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The substant ia l  growth of the number  of invest igations in the field of the chemis t ry  of organosulfur  
compounds obse rved  in recent  y e a r s ,  in pa r t i cu l a r ,  for  condensed h e t e r o a r o m a t i c  sy s t ems  including a 
thiophene ring, has been due to a substant ia l  degree  to an expansion of the sca les  of util ization of sulfur  
and h igh-su l fur  pe t ro leums  in the oil ref ining industry.  One of the compounds of the indicated type, benzo-  
[b]-thiophene, is an important  in te rmedia te  product  in the industry of thioindigoid dyes [2], complex- fo rming  
compounds [3], and in organic synthes is .  The syntheses  of benzothiophene desc r ibed  in the l i t e ra tu re  
chiefly include vapor  phase  cata lyt ic  convers ion  of ethylbenzene or s ty rene  and a sulfur  donor (H2S, SO2, S) 
over  dehydrogenation ca ta lys t s  [4-9]. Close to these a re  a number  of other  studies on the catalyt ic  syn the-  
s is  of benzothiophene [10-13]. Another compound of a s i m i l a r  type is thieno-[3,2-b]- thiophene.  The 
methods of production both of unsubsti tuted thieno-[3,2-b]- thiophene by in t r amolecu la r  cycl izat ion of e s t e r s  
of ( 2 - f o r m y l - 3 - t h i e n y l m e r c a p t o ) - a c e t i c  acid [14], and of a lkyl -subs t i tu ted  thieno-[3,2-b]- thiophene by the 
cycl izat ion of ace tonylmercapto th iophenes  [14, 15] or  a lkyl -subs t i tu ted  e s t e r s  of (2 - fo rmyl -  or  2 - a c e t y l - 3 -  
th i eny lmercap to ) -ace t i c  acid [16, 17], which we descr ibed ,  as well as o the rs ,  known f rom the l i t e ra tu re  
(see,  for  example ,  [18]), while permi t t ing  the production of products  in pure fo rm and with an acceptable  
yield,  usually include s eve ra l  s teps .  Insofar  as we know, up to the p resen t  t ime there  have been no data on 
a catalyt ic  method of producing thieno-[3,2-b]- thiophene.  

In connection with the development  of invest igations in the field of condensed he t e roa roma t i c  sy s t ems  
in our l abora to ry ,  we were  in te res ted  in invest igat ing reac t ions  of ethyl benzene and s ty rene ,  as well  as 
2-ethyl thiophene,  with SO 2 and H2S in the p re sence  of ca ta lys ts  of the type of AI203, Fe/Al203, Fe203/A1203, 
and Cr203/A1203 at a tmosphe r i c  p r e s s u r e  and var ious  t empe ra tu r e s  for  the production of benzothiophene 
and thieno-[3,2-b]- thiophene. '  Let us note that only a l imited number  of data have been cited in the l i t e r a -  
ture  [5, 8], per ta in ing to the in teract ion of ethylbenzene with SO2, and there  a re  no data at all on the i n t e r -  
action of 2-ethylthiophene with SO 2. 

E X P E R I M E N T A L  M E T H O D  

Ethylbenzene and s ty rene  were  p re l imina r i l y  red is t i l led ,  ch romatograph ica l ly  pure ,  bp 136 and 146 ~ 
n~  1.4960 and 1.5465, respec t ive ly ;  2-ethylthiophene was produced by reducing 2-acetothienone,  bp 133- 
134 ~ n~  1.5128; SO 2 was f rom a cyl inder  (pre l iminar i ly  pas sed  through conc. H2SO4); H2S was f rom a Kipp 
appara tus  (Fe2S , 1770 HCI), p re l imina r i ly  passed  through Tishchenko bot t les  with water .  The velocity of 
SO 2 was m e a s u r e d  with a rheome te r .  

A l abora to ry  f low-type catalyt ic  appara tus  with automatic  de l ivery  of the substances  with a syr inge ,  
connected to an e lec t r i c  mo to r ,  was used. The r e a c t o r  was a quartz  tube (inner d i ame te r  20 ram,  length 
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1000 mm). The apparent volume of the catalyst  in the reac to r  was 100 ml. Catalyst:  1) A1203; 2) 6 mole 
% Fe2OJ94 mole % Al203; 3) Fe/Al203 (prepared by reducing Fe2OJAl203 in a s t ream of H 2 at 550-600~ 
4) 6 mole % Cr203/94 mole % A1203. Catalysts 2-4 were  prepared  by impregnating A1203 with an aqueous 
solution of f e r r i c  or chromium nitrate,  followed by drying and calcination at 500 ~ for  6 h. 

In the experiment we took 10 g of 2-ethylthiophene, ethylbenzene, or s tyrene.  The products of ca ta -  
lysis were collected in a cooled t rap and analyzed by the method of g a s - l i q u i d  chromatography on an 
LKhM-7A chromatograph of the Special Design Office of the Institute of Organic Chemist ry  of the Academy 
of Sciences of the USSR with p rogramming  of the tempera ture  from 75 to 220 ~ at a rate of tempera ture  
change of 15 deg/min.  Stainless steel columns (length 190 ram, inner diameter  3 mm),  filled with ch romo-  
so rb -W 80/100, impregnated with polyethylene glycol adipate (10%) were used; the c a r r i e r  gas was helium, 
velocity 20 ml /min .  Benzene, toluene, ethylbenzene, s tyrene ,  phenylaeetylene, acetophenone, and benzo-  
thiophene were  used as s tandard substances for determining the composition of the reaction products in 
the case of the use of ethylbenzene and s tyrene;  the s tandards were thiophene, 2-methylthiophene,  2-e thyl -  
thiophene, 2 -vinylthiophene, 2-acetothienone,  thieno-[2,3-b]-thiophene,  and thieno-[3,2-b]-thiophene when 
2-ethylthiophene was used. The specific surface of the catalyst  was determined by the method of gas 
- l iqu id  chromatography [19] according to the change in the volume of retention of toluene as a function of 
the surface of the catalyst .  A weighed sample of the catalyst  (0.3-1 g) with grain size 0.25-0.5 mm was 
loaded into a stainless steel tube (length 20 mm, inner d iameter  3 ram), which served  as the ch romato -  
graphic column. Tempera tu re  40 ~ c a r r i e r  gas helium, velocity 40 ml /min ,  amount of toluene introduced 
0.7 mg. 

The react ion products obtained with various catalysts  were t reated by the same method. The data 
on the t reatment  of the catalyzate obtained by passing a mixture of ethylbenzene (volume velocity 0.1 h -1) 
and SO s (in a 4 : 1 mola r  ratio) over Fe2OJAI203 at 550 ~ and a tmospher ic  p res su re  can serve  as an example. 
F rom 100 ml (86.7 g) ethylbenzene we obtained 88 ml of the organic portion of the catalyzate,  which, after 
washing with water ,  a 10% solution of NaOH, and water ,  was dried for 24 h over KOH. The dried catalyzate 
(84 ml, 76 g), according to the data of g a s - l i q u i d  chromatography,  had the following composition: 12.5% 
benzothiophene, 33% s tyrene ,  47.1% ethylbenzene, 0.7% acetophenone, 1% benzene and toluene, and 5.7% con-  
densation products.  When it was redist i l led under vacuum, the following fractions were obtained: I) 57-90 ~ 
(65 mm), 61.2 g; II) 90-136 ~ (65 ram), 10.5 g; III) residue,  4.3 g. Fract ion II was redist i l led on a fractional 
distillation column with an efficiency of 30 theoretical  p l a t e s a t  12 ram. The following fractions were ob- 
tained: I) up to 80 ~ 0.3 g; II) 80-92 ~ 0.5 g; III) 92-110 ~ , 9 g; IV) residue,  0.7 g. Fract ion H consisted 
pr imar i ly  of acetophenone with an impurity of benzothiophene, while fraction III consisted of benzothiophene 
with a small  impurity of acetophenone. The benzothiophene obtained (~ 95% purity) was subjected to r e -  
peated sublimation under vacuum at 0.5-1 mm. After this, the purity of benzothiophene was 99% (mp 32~ 
To confirm the data of g a s - l i q u i d  chromatography on the presence  of acetophenone from the fraction 8 0 -  
92 ~ (12 ram), we produced the semicarbazone  with mp 196-198 ~ (after recrys ta l i iza t ion  from 50% alcohol). 
A mixed sample with known acetophenone semicarbazune  gave no depression of the melting point. 

The residues remaining after  redist i l lat ion of the organic portion of the catalyzate were extracted 
with alcohol to isolate 2,5-diphenylthiophene, which, as was shown in [9], is formed under analogo~.ls condi-  
tions in the interaction of acetophenone with H2S. After recrys ta l l iza t ion  of the isolated crystal l ine prod-  
uct f rom n-heptane,  benzene, and acetone, we obtained 2,5-diphenylthiophene with mp 149-150 ~ According 
to the data of [9]: mp 149.2-149.7 ~ 

The catalyzates obtained in the interaction of 100 g 2-ethylthiophene with SO 2 over Cr203/A1203 (rate 
of delivery of 2-ethylthiophene 0.2 h -t ,  ratio of 2-ethylthiophene :SO 2 = 4 : 1, t empera ture f l50  ~ were t reated 
analogously. When 75.7 g of the washed and dried catalyzate,  containing, according to the data of gas 
- liquid chromatography,  5.3% thiophene, 3.1% 2-methylthiophene, 51.2 % 2-ethylthiophene, 28.5% 2-vinyl-  
thiophene, 2.7% 2-acetothiophene,  and 9.2% thieno-[3,2-b]-thiophene,  was redist i l led,  the following fractions 
were obtained: I) 40-105 ~ (60 mm),  63.9 g; II) 95-130 ~ (15 ram), 6.6 g; III) residue,  3 g. The catalyst  was 
regenera ted  in a s t r eam of air  at 700 ~ for  6 h, then activated by passing through SO 2 (400 ~ 1 h), and f r a c -  
tion I was subjected to repeated catalysis .  After t reatment  and redisti l lat ion of the catalyzate,  the follow- 
ing fractions were obtained: I) 47.3 g 40-105 ~ (60 mm); II) 4.2 g 95-130 ~ (15 ram); III) 2 g residue.  The 
second fract ions were combined, and 10.5 g of the product was redist i t led on a column; a thienothiophene 
fraction with bp 98-110 ~ (15 ram), 9.5 g, was isolated in this case ,  with a content of thieno-[3,2-b]-thiophene 
fluctuating from 75 to 90% in different experiments .  Thieno-[3,2-b]-thiophene was purified by the method 
of zone melting. Found: C 51.29, 51.39; H 2.63, 2.75; S 45.56, 45.87%. CGH4S 2. Calculated: C 51.40; H 
2.87; S 45.75%. 
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TABLE I. 

and Styrene with SO2 and H2S 

Ratio of ~ Composition, % Yield of 
, o ~  ~ ~,~  

hydro- ~ ~ ~[ ~ I " Ibenzothio- 
Init ialhy- c a r b o n t o ~ [  ~ ~ o o [:~ [phene,%of 
drocarbon IS02or - ~ : ~  ~ = ' ~ ~ o ~[ ~o[hydrocarbon' 

H~S M ~ ' ~ [  ~I~ = o ~ o = ~[passed  
o ~ o ~ ~ ~ t h r o u g h  

Composition of the Reaction Products of Ethylbenzene 

8,4 i 

5t.0] 

34,6] 

26,3] 

42,i] 

32,41 

4t ,41 

- -  0,6 0,6 

2,6 16,3 15,5 

- -  18,2 14,5 

- -  i3,8 t3,1 

0,2 t0,0 9,0 

--  21,8 t7,5 

- -  5,t 4,6 

2h-1o 

Ethylbenzenel SO~4 ~ 99 -- 9i,6 

Ethylbenzene[ SO~ 95 3,9 26,2 
1 : 4  

Styrene SO2 80 i3,0 34,2 
t : 4  

Styrene H~S 95 t2,3 47,6 
E x c e s s  

Ethylbenzene S02 90 5,0 42,7 

" Styrene () 80 9,6 36,2 

Styrene H~S 90 6,5 47,0 
Excess 

Note: Temperature 500~ volume velocity 0. 

Catalyst 

Cr~Os]AI203 

Cr~Os/Al~Oa 

Cr203/A1203 

A1203 

AI20~ 

A1203 

T A B L E  2. C o m p o s i t i o n  of the  R e a c t i o n  P r o d u c t s  of E t h y l b e n z e n e  and  

SO 2 o v e r  C r 2 % / A 1 2 %  at 4 0 0 - 5 5 0  ~ 

IRatio of ] ' ~ A  Composition, %* T ~  ] ~ -}'ield of benzothiophene, 
1o 0 i L  ~ 

o i li [ e t h y l b e n ~ -  I ; .~ .~ ] . ~  = %ofethylbenzene 

T.~ zene t O ~ o ~ l  = =v ~ ; 
' ~ o  e ~ o = ] o , ~  1~ passed deColTlposed 

"= "= '~ ~ ~ Ithr~ 

i :1 45 
4 : 1  90 
2 : t  95 
i : l  95 
6:1  97 
4 : t 95 
2 :1  90 
t : t  85 
4: t 80 

4,6 4,6 
0,8 t,3 
t,2 0,4 
1,9 i,2 
0,8 0,8 
2,4 i,5 

47,7 
27,3 
13,2 
21,0 
35,4 
27,2 

30,9 2,7 8,6 
56,9 4,3 6,6 
60,6 3,7 9,9 
58,4 1,2 9,9 
52,5 1,0 9,5 
5t,0 1,6 t6,3 
59,7 t , t  23,4 
64,0 0,6 27,0 
56,0 2i,2 
59,8 37,3 

,400 
450 
450 
450 
500 
500 
500 i,6 i ,0 

0,9 0,7 
0,5 0,2 

13,2 
6,8 

20,5 
500 
550 
550 2 : i  75 -- 

0 , 9  - -  
2,8 

t l  ,0 
6,4 22 
- -  15 

27 
40 
54 

- -  40 
- -  7 3  

79 3,9 4,9 
74 5,9 8,0 
90 7,3 8,t 
86 7,3 8,5 
71 7,8 t{,0 
82 1t,3 t3,8 
93 12,4 13,3 
97 t3,5 t3,9 
90 10,1 t t ,2  

t00 t0,t  10,t 

* Without considering condensation products. 
TEstablished by the method of gas-liquid chromatography with an accuracy of + 5%. 

DISCUSSION OF RESULTS 

The data that we obtained in experiments on the reaction of ethylbenzene and styrene with SO 2 and 

H2S over AI203 and Cr203/A1203, as well as in the absence of the catalyst (by passing the reagents through 
a tube filled with quartz fragments) at 500 ~ and a volume velocity of 0.2 h -i, are evidence that the yield of 

benzothiophene is greater when styrene is used than in the case of ethylbenzene (Table I). Moreover, the 

formation of benzene and toluene evidently occurs chiefly after the stage of transformation of ethylbenzene 

to styrene, since in experiments with the latter their amount in the catalyzates increases 2-3-fold. The 

use of chromium oxide is not necessary in this case, since the reaction proceeds almost in the same way 

on aluminum oxide alone. When styrene and H2S are used, the addition of chromium oxide leads to a 3-fold 

increase in the yield of benzothiophene. Since acetophenone was not detected in the reaction products of 
styrene with H2S , while in the reaction of styrene with SO 2 only traces of it are observed, it may be assumed 

that this ketone is formed directly in the interaction of ethylbenzene and SO2: in this case its yield reaches 

3%. 

The data on an investigation of the conversion of ethylbenzene and SO 2 at various ratios of the re- 

agents and temperatures over Cr203/AI203 (Table 2 and Fig. I) permit us to draw the following conclusions: 
the  b e n z o t h i o p h e n e  c o n t e n t  v a r i e s  p a r a l l e l  wi th  the  s t y r e n e  c o n t e n t  in  the  o r g a n i c  p o r t i o n  of the  c a t a l y z a t e ,  
i n c r e a s i n g  wi th  i n c r e a s i n g  t e m p e r a t u r e  and  r a t i o  of SO 2 and  e t h y l b e n z e n e ;  h o w e v e r ,  i n c r e a s i n g  the  m o l e  
r a t i o  of SO 2 to e t h y l b e n z e n e  a b o v e  1 : 4 l e a d s  to a r a p i d  i n c r e a s e  in  the  c o n t e n t  of c o n d e n s a t i o n  p r o d u c t s .  At 
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F ig .  1. Dependence  of the content  of benzoth iophene  (1), s t y r e n e  (2), 
and condensa t ion  p roduc t s  (3) on the ra t io  of e thyibenzene  to SO 2 
(Cr203/A1203, 500 ~ v = 0.2 h- l ) .  

F ig .  2. Content in the ca t a lyza t e  of benzoth iophene ,  p roduced  by the 
r eac t i on  of e thy lbenzene  and SO 2, as a funct ion of the t e m p e r a t u r e .  

a t e m p e r a t u r e  of 500-550 ~ the y ie ld  of benzoth iophene  va r i e s  l i t t le  with changing ra t ios  of SO 2 and e thy l -  
benzene .  The  conve r s ion  i n c r e a s e s  with i n c r e a s i n g  t e m p e r a t u r e  and re l a t ive  content  of SO 2 in the mix tu re  
p a s s e d  through.  When Fe/AI203 and Fe2OJA1203 w e r e  used as the c a t a l y s t s ,  the s a m e  p roduc t s  of ca t a lys i s  
w e r e  obtained.  The  d i f f e rence  in the behav io r  of these  ca t a lys t s  l ies  in the fact  that  in the p r e s e n c e  of 
Fe/A1203, the y ie ld  of the ca t a lyza t e  and, c o r r e s p o n d i n g l y ,  of benzoth iophene  is reduced ;  Fe2OJAI203 b e -  
haves  ana logous ly  to Cr2OJAI203  in this p r o c e s s .  

F igu re  2 g raph ica l ly  depicts  the change in the content  of benzoth iophene  as a funct ion of the t e m p e r a -  
lu re  of the r e a c t i o n  of e thylbenzene  (volume ve loc i ty  0.2 h -t) and SO 2 over  F e / A I 2 0  a (rat io of SOz to e thy l -  
benzene  1 : 2); The  fo rma t ion  of benzoth iophene  b e c o m e s  apprec iab le  above 250 ~ and when the t e m p e r a t u r e  
is r a i s e d  to 550 ~ an i n c r e a s e  in the content  of benzoth iophene  in the ea t a lyza te  is obse rved .  In this ease  
the re  is a lso a p ropor t i ona l  i n c r e a s e  in the s t y r e n e  content  in the ca t a lyza t e  as well .  

The  data  that we obta ined on the inf luence of the change in the spec i f i c  s u r f a c e  of the ca ta lys t ,  with 
the conve r s ion  of e thylbenzene  to s t y r e n e  and benzoth iophene  as an example  (e thylbenzene : SO 2 = 4 : 1 ,  500 ~ 
V = 0.2 h -1, Cr2OJAl203)  a r e  ev idence  that the y ie ld  of the ca t a lyza te  i n c r e a s e s  r e g u l a r l y  with d e c r e a s i n g  
spec i f i c  s u r f a c e ,  while the content  of s t y r e n e  and benzoth iophene  r e a c h e s  a m a x i m u m  under  these cond i -  
t ions at a spec i f i c  s u r f a c e  of the ca t a lys t  equal to ~ 1 2 0  m2/g.  It is advisab le  to r e g e n e r a t e  the ca ta lys t  
a f te r  6 h of work .  Longe r  work  of the ca t a ly s t  leads  to a f u r t h e r  d e c r e a s e  in the spec i f i c  s u r f a c e  of the 
ca t a ly s t  and a r educ t ion  of the y ie ld  of benzoth iophene  (Figs .  3 and 4). 2 -Ethy l th iophene  in t e rac t s  with SO 2 
in the p r e s e n c e  of C r 2 O J A I 2 0  a and Fe2OffAl203 ana logous ly  to e thy lbenzene ,  f o r m i n g  t h i e n o - [ 3 , 2 - b ] - t h i o -  
phene in~tead of benzoth iophene .  

Both the i n t e r m e d i a t e  and the s ide  p roduc t s  of the conve r s ion  of e thy lbenzene  and2-e thy l th iophene  a r e  
analogous:  in the ease  of e thy lbenzene ,  chief ly benzene ,  to luene ,  s t y r e n e ,  ace tophenone ,  and benzoth iophene  

T A B L E  3. Compos i t ion  of the Reac t ion  P r o d u c t s  of 2 -E thy l th iophene  
with SO 2 o v e r  Cr203/A1203 

U ~ N  
o ~2~ bl 

300 
350 
400 
450 
500 
550 
600 

70 
70 
80 
75 
80 
95 
98 

Composition, % 

j tl I " o  , o  : ~ 
,.~ 0 ~ = ~  ~ ~ o  - , ~  = 

83,9 4,0 
80.,4 9,5 
46,4 34,1 
51,2 26,5 
50,2 29,5 
45,2 29,6 
39,0 20,0 

0,8 2,4 
5,8 2,7 
2,3 7,2 
2,7 tt,2 
0,9 6,3 
1,0 6,9 
0,5 4,0 

t4,0 
35,7 

] Yield of thieno- 
~'- I [3,2-b]-thiophene, % 

I of 2-ethylthiophene 

I passed decom- 
I through posed 

O I 

8,9 
1 , 2  07  
5,i 4,9 
5,3 3,t 
2,5 t ,6 
2,t t ,2 
0,5 0,3 

39,6 t,7 
33,7 t ,9 
42,9 3,5 
62,0 8,4 
60,0 5,0 
57,0 5,5 
61,0 3,9 

4,3 
5,7 

12,9 
i3,5 
8,3 
9,6 
6,4 
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Fig. 3. Change in the specific surface of a Cr203/AI203 catalyst  as a 
function of the time of work of the catalyst .  

Fig. 4. Change in the content of s tyrene (1) and benzothiophene (2) and 
yield of the catalyzate (3) as a function of the time of work of the ca ta -  
lyst (Cr203/A1203, ethylbenzene : SO 2 -~ 4 : 1, v = 0.2 h-l). 

are  formed,  while in the case of 2-ethylthiophene, the main products are  thiophene, 2-methylthiophene, 
2-vinylthiophene, 2-acetothienone,  and thieno-[3,2-b]-thiophene.  We should mention that the reaction 
products of 2-ethylthiophene with SO 2 do not contain the second i somer  of thienothiophene - thieno-[2,3-b]-  
thiophene. Together  with the analogy in the behavior of ethylbenzene and 2-ethylthiophene in the in ter -  
action with SO 2 over oxide catalysts ,  a substantial difference is also manifested.  The data cited in Table 
3 show that when the tempera ture  is ra ised above 450 ~ the content in the catalyzate of substances to be 
subjected to chromatographic  analysis - thiophene, 2-methylthiophene, 2-ethylthiophene, 2-vinylthiophene, 
2-acetothienone,  and thieno-[3,2-b]-thiophene - begins to decrease  and reaches a minimum at a t empera -  
ture of 600 ~ (the yield of the catalyzate in this case reaches  a maximum). The maximum yield of thieno- 
[3,2-b]-thiophene is reached at a tempera ture  of 450 ~ and that of benzothiophene at 500 ~ 

C O N C L U S I O N S  

1. The conversions of ethylbenzene, s tyrene ,  and 2-ethylthiophene in the s t ream of sulfur dioxide 
and hydrogen sulfide over  aluminum oxide, a luminochromium and aluminoiron oxides, and metall ic  ca ta -  
lysts  were investigated in the tempera ture  range 200-600 ~ . 

2. 2-Ethylthiophene is converted to thieno-[3,2-b]-thiophene in the reaction with H2S over alumino- 
chromium and aluminoiron oxide catalysts ,  analogously to the conversion of ethylbenzene to benzothiophene. 

3. Within the limits of the investigated conditions, the yields of thieno-[3,2-b]-thiophene and benzo-  
thiophene reach 13.5 and 13.9%, respect ively ,  at 450 and 500 ~ on the basis  of the reacted 2-ethylthiophene 
or ethylbenzene. 
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