 

The reaotion of hydrogen sulfide with bromobenzene 
starts at 500°, i.e., 50' lower than with ohlorobenzene. At 
various the temperatures studied, the oonversion of bromo- 
benzene is higher than that of ohlorobenzene, the produots 
of the reaotion with hydrogen sulfide being similar. 

hydrodimerized into tetraohloro-3,3'-dithienyl at 570 0 35 . 
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However, the produot ratios and yield5 are different3! The 
reaotions of hydrogen sulfide with bromobenzene and its 
substituted derivatives give mainly the oorresponding 
sulf ides. 

Condensed aromatio hydrooarbon bromo derivatives 
(naphthalene, anthrooene, phenanthrene) read with hydrogen 
sulfide even in the liquid phase at 150-250° to form only 

Iodobenzene reads with hydrogen sulfide at as low as 
480-500' to be oonverted mainly to diphenyl sulfide and 
benzene with a small amount of thiophenol and diphenyl 
disulfide. In the reaotion of benzene halides with hydrogen 
sulfide the best 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 oonversion of halo derivatives inoreases and the thiol/ 
sulfide ratio deoreases in the same order.This order of the 
ohange in halogen mobility is oonsistent with the ohange 
in the strength of the C-X bond in bemene halides and is 
oharaoteristio of radioal reaotions 38 . 

Fluorobenzene fails to reaot with hydrogen sulfide even 
at 700'. Above this temperature, the former is partially 
oonverted to a mixture of mono- and difluomdiphenyls. 

the oorresponding sulfides 37 . 

GAS-PHASE REACTION OF T'HIOPHENOL WITH HALO AROMATICS AND 
HALO HETERO AROMATICS - 
Thiophenol reads with halo derivatives of the aromatio 
series at 400-600° first to form unsymmetrio aromatio 
sulfides aooordhg, to the general eoheme3': 

R = -1, thienyl, naphtyl; X = C1, Br 

Reaotion (16) is favored by exoess halo derivatives 
and the lowest temperature. A n  inorease in the 
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temperature and oonoentration of thiophenol aooelerates the 
reduotion of halo derivatives, exohange and oyolization 
reaotions of diary1 sulfides and thiyl radioals. The 
reaotion of thiophenol with ortho-substituted benzene 
halides involves the formation of sulfur-oontaining 
hetemoyolio oampound6: thioxanthene has been isolated in 
the reaotion of thiophenol with 2-ohlorotoluene , 
thianthrene in the reaotion with ortho-dihalobenzenes and 
4-oxydibenzothiophene in the reaotion with ortho-ohloro- 
phenol4'. M a n y  unsymmetrioal aryl thienyl sulfides (yield 
44-7646) were prepared f o r  the Iirst time by the reaotion of 
aromatio thiols with 2-ohlorothiophene and 5-substituted 
~hlorothiophene~? : 

40 

EOI 

S S 

0 
4 5 0 - 5 0 0  c 

> X4-AS-R X%-$SO2-R XA-ACl + HSR -H 
S 

GAS-PHASE REACTION OF ALKANE THIOLS, DIALKYL SULFIDES 
AND POLYSULFIDES WITH ARYL HALIDES 
Readily available alkanethiols, dialkyl sulfide6 and poly- 
sulfide6 or their mixtures may be wed as the souroe of 
thiyl radioals in the reaotions with aryl halides. In the 
gas phase they deoompose to form hydrogen sulfide and 
Olefin6 by a free-radioal meohanism via the intermediate 
generation of thiyl radioals 43 : 

CH3CH2SCH2 C H + CH3CH2S't CH3CH2 

I 
I-, CH3CH2SH +R. 

CH3CH2SH -> C H 

CH3CH2SH + HS' -> CH3CHSH + H2S 

CH2 + HS 
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CH3CHSH -> C H 2 = C H 2  + HS' 

CH3CH2SH + CH3CH2 -> CH3CHSH t CH3CH3 

CH3CH2CH---CH2 - H 2 S  t C4H8 

4- H"" -1- H 

DC2H5SH c-s 6 3 .5 koal/mole 

S-H 9 0  koal/mole 
%2s 

The high temperature reaotions of alkane thiOl6, dialkyl 
t3Ulfide6 and dieulfidea with benzene, thiophene, and 
naphthalene ohloro derivative6 give the Bame thiylation 
produots thoee with hydrogen sulfide 44-46 whioh eeeme to 
hdioate a single meohaniem for theae reaotione involving 
radioals aooording to the eohemes ehown in reaotion ( 4 - 7 ) :  

The reaotion of alkanethiole with arylhalides are distin- 
guished by the higher eeleotivity of the formation of thiol 
R'SH (reaotion 17). It ie likely that the limiting stage of 
the formation of sulfide R'SR' ie bhibited by the alkenes. 
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-HC 1 

165 

REACTION OF HYDROGEN SUU'IDE, THIOLS, DIALKn SULFIDES 
AND DIALKYL POLYSULFIDES WICH ALKEN HALIDES 
At 400-550°, hydrogen sulf ide is oondensed with haloalkenes. 
The simpleet of these, vinyl ohloride, reaots with hydrogen 
sulfide at 530-550° to form vinyl thiol and thiophene. With 
exoess hydrogen sulfide, vinyl thiol presents the major 
reaotion produot (60% yield ),  whilst with exoe88 vinyl .- 
ohloride, 

CH2=CHC1 + 

CH2=CHC1 t 

thiophene is mainly formed (60-80% yield) 4' : 

H2S + CH2=CHSH + HC1 (18) 

-HC1 
HSCH.-CH2 ,-> lS) 

b CH2=CHS' - CIT2=CHSH+HCl+HS' 
I +H2S ) llsJ -Hpl 
-HC1, HS' 

Vinyl thiol, the primary produot of reaotion (20), 
thermally generates the vinyl thiyl radioal whioh further 
initiates ohah thiylation of vinyl ohloride. Thiophene 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
1
0
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1



166 M . G . V O R O N K O V ,  E . N . D E R Y A G I N A  

may be the produot of oyolieation of radioal-adduot A 
or divhyl sulfide. Reaotion (20) is also oonfimed by 
the faot that neither ethylene nor aoetylene reaot with 
hydrogen eulfide under analogow oonditione, and by the 
direotion of the reaotion of diohloroethylenes with 
hydrogen sulfide and its organio derivatives. 
Unlike vinyl ohloride, vinyl bromide reaote with hydrogen 

sulfide at 450-500° t o  form only vinyl thiol in aooordanoe 
with soheme shown in reaotion (18) independently of the 
reaotion oondition~~~. Thi6 may be due to the inhibit- 
effeot of hydrogen 
Being a stronger hydrogen-donor than hydrogen sulfide, 
hydrogen bromide reaots very quiokly with the vinyl thiyl 
radioal, the latter does not take part in reaotion (20) 
whioh yield6 thiophene. 

The reaotion of diohloroethylenes with hydrogen sulfide 
praoeeb ma.hly by Bohemes shown in reaotiolls (18-20). In 
this oase, a mixture of organio sulfur oompounds is formed 
due to seoondary transfornations of labile intermediates. 

with hydrogen 
sulfide is illusti-ated by soheme (21 ) whioh may explain the 
formation of all the reaotion produots 

bromide released in the reaotion oourse. 

The interaotion of 1,2-diohloroethylene 

ClCH=CHCl + H2S + ClCH=CHSH'+ HC1 
ClCH=CHSH + ClCH=CHCl 3 ClCH=CHSCH=CHCl + HC1 

2 C lCH=CHSCH=CH C 1 3 C J - C l  + ucl+ 2HC1 
S S 

+ HC1 
(21 1 

c1 + H2S 

qsH + ClCH=CHCl + 
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Exoess 1,2-diohloroethylene promotes the predominant 
formation of 2- and 3-ohlorothiophene in yield6 amounting 
to 30-35%- 

Aooordhg to the sohemes analogoue to that in (21), 
1,1-diohloroethylene and hydrogen sulfide at 470' form a 
mixture of 2- and 3-ohlorothiophene, thiophene, 2- and 3- 
thiophenethiol, thienothiophenes and vinyl eulf ides51 . 
However, the sulfide6 formed oontain the ohlorhe atom in 
the p-, rather than in the a-position to the sulfur atom. 
This shows that the U-ohlorovinyl thiol wioh generates the 
U-ohloro vinyl thiyl radioal ref3pOn6ible f o r  the formation 
of all further reaotion produots, to be the primary produot 
of the reaotion of 1,l-dioholoroethilene with hydrogen 
sulfide : 

SH 
+H2S 

CH2=CC12 + HS' + 'CH2 b C12 T' 

In this oase, strong evidenoe is provided fo r  the regio 
direotion of the thermal addition of thiyl radioals to 
alkene halides, and namely, to the oarbon atom attaohed to 
the halogen atom. 

Triohlomethylene in the gas phase does not form any 
sulfur-oontahing oompounds with hydrogen sulfide. The 
reaotion of tetraohloroethylene with hydrogen eulf ide52 at 
450' lead6 to tetraohlorothiophene (in 75% yield), however, 
it prooeeds more slowly than with other ohloroolefins 
having polarized multiple bonds53. 

Benzo [b ] thiophene (85% yield) is praotioally the only 
produot of the reaotion of fbohlorostyrene with hydrogen 
sulfide at 600'. The initially formed p-phenyl vinyl thiol 
readily generates the p-phenyl vinyl thiyl radioal (stabili- 
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zed by the ring-multiple bond IC,lC-oonjugation), whioh 
undergoes a very fast intramoleoular oondensation to 
benzothiophene 54-55. 

HS 
H2S 

, *  
3 /H 

C6H5CH=CHC1 + HS -) c 6 H dH- b 
b 1  -HCl,HS' 

(22 1 

+ C6H5CH=CHSH ,-> - I H 1  we;+ QT 
Instead of ohlorostyrene, its gas-phase preoursor, 

U,p-diohloroethylbenzene, is involved in reaotion (22) 
where lower alkanethiols are wed instead of hydrogen 
sulfide. 

In the liquid phase, boiling p-ohlorostyrene fails to 
r e a d  with hydrogen sulfide. However, both a- and P-brorno- 
styrenes reaot with hydrogen sulfide in the liquid phase 
as low as 150-170'$ to form mainly 2,4-diphenylthiophene 
(37% yield). In the liquid phase the phenyl vinyl thiyl 
radioals seem to undergo only intermoleoular oondensation 
whioh gives the same produot aB reaotion (23) (due to the 
oage effeot and a fairly high oonoentration of radioals at 
the moment of formation) 56 : 

C H C=CH2 + HBr 
5~ 
S' 

S' 
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t C1CH=CH2-> 
\R 

In the gaseous phase, benzothiophene is formed in 76% 
yield from P-bromostyrene and hydrogen sulfide and in 9% 
from U-bromostyrene. In the latter oase, partial generation 
of P-phenyl vinyl thiyl radioal takes plaoe, however this 
trend of the HS' radioal attaok on the halo olefin moleoule 
is aohieved to only a very emall extent even in this oase 
when the radioal adduot of the benzyl type is formed 
(soheme 23, reaotion 'b' iB m9re preferable than reaotion 
'af). 

Organio derivatives of hydrogen sulfide (thiols, dialkyl 
sulfides and disulfides) reaot with alkene halides in both 
gaeeouR and liquid phase. The reaotione 01 the above 
derivatives with vinyl ohloride at 400" give 1,l- 

bis(alky1thio)ethenes (in 10-30% yield) formed due to a 
preliminary thermal condenfiation of the alkyl thiyl radioals 
with the initial sulfur-ttontainiw r*eapnt aooording to the 
soheme shown in reaotion ( ~ 4 ) ~ ~ :  

c1 S R  
I .  R S H  I 

I 
CH-CH2 ,-XH 3 -CH +RS ' 

* *  9 8  

9 .  

R-S - -. 5-R S R  
I 

H - - 
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The aromatio thiols and 2-thiophenthiol reaot with 
P-ohloro and P-bromo styrene in the liquid phase aR low as 
80-1 60' to give 1 -phenyl.-Z-aryl or (3-thierwl) thioethanes, 
1*espeotively (70-95% y i e Id)- 5q. - . 

Reaotion ( 2 5 )  Rtarts as low as 80' and prooeeds 
effeotively at 140-1 60'. 

At 80-100° i-eaction (%5)  involvee only the trans isomer 
of P-haloetyreneB whereaR at 140-160° the two jsomers are 
involved. The reaotion is highly stereoepeoifio, probably 
due to the p-phenylthio group.In thiR oase, a lese strained 
transition state ari see from the P-hal.ostyrene trans isomer 
(26)60: 

'gH5\ /H 
c--c 
'S' H/ '.' '\X 

I I 
'gH5 'gH5 

Thiophenol reaots with fbbromoetyrene more slowly than 
with fbohlorostyrene owing to the inhibiting effeot of 
hydrogen bromide whioh aots as a trap of thiyl radioale and 
initiates deoomposition of the sulfide formed aooording to 
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the soheme shown in reaotion (27) : 

C 6 H 5 S .  + t---- C6H5SH + Br 
Br 

- 1  
2 C  H C H = C H S C 6 H 5  + 2 B r ' -  3 [ 2C6H5CH-CH~C6H,-, 1 + 6 5  

- \ \  (yJ t 2 C 6 H 5 S H  + 2 H R r  (27 ) 

6% 
In particular, l.-phenyl-2- (naphthyl thio)ethene and 1 - 

reaotion phenyl-2(thienylthio)ethene have been prepared by 
( 2 5 )  

THERMAL S Y N T H E T S  OF THIOPHENE AND THIOPHENE DERIVATIVES 
The  i-eaction of thermal oonversions of the thfyl radioals 
generated from diverse crrpnic compounds of milfur made it 
possiblle to develop different synthetio routes t o  thio- 
phene, benzothiophene, dibenzothiophene, thianthrene, 
thioxanthene, and other sulfur-oontaining heterooyoles. All 
these methods are based on thermal oyolizations and 
oondensat ions of various types of a, P-unsaturated thiyl 
radioals . 

The thiophenes are the produotc of the thermolysis of 
dialkyl siilfides whioh deoompose by a single meohanism 
involving a stage of vinyl thiol generetion. The vinyl 
thiyl radioal foimed from the latter, is subjeoted to 
intermoleoular oondensation to thiophene aooording to the 
6oheme shown in reaotion (28) 62-6: for example: 

- 

61 

6 0 0 - 6 6 O'C 
CH S CH3 > [ H  C- C H 2  1-3 C H 2 = C H S H  + 

-H2 2 y 
6 0 0 - 6 6 O'C 

CH S CH3 > [ H  C- C H 2  1-3 C H 2 = C H S H  + 
-H2 2 y 
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Thiophene is also formed upon the pyrolyeie of vinyl 
sulfides and dinlkyl polyeulf ides64-65. In this oase, 
dibutyl polyeulfides (C H ) S are subjeoted to the most 

4 9 2 n  65. seleotive thermolysis t o  thiophene . 
+ C H 3 C H 2 C H 2 C H 2 S '  + CH3;;2CH2CH2Si 

( C 4 H g b S 3  - I I 

- - + C 4 H 9 S € I  + C H 3 C H 2 C H i l C H S S S C H 2 C H 2 C H 2 C H 3  (29) 
I 1 1  

- [ H ' l  I11 + I1 t C H 3 C H 2 C H = C H S H  -+ C H  CH CH=CHS' 3 2  

With n = 3, maximum yield of thiophene attains 43% at 
500-52O0. Aooording to soheme (29), it is the moleoule of 
trieulfide that provides the riohest souroe of buthenyl 
thiyl radioals whioh further undei-go oyol ization to 
thfophene 64 . 
At 470-520,' ite oothermolysis with lower dialkyl poly- 
sulfides leads to thiophene66: 

the 

Aoetylene is an effeotive trap of vinyl thiyl radioals. 

62% 
In this oase, along with thiophene, two isomerto thieno- 
thiophenes are formed, seemingly due to the interaotion of 
the vinyl thiyl radioal with the thiophene ring (1:l ratio): 
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The oothermolysis of 2-ohlorothiophene with a mixture of 
diethyl polysulfides also shown by soheme in reaotion ( 3 0 ) ,  
forms a mixture of isomerio thienothiophenes; however, in 
this oase the [ 2,3-b 1 -i somer This provides 
evidenoe for the predominant attaok of the thiyl radioal on 
the 5p -hybridized oarbon atom attaohed to the halogen 
atom. 

The oothermolysis of phenylaoetylene with dimethyl 
s U ~  f idt: at 45O-50Oo leads to 3-phenyl thiophene and 
benzo [bl thioDhene acoor.djng t c ?  the ficheme shown reacttion 

? 

(31 )68: 
- 

The main produot of the gas-phase tkiermolysis of divinyl 
sulfoxide is represented by thiophene, the m a x i m u m  yield 
of whioh is aohieved at 400' '? The soheme of reaotion (32) 
involves the meohanism prooeedi.ng through a stage of vinyl 
thiyl radioal generation: 

__ . 
-\ 

S-CH 
+ I I C Z C H  +>OH 

O1 ll Y s i  3 
H-C H 
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Thiophenol reads with aoetylene at 550-590' whereas 
diphenyl diaulfide at 500' with a seleotive formation of 
benzo[blthiophene. The produot6 of the reaotion of phenyl- 
aoetylene with diphenyl dieulfide are 2- and 3-phenyl- 
benzo[b]thiophenes in a 1:1.5 ratio. The BOhemeB of the 
meohanism of reaotions (33-34) involve the stages of 
generation and addition of phenyl th iy l  radioal13~~: 

- r i l  
C61j5SH '-1 [as;![] -[% QQl ( 3 3 )  

- C - H  S' b 5  
('SH5 )2'2 

[ C 6 H  C I = CHI 
- [ %  

Q T - c 6 H 5  S 

(34)  S C 6H5 
CgH,jS'+ C 6 H 5 C E C H  

CONCLUSION 
In studying the thermal generation arid reaotivity of thiyl 
radioals the following regularities have been found: 

7. The HS', CH2=CHS' and ArS' radioals, generated from 
hydmgen sulfide and its organio derivatives, are readily 
involved in the reaotion of ipeo-substitution of the 
halogen atom attaohed to the sp -hybridized oarbon atom. 
2. The alkyl thiyl radioals are not prone to oonversione 

of this type. However, they are thermally oondensed with 
alkanethiole, dialkyl sulfides and dialkyl diaulfides to 
the oorresponding sulfurany1 radioale RS&. In the gas 
phase the latter are fixed with halo olefine to form 
dithioaoetals. 

3. In the gae phaee, the vinyl thiyl radioals undergo 
intra- or intermoleoular oyolization to heterooyolio 
oompounds of the thiophene or bermothiophene series. 

2 
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4. Aoetylene and phenylaoetylene aot as effeotive 
trapping agents of thiyl radioals. In the gas phase the 
sulfhydryl radioals HS' do not reaot with alkynes, alkenes 
or arenes, but add readily to the multiple bonds of alkene 
and arene halides. 
The above regularities of the thermal reaotion of thiyl 

radioals with organic oompounds are of great importanoe for 
eluoidating the meohanism of the formation of sulfur- 
oontaining oomponentfi of oils, ooals, shales and gases as 
well as the produots of their thermal prooessing. 
NUIMPOUS eynthetio routes to diverse organio sulfur 

oompounds have been developed on the basis of the above 
reaotion of thiyl radioals. Many of these methods oan be 
performed on a large soale by w e  of available intermediate 
produots m d  sulfi.u--oontaining wastee of petrooliemioal, 
ooalohemioal, ohemioal, gas and pulp-and-paper industry. 
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