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The review is devoted to the authors' research on the synthesis and study of the reactivities 
of selenides of the thiophene series, and, to a lesser extent, of selenides of the furan and sele- 
nophene series. The properties of the indicated compounds- their capacity for reaetion with 
electrophilic agents and organolithium compounds- and their spectral characteristics are ex- 
amined in order to compare them with the properties of the corresponding sulfides and alkoxy 
derivatives. 

Interest in aromatic and heteroaromatic derivatives bearing a sulfide function as one of the substitu- 
ents as potential physiologically active and complexing compounds, as various types of additives, etc., has 
grown in recent years. One of the directions of the chemistry of such sulfides includes the field of sulfides 
of the thiophene series, In the light of the data obtained in the course of the development of this field, it was 
of interest to study the methods used to prepare alkyl thienyl selenides and their chemical behaviorandphys- 
ical properties. In fact, it seemed possible, by carrying out this sort of study with the idea of comparing 
them with the corresponding sulfides, to detect not only the similar characteristics that are a consequence 
of the affiliation of sulfur and selenium with the same group but also the differences caused by the differ- 
ences in their atomic radii and electronegativities. In this connection, it is necessary to note that we find 
ourselves only at the very beginning of research in this division of thiophene chemistry, since it has appar- 
ently been reflected only in the studies undertaken in our laboratory [1-13]. 

S y n t h e s i s  o f  S e l e n i d e s  o f  t h e  T h i o p h e n e ,  F u r a n ,  

a n d  S e l e n o p h e n e  S e r i e s  

We have developed a method fo r  the introduction of a selenide function into thiophene, furan, and se le-  
nophene. The method consis ts  in the react ion of the appropr ia te  he terocycl ic  compound with a metal lat ing 
agent (n-C4HgLi) , e l emen ta ry  selenium, and a halogen-containing compound ( an alkyl halide or a haloacetate 
es ter)  [1, 9]. 

R / ~ X 7  ~ R f ~ , ~ S e R  ' 

X=O, S, Se; R=If. AIk; R'=AIg 

A number  of fi-(alkylseleno)thiophenes [6] were  obtained by the action of n-CtHgLi, selenium, and aN 
alkyl halide on 3 -b romo-  and 3,4-dibromothiophene (or by the action of a dialkyl selenide on 3-thienyll i th-  
ium). 

R : H. Br; R '  Alk 

N. D. Zelinskii  Institute of Organic Chemis t ry ,  Academy of Sciences of the USSR, Moscow. T r a n s -  
lated f r om Khimiya Geterots ikl icheskikh Soedinenii, No. 6, pp, 723-737, June, 1972. Original a r t ic le  sub- 
mit ted June 29, 1971. 

�9 Consultants Bureau, a division of  Plenum Publishing Corporation, 227 ff'est 17th Street, New York, "v'. Y. lO01I. 
No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any .form or by any means, 
electronic, mechanical, photocopying, microfilming, recording or otherwise, without written permission of the publisher. .l 
copy of this article is available from the publisher for $]J.O0. 

655 



The corresponding 2-a lkylmercapto-5-a lkylse leno  der ivat ives  [9, 10] a r e  s imi la r ly  obtained by the 
action of the above-indicated reagents  on 2-a lkylmercaptofurans  or  2-alkylmercaptothiophenes.  

x=O, S; R=AIk 

In 1966, Niwa and co-worker s  [14] synthesized severa l  selenides of the furan se r i e s  using a method 
s imi la r  to our  previously  descr ibed  method [1] with the only difference being that phenylli thium was used 
as the metallat ing agent. 

Within the plan of the formulated problem, it seemed expedient to investigate some react ions  of the 
selenides of the thiophene se r i e s  in compar ison with the analogous previously  descr ibed  t ransformat ions  of 
the corresponding sulfides in the case  of nucleophilie and electrophi l ic  substitution react ions .  

A c t i o n  o f  n - B u t y l l i t h i u m  on  A l k y l  H e t a r y l  S e l e n i d e s  

The capacity of thiophene fo r  metal lat ion in the (~ position by the action of n-C4HgLi [15] has opened 
up broad possibi l i t ies  fo r  the synthesis  of d iverse  thiophene der ivat ives .  In this connection, it seemed of 
in teres t  to expand the number  of fac ts  that per ta in  to the problem of the effect  of the nature  and position of 
substi tuents in the  thiophene r ing on the specif ici ty of the metal lat ion p rocess .  It is known that both thio- 
phene i tself  [15] and 2-alkyl-  [16-19], 2-methoxy-  [19, 20], and 2-alkylmercaptothiophenes [17] a re  meta l -  
lated in the f ree  o~ position by butyllithium. We found that a metal lat ion of 2-methylmercaptoselenophene 
also proceeds  s imilar ly .  

Proceeding f rom the considerat ions of the fo rmal  analogy between 2-a lky lmercap to-  and 2-alkylseleno-  
thiophenes, it might have been expected that 2-alkylselenothiophene would also reac t  s imilarlywithn-C~H9Li.  
However, as we observed in [2, 3], 2-alkylselenothiophenes reac t  completely different ly with n-C4HgLi: un- 
der  comparable  conditions, the alkylseleno group is displaced, and 2-thienyll i thium and a dialkyl selenide 
a re  formed.  Selenides of the furan and selenophene s e r i e s  behave s imilar ly;  the corresponding carboxylic  
acids a re  fo rmed  in high yields as  a resu l t  of metal la t ion and carbonat ion [2, 3, 12]. 

I"n'C4tlgLi ~ + C H~SeC, H3 
R/~X -/\SeCH 3 2. CO 2 R ~ X  COOH 

X-O, S, Se; R~H. Alk 

When two equivalents of n-C4H~Li reac t  with 2-alkylselenothiophenes,  the metal  enters  both ~ posi -  
tions, owing to which thiophene-2,5-dicarboxyl ic  acids a re  obtained when the products  a re  carbonated [2]. 

The alkylseleno group is also displaced in other  cases ,  fo r  example,  in the react ion of n-C4HgLi with 
2-methylmercapto-5-methylse lenoth iophene  to f o rm  5-methylmercapto-2- th ienyl l i th ium [3]. The specif ici ty  
of the action of n-C4HgLi on the alkylseleno group is also confi rmed by the fact  that the react ion of one equiv- 
alent of n-C4H~Li with an equimolar  mixture  of 2-methylmereaptothiophene and 2-methylselenothiophene and 
subsequent carbonat iongives th iophene-2-carboxyl ic  acid (in yields above 66%) and methyl butyl selenide, 
and the s tar t ing 2-methylmereaptothiophene is r ecove red  unchanged [5]. It is interest ing to note that the 
displacement  of the alkylseleno group occurs  even at -70~ while unsubstituted thiophene is not metal la ted 
under  these conditions. 

In o rde r  to compare  the behavior  of a romat ic  and he te roaromat ic  alkyl selenides under the conditions 
of metal lat ion with butyllithium, we studied the behavior  of selenoanisole toward the la t te r  under  s imi la r  
conditions. We found that the alkylseleno group is not cleaved under mild conditions [12]. We note, however,  
that the C6Hs-Se bond in selenoanisole [21] and also in diphenyl selenide [22] is never the less  cleaved, a l -  
though to a l e s s e r  degree,  under more  severe  conditions. The cleavage of the C - S  bond in alkyl phenyl sul- 
fides in the react ion with n-C4H~Li in refluxing e ther  has also been repor ted  [21, 23]. 

It is known that when both ~ posit ions of the thiophene ring a re  blocked, the metal lat ion depends on the 
nature of the substituents.  Fo r  example,  2,5-dimethylthiophene is not metal lated,  but 5 -methoxy-2-methy l -  
thiophene reac ts  with n-C4HoLi to give a 3-1ithio der ivat ive in 50% yield [20]. Similarly,  anisole is meta l -  
lated in the ortho position [22, 24, 25]. 5-1VIethylmercapto-2-methylthiophene is s imi la r ly  metallated,  a l -  
though the yield is low [17]. We reca l l  here  that thioanisole is metal la ted in the side chain [21, 26]. In con-  
t r a s t  to this, as should have been expected on the basis  of the data p resen ted  above, 5 -methy l se leno-2-meth-  
ylthiophene behaves d i f f e r e n t l y -  in this case,  the methylseleno group is eliminated, and a l i thium atom en-  
t e r s  the ~ position of the thiophene ring [3]. 
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The indicated observations take on even greater significance when it is considered that the hydrogen 
in the free (~ position of the thiophene ring is substituted rather than the chlorine atom in the attack of 2- 
chlorothiophene by butyllithium [27]; however, when the second ~ position is occupied by an activating sul- 
fide function, the lability of the chlorine atom increases sharply. In fact, the action of n-C4HgLi on 5-chloro- 
2-methylmercaptothiophene and subsequent carbonation give 5-methylmercaptothiophene-2-carboxylic aeid 
in 70~ yield [3]. Inthis connection, it was of interestto study the action of n-CtHgLi on 5-bromo-2-methyl- 
selenothiophene. As might have been supposed, the bromine atom is replaced in the reaction of one equiv- 
alent of n-C41-IgLi to give 5-methylselenothiophene-2-carboxylic acid in 68~ yield, while thiophene-2,5-di- 
carboxylic acid is obtained in yields up to 93~0 as a result of the action of two equivalents of n-C4HgLi and 
subsequent carbonation [3]. 

Thus it may be noted that the substituents in the c~ positions of the thiophene ring can be arranged in 
the following order with respect to the ease of exchange by lithium on reaction with n-C4HgLi: Br >SeR>II > 
C1 > ... SR. The presence of an SR group in this series is arbitrary, since in practice it cannot be displaced 
in the indicated manner. 

Of considerable interest in connection with what has been stated above is the fact that the C-Se bond 
is cleaved with retention of a bromine atom in the molecule, even at -70 ~ if there is a bromine atom in the 
fl position of 2,5-disubstituted thiophenes [5]. We note that, in the absence of a selenide function, a bromine 
atom in the fi position of the thiophene ring is readily exchanged by a lithium atom (for example, see [28]). 

The sharp difference in the behavior of 2-alkylselenothiophenes and the corresponding sulfides and 
alkoxy derivatives of the thiophene series with respect to n-CtHgLi compelled us to investigate the behavior 
of 3-alkylselenothiophenes in this direction. The observations made in the process should have provided 
material for the elucidation of both the mechanism of the action of n-C4HgLi on the selenides of the thiophene 
series and the orienting effect of the alkylseleno group. 

The representation of the mechanism of the metallation of heteroaromatic compounds and aromatic 
compounds with functional groups containing a heteroatom, which includes as a primary act coordination of 
the metallating agent through the unshared pair of electrons of the heteroatom (for example, see [29-32]) 
with the formation of a cyclic transition state, has been widely propagated. This sort of coordination was 
recently confirmed by the results of PIVIIR spectroscopy [33-35]. The positive charge that develops on the 
donor heteroatom during complexing, thereby raising its inductive effect, causes an increase in the polariza- 
tion of the adjacent C-H bond and thereby facilitates removal of a proton by the incipient carbanion of the 
coordinated metallating agent (coordination also leads to weakening of the metal-carbon bond in the metal- 
fating agent). The importance of the inductive effect of the substituent during the metallation of substituted 
benzenes has been noted by Wittig [36]. The principal factor that determines the position of the lithium atom 
that enters into the metallation is the relative acidity of the ring hydrogen atoms as a consequence of the in- 
fluence of the inductive effect of the substituent [24, 25, 37, 38]. At the same time, the ease of metallation 
of different compounds cannot be associated, as has been sometimes done [39], only with the magnitude of 
the inductive effect of the ring or exocyclic heteroatom with neglect of the effect of its conjugation with the 
~r-electron system of the aromatic or heteroaromatic ring. The data on the competitive metallation of thio- 
phene and furan [40] completely refute the assumption [39] that the metallation of furan will proceed more 
readily than in the case of thiophene because of the high electronegativity of oxygen as compared with sulfur. 
A study of the kinetics of deuterium exchange of furan, thiophene, and selenophene demonstrated that the 
~-deuterium atoms in thiophene and selenophene are exchanged more rapidly (by a factor of 2.5 orders of 
magnitude) than in furan, although the inductive effect of the oxygen is considerably greater than the effects 
for sulfur and selenium. This was explained by the participation of the d orbitals of the sulfur and selenium 
atoms in stabilization of the carbanions of thiophene and selenophene in the transition state [41]. It was also 
noted that the effect of conjugation of the sulfur in the thiophene ring is greater than that of oxygen in furan, 
since the sulfur atom can manifest not only electron-donor properties but also electron-acceptor properties 
because of the presence of vacant d orbitals [42]. At first glance, the data on the competitive metallation of 
dibenzofuran and dibenzothiophene [43, 44] contradict, as it were, what has been set forth above, since the 
former is metallated more readily than the latter. However, the contradiction vanishes if one assumes that 
the hydrogen being replaced in these systems is similar in activity to the fi-hydrogen of a five-membered 
heterocycle rather than the o~-hydrogen, and the inductive effect of the heteroatom rather than the conjuga- 
tion effect may predominate in this case. A similar rationale explains the metallation of phenoxthin [43] in 
the ortho position relative to oxygen. 

The problem of the center of coordination of the metallating agent becomes more complex in those com- 
pounds of the thiophene, furan, and selenophene series that have a heteroatom as a substituent; in this case, 
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coordination may occur at both the ring heteroatom and at the heteroatom of the functional group. The fact 
that metallation of 2-methoxythiophene proceeds in the free ~ position of the thiophene ring [20] has served 
as a basis for the assumption that, in this case, coordination at the ring sulfur atom predominates over co- 
ordination at the oxygen of the methoxy group [45]. The metallation of 2-methylmercaptothiophene proceeds 
similarly- the lithium atom also enters the free ~ position, and the sulfide function has an activating effect 
on the substitution of hydrogen by the metal [17]. 

On the basis of what has been advanced above, the following scheme of the reaction mechanism, which 
includes a f~ve-membered cyclic transition state, can be proposed for the metallation of 2-alkylseleno-sub- 
stituted five-membered heterocycles. 

X=O.S, Se: R ~ k l k  

The elimination of an alkyl selenide function is facilitated by both a high degree of polarization of the 
hetaryl-selenium bond (as compared with the C-If bond) and by the capacity of the selenium atom to dis- 
play not only electron-donor properties but also electron-acceptor properties, which promotes the forma- 
tion of a cyclic transition state. The proposed scheme differs from the mechanism of the elimination of an 
alkyLmercapto group in alkyl phenyl sulfides [23] by the fact that, in the latter case, metallation of the c~- 
carbon atom of the side chain occurs initially, a four-membered cyclic transition state then develops, and 
the C~Hs-S bond is  cleaved.  

Turning now to an examinat ion of the meta l la t ion  of 3-alkylselenothiophenes ,  we note that there  is a 
l imi ted  amount of data on the orienting effect  of subst i tuents  in the 3 posit ion of the thiophene ring. The m e t -  
al lat ion of 3-methyl thiophene and carbonat ion of the product  give 4 -methy l th iophene-2 -ca rboxy l i c  acid (61- 
68%) and 3 -methy l th iophene-2-ca rboxyl ic  acid (19%) [46], while it was p rev ious ly  a s sumed  [29, 47] that the 
meta l la t ion  of 3-methyl thiophene occurs  only in the 5 position. 

The orienting effect  of - I ,  +M subst i tuents  [OCtt3, OC (CII3)3, SCIt3, and SeCII3] is  of pa r t i cu la r  in te r -  
est .  The meta l  en te rs  the 2 posit ion of the thiophene ring in the meta l la t ion  of 3 -methoxy-  [30] and 3 - m e t h -  
y lmercaptoth iophene [48]. In cont ras t  to 3-methylmercapto th iophene ,  the meta l la t ion  of its suifone p roceeds  
in the side chain [48], which a t t e s t s  to the grea t  act ivat ing effect  of the sulfone group as  compared  with the 
sulfur  a tom of the thiophene ring. The introduction of a bulky t e r t -bu toxy  group into the 3 posit ion of the 
thiophene ring does not change the d i rec t ion of metal lat ion:  in this case ,  the l i thium a tom en te r s  the 2 pos i -  
tion [49]. The meta l la t ion is l i t t le sens i t ive  to s te r ic  hindrance caused by a bulky substi tuent in both the 
compound undergoing metal la t ion and in the meta l la t ing agent  i tself  [50]. The ent ry  of a l i thium a tom into 
the 2 posit ion (phenyl is cons idered  to be a weak e l e c t r o n - a c c e p t o r  group) might the re fo re  have been ex-  
pected in the meta l la t ion of 3-phenylthiophene.  However,  in this case,  a mix ture  (~1: 1).of 2 - a n d 5 - i s o m e r s  
is formed,  on the bas i s  of which it was concluded that the or ienta t ion observed  in this case  is not in a g r e e -  
ment  with a protophil ic  m e c h a n i s m  for  the meta l la t ion  reac t ion  [51]. An assumpt ion  was recent ly  stated to 
the effect  that meta l la t ion  can proceed  via a mul t i s tep  mechan i sm including the in te rmedia te  fo rmat ion  of 
radica l  anions, in which the s teps  that de te rmine  the or ienta t ion and ra te  of r emova l  of a r ing hydrogen a re  
separa te  [50]. At the same time, in addition to the above- indica ted  examples  of o -meta l l a t ion  re la t ive  to the 
subst i tuent  and the decis ive role  of the re la t ive  acidi ty of the r.ing hydrogens of the compound undergoing 
metal lat ion,  a conf i rmat ion of the protophil ic  c h a r a c t e r  of the reac t ion  is the exis tence of an isotope effect  
(for example ,  see [52, 53]). In concluding our rev iew of data on the meta l la t ion  of 3-subst i tu ted  thiophenes, 
we note the s tudies of the meta l la t ion  of 2,3-dithienyl (in the 2 and 5 positions) [54], 3-cyanothiophene (in the 
2 position) [55], and 3 ,3 ' -d i th ienyl  sulfide and its sulfone (in the 2 position) [56]. 

If the proposed scheme of the m e c h a n i s m  of meta l la t ion  of 2 -he ta ry l  se lenides  is co r r ec t ,  the ent ry  
of a l i thium a tom into one of the f r ee  ~ posi t ions r a t h e r  than substi tution of an a lkylse leno group might  have 
been expected in the case  of the reac t ion  of n-C4HgLi with 3-alkylselenothiophene.  In fact ,  when one equiv- 
alent  of n-C4ii 9Li r eac t s  with 3-butylselenothiophene under  conditions s i m i l a r  to those in the reac t ion  of 2- 
alkylselenothiophene,  the me ta l  a tom rep laces  an a - h y d r o g e n  a tom of the thiophene ring to give (after c a r -  
bonation) a (butylseleno)thiophenecarboxylic acid [6]. Proceeding f r o m  the fact  that, according to the data 
in [48], 3 -methylmercap to th iophene  is meta l la ted  exc lus ive ly  in the 2 position, it might have been a s su med  
that the acid obtained is 3 -bu ty l se lenoth iophene-2-carboxyl ic  acid. However,  an analys is  of the product  of 
es te r i f i ca t ion  of the acid by gas- l iquid  chromatography  (GLC) demons t ra ted  that it is a mix tu re  of two e s -  
t e r s -  e s t e r s  of 3 -bu ty l se lenoth iophene-2-carboxyl ic  acid (~60%) and 4-bu ty l se leno th iophene-2-carboxyl ic  
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acid (~40%). Calculations on the basis of the data of PMR and IR spectroscopy [8] (analysis of the product 
before esterifieation) led to satisfactorily agreeable results: 71-73% of the 3,2-isomer and 27-29% of the 
4,3-isomer. 

i F J ~  Se R Set ~ s ~ S e R  

'~S / ~cOOH HOOC 

R CH,~, C ttg 

We also  obtained s i m i l a r  r e su l t s  in the meta l la t ion  and ~ubsequent carbonat ion of 3 -methylse lenoth io-  
phene. Consequently,  the fo rma t ion  of two acids  r a t h e r  than one, as in the case  of 3-methoxythiophene [30] 
and 3 -methy lmercap to th iophene  [48] (which r equ i r e s  re f inement  in the light of l a t e r  data), is due chiefly to 
the nature  of the he t e roa tom in the subst i tuent  and of the substi tuent  as a whole and not to the s t e r i c  hin- 
drance  a s soc ia t ed  with the long side chain. 

A s i m i l a r  pa t t e rn  is a l so  obse rved  in the product ion of b i s se len ides  and selenidosulf ides  f r o m  3-buty l -  
selenothiophene by the act ion of n-C4H9Li, selenium, or  sulfur,  respec t ive ly ,  and alkyl hal ides [6]. 

,-~SeC4H 9 /SeC4H 9 /SeC~H~ 

X=S, Se: R=A jk  

It  is n e c e s s a r y  to note that if meta l la t ion  of 3-alkylselenothiophene were  to p roceed  through a s tep in- 
volving the coordinat ion of the meta l la t ing  agent  at the se len ium a tom of the a lkylse leno group, one should 
have obse rved  e i ther  substi tution of the selenide function (via the m e c h a n i s m  proposed  for  the spli t t ing out 
of an e thy lmereap to  group during the reac t ion  of thiophenetole with n-C4H 9 Li and including a f o u r - c e n t e r  
t rans i t ion  s ta te  [23]), or  a l i thium a tom would have entered exclus ive ly  the ~ posit ion adjacent  to the a lkyl -  
seleno group, i .e. ,  the 2 position, through a s i x - m e m b e r e d  t rans i t ion  state: 

Since d i sp lacement  of the a lkylse leno group is not obse rved  in the ease  of 3-a lkylse lenothiophenes ,  and 
l i thium en te r s  not only the 2 posi t ion but a lso  the 5 posit ion, we p r e f e r  a m e c h a n i s m  that includes coordina-  
t ion of the l i thium a tom of the meta l la t ing  agent at the r ing sulfur  a tom ra the r  than at the se lenium a tom of 
the a lkylseleno group. 

Above we have demons t ra t ed  that  displacement--of the a lkylseleno function with re tent ion of b romine  
in the thiophene ring is observed  in the reac t ion  of 4 - b r o m o - 2 - m e t h y l s e l e n o - 5 - m e t h y l t h i o p h e n e  with- n- 
C4HgLi, even a t  - 7 0  ~ It  was  of i n t e r e s t  to follow the d i rec t ion  of the a t t ack  of n-C4ttgLi on 4 - b r o m o - 3 - m e t h -  
ylselenothiophene and to a s c e r t a i n  whether  meta l la t ion  occurs  in one of the f r ee  o~ posi t ions  of the ring, or  
the b romine  a tom is exchanged fo r  a me ta l  a tom, as  in the ease  of 4 - b r o m o - 3 - m e t h y l m e r c a p t o t h i o p h e n e  [18]. 
It  turned out that, in this ease  also,  the act ion of n-C4HgLi is  d i rec ted  to the b romine  a tom,  and ne i ther  the 
hydrogen a tom of the thiophene r ing nor  the a lkylse leno  group a re  involved [6]; this es tabl ished the p r e r e q u i -  
s i t es  fo r  the synthes is  of a new he t e roa rom a t i c  s y s t e m -  selenopheno[2,3-c]thiophene [11]. 

In concluding our  examinat ion  of the meta l la t ion  of alkyl th ienylselenides ,  we note that by the reac t ion  
of 3-bromothiophene  with n-C4I-IgLi and subsequent  act ion of se lenium and methyl  iodide on the resul t ing 3- 
thienyl l i thium we obtained a dif_ficul t- to-separate mix tu re  of 3-methylse lenoth iophene  and 3-butylse lenothio-  
phene (in a ra t io  of 3 : 1) [6]. The fo rma t ion  of the l a t t e r  apparen t ly  occurs  as  a consequence of the a lky ta -  
tion of the l i thium sal t  of th iophene-3-se leno l  with the butyl b romide  fo rmed  during the meta l la t ion  of 3 - b r o -  
mothiophene.  We also obse rved  a s i m i l a r  pa t t e rn  in the product ion of selenopheno[3,2-b]thiophene [4]: when 
3-bromoth iophene  is t r ea t ed  with butyl l i thium and the product  is subjected to the act ion of se lenium and 
methyl  ch loroace ta te ,  3-butylselenothiophene is obtained (in 66% yield) instead of the expected methyl  (3-thi- 
enylse leno)aeeta te .  Gronowitz [48] made s i m i l a r  observa t ions  in the p repa ra t ion  of 3 -me thy lmercap to th io -  
phene. 

Since the elimirtation of an a lkylse leno group can potent ial ly  be used for  the synthes is  of the difficult-  
to -ob ta in  3,4- and 2 ,4 -de r iva t ives  of thiophene and poss ib ly  other  f i v e - m e m b e r e d  he te roeyc les ,  we a t tempted  
to find a different  method fo r  c leaving the h e t a r y l -  se lenium bond, since, in the ease  of a lky l se l eno- subs t i -  
tuted he t e rocyc le s  addit ionally bear ing  functional groups  of the OH, CHO, C OR, etc. types,  a t tack  o f thebu ty l -  
l i thium can be d i rec ted  p r i m a r i l y  to these  groups.  Our f i r s t  a t t empts  [12], for  example ,  reduction with hy- 

659 



drogen in the p resence  of palladium on carbon, the action of lithium metal  in e t h e r - b e n z e n e  solution at room 
tempera tu re  or in refluxing dioxane, did not give the des i red  r e s u l t -  the s tar t ing selenide was recovered ,  
and prac t ica l ly  no elimination occur red .  We detected another  type of cleavage of the C - S e  bond during an 
investigation of the electrophil ic  substitution of 2-alkylselenothiophenes.  

E l e c t r o p h i l i c  S u b s t i t u t i o n  in  t h e  A l k y l  T h i e n y l  

S e l e n i d e  S e r i e s  

Without dwelling on the details  of the effect  of var ious  substituents in the thiophene ring on the speci-  
f ic i ty  of e lectrophi l ic  substitution, which was quite fully ref lected in review [28] and goes beyond the l imits  
of the presen t  paper,  we note that - I ,  - M  substituents in the 2 position, by deactivating the 3 and 5 positions, 
d i rec t  the e lect rophi l ic  substitution to the 4 position. Never theless ,  owing to the effect  of the ring he tero-  
atom, substitution usually occurs  p r imar i l y  in the 5 position; moreover ,  depending on the type of e l ec t ro -  
philic agent, a cer ta in  amount of 4 - i s o m e r  is also formed.  If there  is a - I ,  - M  substituent in the 3 posi-  
tion, the 2 position is deactivated, and substitution occurs  in the 5 position. 

When there  is a weak - I ,  +M substituent in the 2 position of the thiophene ring, the a -or ien t ing  effect  
of the ring sulfur  predominates ,  and substitution occurs  in the 5 position. In the case of s t ronger  - I ,  +M 
substi tuents (OCH3, SCH3) , the 3 position is also strongly activated, and, despite the orienting effect  of the 
ring sulfur atom, substitution proceeds  not only in the 5 position but also in the 3 position of the thiophene 
ring. Thus 2-methoxythiophene is n i t ra ted  and acylated to give a mixture  of 3- and 5 - i somer s  [20]. As we 
have recent ly  demonst ra ted  in our laboratory ,  2-methylmercaptothiophene is s imi la r ly  ni t ra ted [57]. It is 
nec e s sa ry  to note that the nature of the electrophi l ic  reagent  has a pronounced effect  on the i somer  d is t r ibu-  
tion: formyla t ion  [58] and brominat ion with N-bromosuccinimide [20] of 2-methoxythiophene proceed in the 
5 position; 2-methylmercaptothiophene is s imi la r ly  iodinated [19], fo rmyla ted  [59], and acylated [60]. We 
have establ ished that 15% 2-acetothienone and 48% 5-methylmercapto-2-ace to th ienone  [60] a re  fo rmed  in the 
competi t ive acetylat ion of thiophene and 2-methylmercaptothiophene.  This i l lus t ra tes  the activating rote of 
an a lkylmercapto  group in e lectrophi l ic  substitution (see [17]). The formylat ion of 2-e thylmercapto th io-  
phone [61] and 2-(p-methoxyphenylmercapto)thiophene [62] proceeds  s i m i l a r l y -  the formyl  group en ters  the 
5 position of the thiophene ring. 

Deuter ium exchange with acids demonst ra ted  that e lectrophil ic  substitution in 3-methoxythiophene [41] 
and 3-methylmercaptothiophene [63] proceeds  in the 2 position, and in the la t te r  case  the ra te  of substitution 
in the 2 position is four  o rde r s  of magnitude higher than in the 5 position. The formyla t ion  of 3 - e thy lmer -  
captothiophene gives 3-e thylmercapto-2- formyl th iophene  in 82% yield [64]. The methyl  e s t e r s  of (3-thienyl- 
mercap to) -  and (3-thienylseleno)acetic acids a re  a l so  s imi la r ly  formylated,  and we used this fo r  the synthe- 
sis of thieno[3,2-b]thiophene [65] and selenopheno[3,2-b]thiophene [4]. 

In cont ras t  to what occurs  in the case of the react ion with n-C~HgLi , there  is, according to our obser -  
vations, a para l le l i sm in the behavior  of sulfides and selenides of the thiophene se r i e s  in electrophil ic  sub- 
stitution react ions .  When there  is a f ree  a position, as in the corresponding 2-alkylmercaptothiophenes,  the 
fo rmyl  and acetyl  groups enter  this position. A confirmation of this is the fact  that oxidation of f o rm y l  and 
acetyl  der ivat ives  of 2-methylselenothiophene conver ts  them to 5-vaethylselenothiophene-2-carboxyl ic  acid, 
which is identical to the acid obtained by metal la t ion of 5-bromo-2-methylse lenothiophene  with an equimolar  
amount of n-C4HgLi and subsequent carbonation [5]. It is n ece s sa ry  to note that, while 5 -methylse leno-2-  
formylthiophene is formed exclusively in the Vi l smeie r  formylat ion of 2-methylselenothiophene,  acetylat ion 
of the indicated selenide via the F riedel-Crafts reaction (CH3COCI and SnCI4) gives 5-methylseleno-2-aceto- 
thienone containing (according to GLC) up to 15% of an impurity, which is apparently 2-methylseleno-3-ace- 
tothienone [5]. We detected a similar impurity in about the same quantity in the product of the acetylation 
of 2-methylmercaptothiophene. However, in the case of a selenide in which the second ~ position is occu- 
pied by a methyl group, the formyl and acetyl groups predominantly replace a hydrogen atom in the ortho 
position relative to the alkylseleno group, i.e., in the 3 position. The fact of the entry of the acyl group into 
this position is confirmed by the synthesis of the corresponding derivatives by an independent path [5]. 

We obtained some data on the relative reaetivities of sulfides and selenides of the thiophene series by 
using the method of competitive reactions under the conditions that we previously described in [60]. A mix- 
ture (i : 1.6) of 5-methylseleno-2-acetothienone and 5-methylmercapto-2-acetothienone and unchanged sele- 
nide (62%) and sulfide (27%) is formed in the reaction of one equivalent of aeetyl chloride with an equimolar 
mixture of 2-methylmercaptothiophene and 2-methylselenothiophene in chlorobenzene in the presence of stan- 
nie chloride [5]. Similarly, the formylation and acetylation of selenides with the second o~ position occupied 
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by an alkyl group proceed in the 3 position with lower yields than in the case of the analogous sulfide [16, 
66, 67]. However, the acetylation of 2-methylselenothiophene itself gives 5-1nethylseleno-2-acetothienone 
in good yield [5], while the yield of 5-methylmercapto-2-acetothienone does not exceed 40%, and the reaction 
is accompanied by copious resinification [16, 67]. 

A colnplete analogy is observed in the electrophilic substitution of 3-alkylselenothiophenes and 3-alkyl- 
mereaptothiophenes- the acyl group enters the a position of the ring adjacent to the alkylseleno group. In 
particular, pure 3-butylseleno-2-forlnylthiophene and 3-butylseleno-2-acetothienone, respectively, were ob- 
tained in high yields in the forlnylation and acetylation of 3-butylselenothiophene. 

The results of the oxidation of formyl and acetyl derivatives to the acid, which proved to ~)e identical 
to the 3-hutylselenothiophene-2-carboxylic acid obtained by an independent path, may serve as a confirma- 
tion of the fact of the entry of an acyl group in the 2 position. Thus substitution of the sulfide group by a 
selenide group does not bring about a sharp change in the reactivity of the thiophene ring with respect to 
such eleetrophilic reagents as dimethylformamide in the presence of phosphorus oxyehloride and aeetyl chlo- 
ride in the presence of stannic chloride, although a certain difference in the yields of the acylation products 
was also noted. 

Different ratios are observed in the bromination of the corresponding sulfides and selenides. Recently 
in our laboratory it was found that 2-1nethylmercaptothiophene on reaction with a bromide-bromate mixture 
in the amount necessary for the liberation of 1 mole of bromine gives 5-bromo-2-methylmercaptothiophene 
in 47% yield, while 2 moles of brolnine in chloroform gives 77% 3,5-dibromo-2-methylmercaptothiophene [57]. 
Bromination with a bromide-brolnate mixture of a sulfide in which the second a position is occupied by an 
alkyl group- 2-ethylmercapto-5-ethylthiophene - leads to 3-bromo-2-ethylmercapto-5-ethylthiophene in 
84% yield. The action of bromine water on 2,5-bis(alkyllnercapto)thiophenes gives good yields of the corre- 
sponding 3,4-dibromo derivatives [68]. 

Proceeding from the noted analogy in the behavior of the sulfides and selenides of the thiophene series 
in electrophilic substitution reactions, it might have been expected that bromine would enter the free a posi- 
tion of the thiophene ring in the bromination of 2-methylselenothiophene. We obtained 5-bromo-2-1nethyl- 
selenothiophene in 40-45% yield by the action of a bromide-brolnate solution in the quantity necessary for 
the liberation of 1 mole of bromine; however, according to Gig2, the product contained up to 10% 2,5-dibro- 
mothiophene, the formation of which was not noted in the bromination of 2-1nethyllnereaptothiophene (see 
[57]). 

Moreove r ,  d i r ec t  a t tack of the ~ posi t ion is not observed  in the reac t ion  of b romine  in ch lo ro fo rm 
(at - 4 0  to - 5  ~ with 2-methylse lenothiophene,  while a product  of the addition of b romine  to the se lenium 
a tom is f o rmed  in quanti tat ive yield. 5-Methylseleno-2-1nethyl thiophene behaves  s i m i l a r l y  [12]. 

Br.~ Br 

R ~ ' S e C H ~  CHCI3 "' R/~ 'Sle+~CH3 
Br- 

R ~H, CH 3 

We note that the abi l i ty of dialkyl se lenides  and alkyl a ry l  se lenides  to f o r m  dihalides on reac t ion  with 
halogens in iner t  so lvents  at  low t e m p e r a t u r e s  is wel l -known and is  used to c h a r a c t e r i z e  se lenides  (for ex-  
ample ,  see  [69, 70]). Dialkyl, diaryl ,  and alkyl a ry l  sulf ides a lso  f o r m  sinailar dihal ides (for example ,  see 
[71-75]). 

The d ib romides  obtained apparen t ly  contain ionogenic bromine ,  s ince the isola ted compounds a r e  t i -  
t r a t ed  po ten t iomet r ica l ly .  The ionogenic c h a r a c t e r  of b romine  in the d ib romides  of se lenides  of the a r o -  
mat ic  s e r i e s  has  been r epo r t ed  [70, 76], and, in addition, the data on the poor  conductivity of a solution of 
4 -methylse lenoace tophenone  dichlor ide have se rved  as  a bas i s  for  the assumpt ion  of covalent  c h a r a c t e r  of 
the h a l o g e n - s e l e n i u m  bond in such compounds [77]. 

The a lkylse leno  group is d i sp laced  in the reac t ion  of an aqueous solution of po t a s s ium b roma te  with 
2-1nethylselenothiophene dibromide fo r  15-20 Inin, and 2 ,5-dibromothiophene is fo rmed.  On contact  with 
water ,  the dibromide is slowly conver ted  to 5-bromo-2-1nethylse lenothiophene.  As a l r eady  noted above, the 
b romine  a tom a lso  en te r s  the f r ee  ~ posi t ion of the r ing in the reac t ion  of 2-methylse lenothiophene with a 
b r o m i d e - b r o m a t e  solution (1 mole  of bromine) .  2-Methylselenothiophene r eac t s  with a b r o m i d e - b r o l n a t e  
solution in the quantity necessary for the liberation of 2.5 moles of bromine with cleavage of the alkylseleno 
group to give 2,5-dibromothiophene. The latter is also formed as a result of the action of bromine water on 
5-b rome- 2- methylselenothiophene [12]. 
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Br S SeCH 3 

KBrO3 ' KBr,H + (2"5 m~ ar2) 

H20 ~Q..S,y'~ SeC H3 " "  _ B r ~ s / \ B r  

h 

Br" 

The data that we obtained make  it poss ib le  to in te rpre t  the bromina t ion  of 2-methylselenothiophene in 
the following manner :  two bromine  a toms initially add to the se len ium a tom of the a lkylseleno group. This  
p r o c e s s  is  apparent ly  r eve r s ib le ,  as  a consequence of which the newly genera ted  selenide and b romine  r eac t  
to f o r m  5-bromo-2-methy l se leno th iophene .  Where  there  is excess  b romine  in solution, c leavage of the het-  
a r y l - s e l e n i u m  bond with en t ry  of a second b romine  a tom into the posit ion p rev ious ly  occupied by the a lkyl-  
seleno group occurs  along with at tack of the f ree  (~ posit ion. 

We note that the dihalides of diphenyl selenide a n d  its substi tuted de r iva t ives  d issocia te  in solution 
with l ibera t ion of f ree  halogen (for example,  see [72, 78-80]). Data on the p repa ra t ion  of p -b romophenyl  
methyl  sulfide f r o m  methyl  phenyl sulfide have also been presen ted  [81]. In addition, the d ibromides  of di-  
methyl  sulfide [71], diphenyl sulfide [72], subst i tuted alkyl phenyl sulf ides [73-75], methyl  phenyl selenide 
[70], and diphenyl selenide [82] hydrolyze to give the cor responding  sulfoxide or  selenoxide with HBr  evolu- 
tion. 

In the light of the data presented, the elucidation of the mechanism of the cleavage of the hetaryl- sele- 
nium bond and the bromination of 2-alkylselenothiophenes in the free ~ position under the influence of bro- 
mine requires additional thorough investigation. 

Diene S y n t h e s i s  in the Alkyl  F u r y l  S e l e n i d e  S e r i e s  

Continuing our study of the properties of alkyl hetaryl selenides in comparison with the properties of 
the analogous sulfides, we investigated the diene synthesis of selenides of the furan series with rnaleie an- 
hydride, l~reviously in ou'r laboratory it was shown that sulfides of the furan series react with maleic anhy- 
dride to form adduets that readily split out a molecule of water to give phthalic anhydrides containing a sul- 
fide function [83]. 

The corresponding selenides also behave similarly. Thus the reaction of maleic anhydride with 2- 
methylselenofuran and 5-methylseleno-2-methylfuran gives good yields of 3-methylselenophthalic and 6- 
methylseleno-3-methylphthalic anhydrides [12]. 

- o 

R = H, CH~ 

R 

SeCH 3 

Thus the diene synthesis  opens up the poss ibi l i ty  of t rans i t ion  f r o m  selenides  of the furan s e r i e s  to 
se lenides  of the benzene se r i e s .  

S y n t h e s i s  o f  N e w  H e t e r o a r o m a t i c  S y s t e m s  - 

S e l e n o p h e n o t h i o p h e n e s  f r o m  S e l e n i d e s  

o f  t h e  T h i o p h e n e  S e r i e s  

Our invest igat ion of the behavior  of se lenides  of the thiophene s e r i e s  in nucleophilie and e lee t rophi l ic  
substi tution reac t ions  made it poss ible  to make a t rans i t ion  to the synthes is  of new condensed h e t e r o a r o -  
mar ie  s y s t e m s  - selenophenothiophenes.  In the development  of our r e s e a r c h  on the c h e m i s t r y  of condensed 
sys t ems ,  it was  of in teres t  to obtain compounds with condensed thiophene and selenophene r ings  and to c o m -  
pa re  the i r  p rope r t i e s  with those of t h i eno th iophenes -  compounds that contain two condensed thiophene r ings.  

We have accompl ished  the synthes is  of this so r t  of s y s t e m -  selenopheno[3,2-b]thiophene [4] - via  the 
following scheme.  Methyl  3- th ienylse lenoaceta te  was synthesized by the reac t ion  of methyl  monobromoace -  
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tare with thiophene-3-selenol, which was obtained from 3-thienyllithium. Formylation of methyl 3-thienyl- 
selenoacetate via the Vilsmeier reaction gave methyl (2-formyl-3-thienylseleno)acetate, the cyclization of 
which with sodium alkoxide gave selenopheno[3,2-b]thiophene-5-carboxylic acid in 76~0 yield. Selenopheno- 
[3,2-b]thiophene was obtained in 98% yield by decarboxylation of the acid in quinoline. 

~7/ 
Br ~ _ / S e  H 7~]/SeCHfCOOCHs / S e C H f C O O C H  a - / C O O H  ~ ' '~---7]~ : 

~ S /  ~ S  - /  "~. S / ' \C HO \S ~ \ S  / 

Selenopheno[2,3-b]thiophene was s imi la r ly  synthesized.  

Br _ _ ~ C H O  /CH(OC2Hs) 2 ~ w ~ / C l I O  

Bugge [84] also synthesized selenopheno[2,3-b]thiophene using our methodbut  without isolation of methyl  
(3-formyl-2- th ienylse leno)  aceta te .  

Our at tempt  to obtain a th i rd  i s o m e r -  seleno[2,3-c]thiophene - by the method previously  used in the 
synthesis  of thieno[3,4-b]thiophene [85] proved to be unsuccessful:  only res ini f icat ion products  were ob- 
tained in the metal lat ion of 4 -b romo-3- fo rmyl th iophene  and subsequent t rea tment  of the product  with se le-  
nium and methyl  b romoace ta te  (with in termediate  isolation of 3- formyl th iophene-4-se lenol) .  

Another  path to the synthesis  of selenopheno[2,3-c]thiophene was the re fo re  pro jec ted  and real ized.  It 
consis ts  in the reac t ion  of 4 -methylse leno-3- formyl th iophene  with methyl  b romoace ta te  and subsequent heat-  
ing of the selenonium salt  with ace t ic  anhydride and pyridine to give se lenopheno[2,3-c] thiophene-4-carbox-  
ylic acid, the decarboxylat ion of which gave selenopheno[2,3-c]thiophene. 

r c tl a 7 

Br- . .~S~/Br  t t a C S e - - , / B r  HaCSe\ CtlO / HaCOO C C H 2S~ e+-.. ~__~-C H O/ 

S o m e  S p e c t r a l  P r o p e r t i e s  of  A l k y l  H e t a r y l  S e l e n i d e s  

Within the plan of our investigation involving a compar i son  of the p roper t i e s  of sulfides and selenides 
of he terocycl ic  compounds, it seemed  of in te res t  to compare  the spec t ra l  cha rac t e r i s t i c s  of these compounds 
with r ecour se ,  in some cases ,  to the corresponding alkoxy der ivat ives .  Since the functional groupings in 
these compounds a rc  fo rmed  by re la ted  elements ,  s imi la r i t i es  in the spec t ra  might have been expected, but 
only within cer ta in  l imits ,  since oxygen, sulfur,  and selenium have substantial ly different  atomic p a r ame te r s .  

Our compar i son  [7] of the UV spec t ra  of alkoxy, alkylthio, and alkylseleno der iva t ives  of the thiophene 
se r i e s  made it possible to observe  that the spec t ra  of the S and Se der iva t ives  a r e  close in ch a r ac t e r  to one 
another  but differ  substantial ly f r om the spec t ra  of the O der ivat ives .  The effect  of a substi tuent on the spec-  
t r um  is manifested in an increase in the bathochromic effect in the order OR <SIR <SeR, in conformity with 
the spacing of the energy levels of the unshared pairs of the heteroatom of the substituent. In addition, the 
intensity of the long-wave band of the selenides is lower than the intensity of the long-wave band of the cor- 
responding sulfides, which may attest to less overlapping of the electron clouds of the ring with the selenide 
function. 

The spin-spin coupling constants in selenides of the thiophene series that bear electron-acceptor 
groups (COOH, COCHa, and CHO) [8] differ little from the constants of the corresponding sulfides. In con- 
trast to the sulfides, in the spectra of selenides one observes spin-spin coupling between the selenium atom 
and the protons of the methyl group bonded to it, which is caused by the presence of Se ~7. 

In order to study the behavior of selenides of the furan, thiophene, and selenophene series under elec- 
tron impact in comparison with the behavior of the analogous sulfides, we made a mass-spectroscopic inves- 
tigation of a number of alkoxy, alkylthio, and alkylseleno derivatives of the indicated heterocycles [9]. It 
was observed that the mass spectra of 2-methylmercaptothiophene and 2-methylselenoselenophene are sim- 
ilar. The most intense peaks in the spectra of both compounds are the molecular ionpeaks (M+). Corre- 
spondingly, the principal process in their disintegration consists in splitting out of a CH 3 radical with sub- 
sequent loss of CS or CSe, while the ions formed split out an acetylene molecule. 

The mass spectrum of a compound with different heteroatoms in the ring and side chain, namely, 2- 
methylmercaptofuran, differs considerably from the spectra considered above. Here, competition between 
cleavage of CO and CS is observed after elimination of a methyl radical, and both processes occur to an al- 
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most equal extent. A similar fragmentation pattern is observed in the mass spectrum of 2-methylseleno- 
furan. However, there are differences in the case of the latter compounds: in 2-methylmereaptofuran the 
cleavage of CO and CS occurs to an almost identical extent, while the cleavage of CO in 2-methylselenofuran 
prevails considerably over cleavage of CSe. 

A complete analogy in the order of fragmentation is observed in the case of 2-methylselenothiophene, 
3-methylselenothiophene, and 2-methylmereaptoselenophene. After the loss of CH3, CS and CSe are cleaved 
simultaneously. In this case, cleavage of CS predominates by a factor of 1.6 over cleavage of CSe in 2-meth- 
ylselenothiophene; this predominance is somewhat less (a factor of 1.4) in 3-methylselenothiophene, and, 
finally, an equal ratio of disintegration products is observed in 2-methylmereaptoselenophene. On the basis 
of this, it can be concluded that the loss of a heteroatom as CX is easier the lower the atomic number of 
element X and, correspondingly, the higher its electronegativity. 

Predominant cleavage of a CX group with a more electronegative heteroatom X (X= O or S, respec- 
tively) is observed for 5-methoxy-2-methylthiophene and its 5-methylseleno-2-methylthiophene analog to 
an even greater degree than for the compounds examined above. 

Thus it can be concluded that the chief fragmentation process in the examined compounds is cleavage 
of a CH 3 radical with subsequent rearrangement of the [M-15] + ion, which makes cleavage of any of the two 
heteroatoms as CX possible, but the more eleetronegative heteroatom is primarily eliminated. 

To ascertain the relative ease of cleavage of the R-S and R-Se bonds, we studied the mass spectra 
of compounds simultaneously containing both alkylmercapto and alkylseleno groups. On the basis of an ex- 
amination of the mass spectra of 2-methylmereapto-5-methylselenothiophene, its 5-d 3 analog, 2-propylmer- 
eapto-5-methylselenothiophene, and 2-methylmereapto-5-propylselenothiophene, it was concluded that the 
R--Se bond in these disubstituted compounds is not as strong as the R-S bond. 

Thus alkoxy, alkylthio, and alkylseleno derivatives of furan, thiophene, and selenophene are character- 
ized by initial cleavage of an alkyl group with subsequent rearrangement of the resulting [M-R] + ion fol- 
lowed by loss of one heteroatom as CX. This process is observed most distinctly in the case of monosub- 
stituted compounds; more complex transformations are characteristic for disubstituted compounds. 
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