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The review is devoted to literature information on the mechanism of the thio- 
Claisen rearrangement of allyl aryl (heteryl) sulfides and their use in the 
synthesis of five- and six-membered sulfur-containing heterocyclic compounds, 
including derivatives of dihydrobenzothiophene and thiochromane. 

The theory of concerted reaction unites such well-known processes as the Cope and Claisen 
rearrangements, the 1,5-shift of a hydrogen atom in conjugated systems, etc., consisting in 
the migration of bonds through a cyclic transition state in which atoms or groups of atoms 
are added simultaneously to both ends of a x-system. Common for these rearrangements, which 
have been called "sigmatropic" by Woodward and Hoffman [i] is the fact that they take plac e 
in the absence of a catalyst and are initiated by the action of heat or light. 

A well-known reaction of this type is the [3,3]-sigmatropic rearrangement of allyl aryl 
ethers, which has acquired the name of the Claisen rearrangement [2]: 

However, while the rearrangement of ally! arylethers takes place on their simple heating or 
in the presence of an inert solvent [3] and is a preparative method for synthesizing 2-allyl- 
phenols, the analogous reaction of allyl phenyl sulfides (thio-Claisen rearrangement) takes 
place only in the presence of substances of basic or acidic nature and is accompanied by a 
number of side reactions: 

a) prototropic displacement of the double bond [4, 5]: 

b) 1,3-thioallyl rearrangement [6]: 

c) cyclization of the extremely unstable rearrangement products, 2-allylthiophenols, 
leading at the moment of their formation to 2,3-dihydrobenzothiophenes and thiochromanes [7]: 

Such a complex scheme of transformations of allyl phenyl sulfides makes it difficult to 
study the thio-Claisen rearrangement and to interpret results on its mechanism. 
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In the present review an attempt has been made to generalize literature information on 
the study of the mechanism of the thio-Claisen rearrangement of allyl phenyl and allyl 
heteryl sulfides and its use in the synthesis of sulfur-containing heterocyclic compounds. 
Investigations devoted to those cases of the thio-Claisen rearrangement as a result of which 
no formation of cyclic systems containing sulfur atoms takes place are not included in the 
present review, since they have been considered fairly fully in review papers on the Claisen 
rearrangement that have recently been published [8, 9]. 

The potential possibilities of thio-Claisen rearrangement are fairly wide, since by its 
means it is possible to obtain various cyclic sulfides, including those modelling compounds 
found in mineral oils. The preparative value of this reaction is also enhanced by the fact 
that at the present time there are methods which permit dihydrobenzothiophenes and thiochro- 
manes to be converted into compounds of the benzothiophene series [i0, ii] and thiopyrylium 
salts [12] with high yields. 

In contrast to the allyl aryl ethers, the allyl phenyl sulfides do not, as a rule, un- 
dergo a thermal rearrangement with the formation of the isomeric allyl thiophenols. Because 
of the lower energy of the C--S bond (67 kcal/mole) as compared with the C-O bond (90 kcal/ 
mole) [13], the destruction of an allyl phenyl sulfide at the C--S bond is facilitated, and 
the presence of vacant d-orbitals in the sulfur atom favors the migration of the double bond 
in the allyl group. 

On being heated in the absence of a solvent, allyl phenyl sulfide is converted only in- 
to propenyl phenyl sulfide, which readily polymerizes [4, 5]. Heating B- and y-methylallyl 
phenyl sulfides [14, 15] leads to a complex mixture of products formed as the result of a 
prototropic displacement and reduction of the double bond, and also of the destruction of the 
initial solvents with the cleavage of the C--S bond. 

The first example of the thio-Claisen rearrangement may be considered to be the results 
of Petrupoulos et al. [14] on the thermal rearrangements of the S-crotyl ether of thiosali- 
cylic acid, among the products of which 2-ethyl-2,3-dihydrobenzothiophene-4-carboxylic acid 
and 2-ethyl-2,3-dihydrobenzothiophenewere found. The authors' assumption that the rearrange- 
ment took place with the simultaneous elimination of carbon dioxide is a fairly logical one, 
since it was shown by special experiments that 2-ethyl-2,3-dihydrobenzothiophene-4-carboxylic 
acid does not decarboxylate to 2-ethyl-2,3-dihydrobenzothiophene [14]. 

The first thio-Claisen rearrangement of the simplest allyl phenyl sulfide was observed 
by Kwart and Hacker [16]. In the products of the distillation of allyl phenyl sulfide at 
atmospheric pressure in the presence of quinolineand N,N-dimethylaniline, together with pro- 
penyl phenyl sulfide they found 15-20% of 2-methyl-2,3-dihydrobenzothiophene. When they re- 
peated this work another cyclic compound -- thiochromane was found among the reaction products: 

The structures of the cyclization products and also the later synthesis by Kwart of a 
number of substances which he considered as intermediates shows that the formation of 2- 
methyl-2,3-dihydrobenzothiophene and of thiochromane is possible by the cyclization of 2- 
allylthiophenol -- the initial product of the thio-Claisen rearrangement of ally phenyl sul- 
fide. However, in view of the pronounced tendency of 2-allylthiophenol to undergo cycliza- 
tion, it was impossible to isolate it from the transformation products of allyl phenyl sul- 
fide [7]. 

The first attempt to show the possibility that 2-allylthiophenol is an intermediate in 
the formation of cyclic sulfides from allyl phenyl sulfides was Kwart's study of the reac- 
tivity of 2-allylthiophenol synthesized independently [18]. It was found that 2-ally!thio- 
phenol readily cyclizes with the formation of the same cyclic compounds as in the rearrange- 
ment of allyl phenyl sulfide: at room temperature this gave 2-methyl-2,3-dihydrobenzothio- 
phene, and on heating with quinoline it gave a mixture of 2-methyl-2,3-dihydrobenzothiophene 
and thiochromane [18]. Another proof of the formation of 2-allylthiophenol in the thio- 
Claisen rearrangement may be considered results obtained in an investigation of the trans- 
formations of al!yl phenyl sulfide in quinoline in the presence of lithium methanolate [7]. 
In this case methyl 2-allylphenyl sulfide was obtained when the reaction mixture was treated 
with methyl iodide: 
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In the same investigation the formation of three compounds each containing an allyl 
group in a benzene ring which were the products of a successive-parallel reaction of trans- 
allylation having no analogies in the Claisen rearrangement of allyl aryl ethers was ob- 

/, ~ +I ~s- 
I a T~linC ~ SN2 ;._ 

II 

a m i n e  "~ + 
CH 3 

served: 

s.j %-- 

A similar course of the reaction is observed in the rearrangement of allyl thienyl sul- 
fides (IV), but the allyl 3-allyl-2-thienyl sulfide (V) formed, unlike compound (III), does 
not undergo a [3,3]-sigmatropic rearrangement [19]. 

IV V 

In contrast to allyl phenyl sulfides in the reaction products of which allyl thiophenols 
can be detected only by isolating their S-methyl derivatives, in the rearrangements of ai!yl 
heteryl sulfides the thiols can be isolated in the individual state [19-21]. In a number of 
cases, as for example, in the transformations of some allyl and propargyl indolin-2-yl sul- 
fides [22], the rearrangement products are the corresponding thiones: 

R 

s 

CH3 

R 

H 

RzHtCH 3 

R 

CH 3 

. . . . .  

The structures of the thiols formed in the thio-Claisen rearrangement of a!lyi thieny! 
sulfides and of al!yl furyl sulfides [23] unambiguously show that this reaction takes place 
with inversion of the allyl group through a six-membered transition state: 

k - / k , : k o  - - - -  
O ~ 'S"~ '~-$ / TM O j 

CH3 

Complete inversion of the allyl group has also been shown for the case of the rearrangement 
of 2-(l,l-dideuteroallylthio)benzothiazole [24]. 

The observation of inversion of the allyl group in the rearrangement of y-methylallyl 
phenyl sulfide is difficult because of the !,3-thioallyl rearrangement taking place as a 
side reaction and, probably, having a lower activation energy than the thio-Claisen re- 
arrangement and proceeding by both monomolecular and bimolecular mechanisms [6, 25]. The 
complex mixture of cyclic sulfides formed in the rearrangements of y-methylallyl phenyl sul- 
fide [26, 27] arises in the cyclization of 2-(~-methylallyl)thiophenol (inversion of the 
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TABLE i. Initial Rate Constants of the Rearrangement of 2- 
Allylthiobenzothiazole at 170~ [24] 

radical in y-methylallyl phenyl sulfide) and of 2-(7-methylallyl)thiophenol (inversion of the 
radical in u-methylallyl phenyl sulfide, the product of the 1,3-thioallyl rearrangement of 
7-methylallyl phenyl sulfide): 

{ ~ ~  cH3 
CH$ 

Heterocycles of analogous structure are also formed in the rearrangement of ~- and y- 
methylallyl thlenyl sulfides [21, 28], which is also connected with the 1,3-migration of the 
thienyl group in the initial sulfide and with the inversion of the alkyl group on the forma- 
tion of thiols from them. 

C ~  CH S 

Kinetic investigations of the transformations of allyl phenyl sulfides [7], of allyl 
thienyl and allyl furyl sulfides [23], and also of allylthiobenzothiazole [24] have shown that 
the thio-Claisen rearrangement is a first-order reaction the activation energy of which for 
allyl thienyl sulfides amounts to 13.4-24.7 kcal/mole, for y-methylallyl furyl sulfide to 
22.6 kcal/mole, and for 2-allylthiobenzothiazole to 30.4 kcal/mole. The high value of the 
negative entropy of activation for the transformation of 2-allylthiobenzothiazole [24] (AS ~= 
--13.4 cal/mole.deg at 170~ shows a high symmetry of the transition state of the thio-Claisen 
rearrangement. 

The rate of the thio-Claisen rearrangement is affected by the nature of the solvent used: 
In acetonitrile and acetone it is higher than in the less polar isooctane (Table i), which 
shows some separation of the charges in the cyclic transition state [23, 24]. A comparison 
of the rate constants of the rearrangement of 2-allylthiobenzothiazole and 2-allythiobenzoxa- 
zole (1.66"i0 S and 6.45"i0 -s min-*) [24], and also of y-methylallyl 2-thienyl sulfide and 7- 
methylallyl 2-furyl sulfide (1.10"104 and 4.39"104 sec-* at 128~ shows that the rate of re- 
arrangement increases with a decrease in the aromaticity of the sulfide and, consequently, 
is determined by the mobility of then-electrons of a C--C bond present in the aromatic frag- 
ment of its molecule. 

The unambiguous assignment of the thio-Claisen rearrangement to the class of noncataly- 
tic concerted [3,3]-sigmatropic rearrangements can be made on the basis of information ob- 
tained by Viktorova et al. [19, 29] for allyl thienyl and allyl furyl sulfides. These sul- 
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fides rearrange into the isomeric allylthiophenethiols and allylfuranthiois on simple heat" 
ing in the absence of a solvent in the range of temperatures of 70-150~ 

Some known cases of rearrangements considered by the authors as purely thermal apparent- 
ly cannot be considered as such, since for such compounds as quinolinyl allyl sulfides [30- 
33], 2-allylthiobenzothiazole [24], and indolyl allyl sulfides [20, 22] the role of a nitro- 
gen base showing catalytic activity may be played by the substrate itself. 

In the opinion of Kwart, the redistribution of electron density in amine-sulfide com- 
plexes favors the production of possible intermediates of the thio-Claisen rearrangement -- 
a thiiranium anion or 2-allylthiophenol [15]: 

However, the ideas of the formation of a thiiranium anion as an intermediate were not subse- 
quently confirmed. On the basis of the experimental results obtained, Kwart put forward the 
following mechanism for the rarrangement of allyl phenyl sulfides: 

- . . . . .  - - - - -  

~,Nu 

N 

In this mechanism the participation of the amine reduces to the nucleophilic assistance in 
the cleavage of the C--S bond in the molecule of the initial sulfide when, in contrast to 
allyl aryl ethers, because of the very small difference in the electronegativities of the 
carbon and sulfur atoms, no displacement of electrons to the heteroatom is observed [7]. At 
the same time, Kwart also reports some capacity of the amine for causing a displacement of 
the double bond in the allyl group with the formation of propenyl phenyl sulfide. 

On comparing the rates of rearrangement of allyl phenyl sulfide and 1,3-dimethylallyl 
phenyl sulfide (3.40"10 -5 and 1.65"10 -5 min -I at 227.8~ Kwart came to the conclusion [7], 
that the presence of a methyl group on the a-carbon atom in the allyl group exerts steric 
hindrance to the action of the nucleophile, and on this basis he considered the most likely 
position of the nucleophilic attack of the sulfide by the amine molecule to be the allyl car- 
bon atom. 

The thio-Claisen rearrangement is one of the most convenient methods of obtaining cyclic 
sulfides, but in the majority of cases the reaction takes place with low selectivity. Since 
the formation of cyclization products is observed even in the transformations of the initial 
allyl aryl (heteryl) sulfides, it is natural that the question of their formation is direct- 
ly connected with the question of the mechanism of the thio-Claisen rearrangement. 

The following scheme of the formation of 2-methyl-2,3-dihydrobenzothiophene and thio- 
chromane in the rearrangement of allyl phenyl sulfide has been suggested [17]: 
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slow 1 qulnoline 

The absence of mutual isomerization of thiochromane and 2-methyl-2,3-dihydrobenzothio- 
phene has been shown by special experiments [18], and this refutes the possibility of the 
thermal decyclization of the latter to 2-allylthiophenolo When 2-allylthiophenol was heated 
in quinoline from room temperature to 230~ 2-methyl-2,3-dihydrobenzothiophene and thio- 
chromane were formed in a ratio of 1:4 [18]. On the addition of 2-allylthiophenol to boiling 
quinoline [7], this ratio changed to 6:7, and at 300~ it proved to be 7:4.4. Thus, the cy- 
clization of 2-allylthiophenol takes place differently according to the experimental conditions. 

Kwart [7, 18] considers that the formation of 2-methyl-2,3-dihydrobenzothiophene is 
the result of acid catalysis through the intrinsically high acidity of 2-allylthiophenol. In 
actual fact, the acidity of thiophenol (pK a 6.5) [34] considerably exceeds the acidity of 
phenol (pK a i0) [35], and this ratio must obviously be preserved also for compounds with an 
allyl group in the ortho position with respect to SH and OH groups: 

I 

SH + H.__.~+ "'CH===CH2--- H + _ 

~.~ .CH2-'~" 

The presence of a base (quinoline) decreases the acidity of the medium and, in this case, in 
the opinion of Kwart and Evans [18], the reaction takes place predominantly by a radical 
mechanism, these authors assuming the possibility of the stabilization of the transition state 
through the formation of a bridge radical (VIII) 

VI vn VIII 

The predominant formation of thiochromane in quinoline is connected by Kwart with the 
higher rate of the radical process in the presence of amines as compared with the rate of the 
reaction in the absence of a solvent. 

Since the ratio of the cyclic sulfides formed from 2-allylthiobenzothiazole [24], and 
that in the rearrangement of allyl phenyl sulfide (-i : i) the formation of both isomers from 
a single thiiranium ion (IX) has been suggested [18]: 

s" + ~ + 

H H 

On the basis of results obtained by the authors, it would be necessary either complete- 
ly to reject one of the suggested schemes of the formation of cyclic sulfides (direct cycli- 
zation through the intermediate formation of a thiiranium anion or cyclization of 2-allyl- 
thiophenol formed as an intermediate) or to recognize the simultaneous occurrence of both 
processes. In any case, the conclusions that they drew make the question of whether the 
transformation of allyl phenyl sulfides can be regarded as a thio-Claisen rearrangement a 
disputable one. 
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While for the rearrangement of allyl phenyl sulfide in quinoline a change in the tem- 
perature from 217 to 300~ does not lead to an appreciable change in the ratio of the cyclic 
sulfides, for ~-methylallyl phenyl sulfides [15] the ratio of 2,2-dimethyl-2,3-dihydrobenzo- 
thiophene to 3-methylthiochromane changes froml:10 at 150~ to 1:2 at 300~ In this case 
it is assumed [15] that the two sulfides are formed from two different intermediate com- 
pounds -- a thiiranium anion and 2-(B-methylallyl)thiophenol, with different activation ener- 
gies for each of the intermediates: 

I A r  c.3 
~ BOOlo ~ 20O/o  

Main product 

In the opinion of Kwart and Cohen [15], process A takes place with the predominant forma- 
tion of 3-methylthiochromane because of the considerable strain in the five-membered ring of 
2,2-dimethyl-2,3-dihydrobenzothiophene created by the two geminal methyl groups. 

The cyclization of 4-(B-methylallyl)quinoline-3-thiol (X) has been studied under vari- 
ous conditions [31]. It was shown that the ratio of the products of the cyclization of 4- 
methylallylquinoline-3-thiol was identical with the isomeric composition of the cyclic sul- 
fides formed by the rearrangement of B-methylallyl quinoline-3-yl sulfide. With a rise in 
the temperature from I00 to 200~ the ratio of the isomers with five- and six-membered sulfur- 
containing rings changed from 1 : 0.4 to 1 : 2.1, respectively. Makisumi and Murabayshi [33] 
have suggested an ionic mechanism of the formation of 2,2-dimethyl-2,3-dihydrothieno[3, 4-c]- 
quinoline (XI), including the dissociation of the thiol groups: 

CH 3 CH 3 

X • 

In their opinion, 3-methyldihydrothiopyrano[3,4-c]quinoline (XIII) is the product of a 
chain radical process: 

CHs CHs CHs 

X-- ,~  X 

X I I  X l l l  

A confirmation of this reaction scheme is the increase in the amount of the sulfide 
(XIII) when the reaction is carried out in the air or in the presence of an initiator -- 
benzoyl peroxide. The signal in the ESR spectrum observed by these authors [33] during the 
cyclization of 3-(B-methylallyl)quinoline-4-thiol in the air is not an argument in favor of 
a radical process, since, in the first place, it was not determined to what concrete radical 
this signal could be ascribed and, in the second place, the authors did not establish the 
formation of a disulfide as the result of the doubling of thiyl radicals, as is always ob- 
served both in the oxidation of thiols by air [36, 37] and in the oxidative addition of thi- 
ols to olefins [38, 39]. It is also interesting to mention that a rise in the temperature 
had directly opposite effects on the cyclization of 2-(B-methylallyl)thiophenol [15] and 3- 
(~-methylallyl)quinoline-4-thiol [33]. In the first case, with a rise in the temperature 
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the relative amount of the five-membered isomer increased, and in the second case the rela- 
tive amount of the six-membered isomer increased. Unfortunately, the information available 
in the literature is insufficient to explain this interesting phenomenon. 

To interpret the results obtained in the cyclization of allylthiophenethiol Anisimov 
et al. [28] have made use of Baldwin's rules, which have a stereochemical nature [40]. The 
predominant cyclization of thiols (XlVa-d) into the dihydrothienothiophenes (XVa-d) or dihy- 
drothiopyrans (XVla-d) is connected by the authors with the possibility of the achievement 
in each case of a transition-state geometry favorable for the formation of compounds (XV) or 
(XVZ). 

R I . R ~ 

. . . . .  " R + 

R ~ CH2R ~ R l 
XlV a-d XV a-d xvla-d 

XIV-XVI a RI"--R2=R3=H ;b Rt=R3=H IRI-'Me i C RI=Me, R2-'R3=H ; 
d RI=RZ:H IR3=Me 

In some cases it has been possible to achieve !_00% selectivity of the formation of dihy- 
drothienothiophenes or dihydrothiopyrans [28, 41]: 

~ ~ C H 3  CH 3 

The possibility of the selective formation of only one sulfide has also been observed 
in a study of the rearrangement of (phenylthio)methacrylic acid (XVII) [42] and of y-methyl- 
allyl 3-methylphenyl sulfide (XIX) [18], from the transformation products of which 4,7-di- 
methylthiochromane (XX) was isolated with a yield of 82%: 

[ ~ F . t ~ [  ~ Et3N [ ~ ~  
o- PhCl  2 

COOH COOH 
XVII XVIII 

CH 3 CH 3 
XIX XX 

In those cases where several cyclic sulfides are formed as the result of the reaction, 
individual compounds have been isolated by using distillation [43] and preparative GLC [21]. 
Thus, the rearrangement of y-methylallyl phenyl sulfide may serve as a convenient prepara- 
tive method for obtaining 2-ethyl-2,3-dihydrobenzothiophene [12], and the rearrangement of 
allylphenyl sulfide in quinoline for obtaining 2-methyl-2,3-dihydrobenzothiophene and thio- 
chromane [18, 43]. 

The rearrangement of the o- and p-tolyl allyl sulfides in quinoline has been used to ob- 
tain 2,5- and 2,7-dimethyl-2,3-dihydrobenzothiophenes and 6- and 8-methylthiochromanes, re- 
spectively [44]: 

R I R 1 R 1 

~I=H,RLM~ ; R'-_ M~, RL-H 
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An interesting example of the use of thio-Claisen rearrangement in organic synthesis is 
provided by rearrangements [45] of aryl 2-chloroprop-2-enyl sulfides, from which 2-methyl- 
benzothiophenes were obtained with yields of up to 80%: 

X "~'~ "S" CH 3 

X = H , p -CI , p - M e l o - C I  ,~ p -OMe 

The formation of sulfur-containing heterocyclic compounds has also been reported in the 
transformations of allyl B-naphthyl sulfoxide [46]: 

c,-,,oA~ ~ _ {~.c,-,~x 
SS AcOH- D~A~..>c..~fS PhNMe z -  D20 DMFA s'~o 

110 ~ l [ ~ , . ~ J  0 120" 

X :  H,~D 

Reactions analogous to those that take place in the thermal and catalytic transforma- 
tions of allyl phenyl sulfides also occur in the rearrangements of compounds with triple 
bonds under similar conditions. Thus, in quinoline at 200~ prop-2-ynyl phenyi sulfide (XXI) 
is converted into 2-methylbenzothiophene (XXVI) and phenyl allenyl sulfide (XXII), and in 
some cases (with heating above 250~ for considerable times) 2H-thiochromane (XXIV) has also 
been detected [47]: 

XXI XXIII XXIV 

H 

U . . . . .  . . 
XXll XXV XXV| 

A proof of the existence of allenyl phenyl sulfide as an intermediate compound that is 
also subject to the thio-Claisen rearrangement has been obtained by isolating its adduct with 
cyclopentadiene [47]. The formation of allenyl phenyl sulfide is, as correctly assumed by 
the authors concerned, the result of a prototropic shift with the participation of the sulfur 
atom, the equilibrium XXI~XXII apparently being established in the reaction medium. It 
must be mentioned that the authors give no direct proofs of the existence of the intermedi- 
ates (XXIII) and (XXV). 

In hexamethylphosphorotriamide and dimethyl sulfoxide at 170-180~ both 2- and 3-(pro- 
pargylthio)thiophenes (XXVII) and (XXVIII) undergo a transformation of the thio-Claisen re- 
arrangement type, forming compounds of the thienothiopyran series with good yields [48]. 
When rearrangement was carried out with the addition of catalytic amounts of secondary and 
tertiary amines [49, 50] it was established that the sulfides (XXVII) and (XVIII) formed in 
addition to thienothiopyrans -- thienothiophenes, and also allenyl thienyl sulfides and pro- 
pynyl thienyl sulfides, which are products of the prototropic displacement of the triple 
bond: 

III I U 

XXVI| 

XXVIII 

The rearrangement of (propargylthio)benzimidazoles leads to the formation of tricyclic 
compounds [51]: 
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p t H 

H 
R =HtCH 3 

�9 ~N 'N /~sN~cHZ R 
+ 

~____/H 

H 

�9 + 

--CH~___C--CH~, ~ ' ~  N-.---if CH3 

The possibility of the formation of dihydrobenzothiophene derivatives has also been re- 
ported in the transformations of aryl propynyl and arylpropargyl sulfoxides [52, 53]: 

f..R 
CI~s ,~ j l  

,,I, 
o 

R : p-ClC6H40 

R u 

"l 

R .= H) Me 

0 

R 

i 

R R * 

. SH 

The first stage of the reaction is a [2,3]-sigmatropic rearrangement of the initial sul- 
foxide into an unstable allene derivation containing an S-O bond which then undergoes a [3,3]- 
sigmatropic rearrangement into a dihydrobenzothiophene derivative. 

Transformations of alkenyl phenyl sulfides, also under conditions of heterogeneous cat- 
alysis and mainly on catalysts of acidic nature, may also be sources of cyclic sulfides. The 
behavior of allyl phenyl sulfide on alumina and on alumina promoted with zinc chloride has 
been studied [54]; the first of these catalysts possesses only Lewis acid centers [55], while 
the second possesses both protonic and aprotic acid centers [56]. At the same temperature 
(300~ and at the same depth of conversion, reactions of allyl phenyl sulfide took place 
differently on the catalysts with different acidities [54]. On the catalysts with a greater 
ac~l~y (ZnCl=/Al=Os) the initial sulfide underwent cleavage to thiophenol and the formation 
of the isomeric 2- and 3-methyl-2,3-dihydrobenzothiophenes. On the catalyst with the lower 
(AI=03) a prototropic isomerization into propenyl phenyl sulfide and the formation of 2- 
methyl-2,3-dihydrobenzothiophene was observed, while the cleavage of the C--S bond to thio- 
phenol took place to only a very small degree: 

"z'oC" % I p,~ ~.03 ~CH3 § 
" 

{ ~  ~ cH3"l" ~ ] " ~  S H 

36"h, 

33"/, 
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The formation of 3-methyl-2,3-dihydrobenzothiophene takes place, in the opinion of the 
authors concerned [54], as the result of the cyclization of the isopropenyl phenyl sulfide, 
which has been detected in experiments carried out at a lower temperature (200~ It was 
shown by special experiments [54] that propenyl phenyl sulfide is not converted into 2- 
methyl-2,3-dihydrobenzothiophene under the conditions of the experiments with allyl phenyl 
sulfide. This gave grounds for concluding that the thio-Claisen rearrangement is the only 
route to the formation of 2-methyl-2,3-dihydrobenzothiophene. As was later shown by the 
same authors [57], the reaction products obtained in the transformations of allyl phenyl sul- 
fide on ZnCI2/AI203 contain 2- and 3-methylbenzothiophenes -- the products of the dehydro- 
genation of the corresponding 2,3-dihydrobenzothiophenes [i0]. The absence of thiochromane 
from the products of the transformations of allyl phenyl sulfide on acid catalysts agrees 
well with the results of the thermal cyclization of 2-allylthiophenol [18] and is evidence 
in favor of its intermediate formation in this case. 

Crotyl phenyl sulfide is converted on the same catalysts (A1203 and ZnCI2/AI203) [58] 
into 2-ethyl-2,3-dihydrobenzothiophene and 2- and 4-methylthiochromanes, and simultaneously 
undergoes isomerization to but-l-enyl and but-3-enyl phenyl sulfides: 

CH 3 

The composition of the mixture of cyclic sulfides permits us to consider [58] that they are 
formed in the cyclization of the corresponding thiols and not by the direct cyclization of 
crotyl phenyl sulfide. A considerable influence on the nature of the transformations of 
crotyl phenyl sulfide is exerted by the acidity of the catalyst used. Thus, in the presence 
of A1203 it mostly isomerizes to but-l-enyl phenyl sulfide. With an increase in the acidity 
of the catalyst [58], in the first place the competing process of the cleavage of the ini- 
tial sulfide to thiophenol is intensified and, in the second place, the composition of the 
cyclization products changes. The 4-methylthiochromane disappears and 2-ethyl-2,3-dihydro- 
benzothiophene and 2-methylthiochromane are formed in almost equal amounts (in experiments 
on A1203, 2-ethyl-2,3-dihydrobenzothiophene predominates). 

On the basis of an investigation of the composition of the reaction products and of the 
stagewise nature of the process, the following scheme has been put forward for the transfor- 
mations of 8-methylallyl phenyl sulfide on Al20s and on Al20s promoted with HCI [59] 

+ ~c"N 3 cM~ 

The yield of 2,2-dimethyl-2,3-dihydrobenzothiophene in the experiments with A1203 reach- 
es 57% with a selectivity of the process of 75%, which permits this method to be used as a 
preparative one [60]. The yield of the same compound obtained on heating 8-methylallyl phenyl 
sulfide in quinoline [15] does not exceed 31%. 
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Thus, literature information on the thio-Claisen rearrangement of allylaryl (heteryl) 
sulfides shows that itsproducts are the corresponding allylarylthiols or allylheterylthiols 
which, under the reaction conditions, can be converted into sulfur-containing heterocyclic 
compounds. A variation of the conditions of the reaction, and also of the structure of the 
initial sulfides, permits cyclic sulfides to be obtained with high yield and high selectivity 
in a number of cases. 
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