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Chemical and electrochemical methods for the reduction and oxidation of compounds 
of the thiophene series that consist in transformations of the substituents or the 
heteroring and are suitable for preparative use are described. 

Thiophene occupies a special position among five-membered heterocycles with one hetero- 
atom. Inasmuch as it is the most resistant of these compounds to the action of acids, in 
many respects it resembles activated compounds of the benzene series with respect to its 
ability to undergo substitution reactions. Moreover, its behavior in these reactions, 
particularly with regard to orientation, as in the case of other heterocycles, is determined 
by the presence of a heteroatom, which is a unique "internal function." It is not by chance 
that thiophene compounds are often used as model systems in the study of the reactivities 
and mechanisms of the reactions of five-membered heterocycles. At the same time, the ability 
of the thiophene heteroatom and particularly that of substituted thiophenes to undergo oxi- 
dation makes it possible to easily convert them to heterocycles that have diene properties. 
The reductive cleavage of the thiophene ring, which proceeds with retention or elimination 
of the sulfur atom, leads to diverse compounds of the aliphatic, alicyclic, and heterocyclic 
series. The interesting possibilities of the production of polyfunctional aliphatic com- 
pounds on the basis of thiophene and substituted thiophenes are also opened up by their 
electrochemical oxidation or reduction. Considering the fact that thiophene compounds can 
be obtained by the reaction of hydrocarbons with sulfur, H2S, or SOs, one can regard the 
sequence of reactions, including the synthesis of thiophene or its homolog, the introduction 
of substituents, and, finally, ring cleavage as a pathway for the functionalization of the 
simplest C4--C6 hydrocarbons obtained in the refining of petroleum and used in petrochemical 
processes. 

Thus redox processes are essentially a special area in the chemistry of thiophene. In- 
dividual aspects of such reactions in the thiophene series have been reflected in correlating 
papers (for example, see [i]). An examination of such problems in a broader scale is of 
great theoretical interest and is linked with their important preparative value. 

The present review is also devoted to these problems, and in it, in addition to oxida- 
tive and reductive transformations that involve the thiophene ring, we examine the trans- 
formations of the substituents, the selective realization of which is fraught with specific 
difficulties due to the high reactivity of the heteroaromatic ring. For the reasons set 
forth below, in addition to traditional chemical methods of reduction and oxidation of thio- 
phenes, special attention was directed to preparative electrochemical processes. 

In recent years concepts that the formation of a new bond in the course of organic re- 
actions that are usually regarded as heterolytic may be preceded by transfer of one elec- 
tron have evolved [2]. Whereas the intermediate formation of ion radicals in substitution 
reactions is hypothetical in many cases, the existence of electron transfer in processes in- 
volving the reduction of organic compounds by metals or oxidative and reductive reactions 
with the participation of cations of metals with variable valences raises no doubts, al- 
though the detection of this step is an extremely difficult task. At the same time, in the 
case of the electrochemical transformations of organic compounds one can frequently unam- 
biguously detect a step involving one-electron transfer that leads, in the case of reactions 
with the participation of neutral molecules, to the formation of the corresponding ion radi- 
cals [3]. 
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Several fundamental monographs devoted to the electrochemical transformations of or- 
ganic compounds (for example, see [3, 4]), including furan derivatives [5], as well as re- 
views devoted to organic electrosynthesis [6] and the electrochemical behavior of sulfur- 
containing compounds [7, 8], have been published in recent years; however, thiophene de- 
rivatives are virtually disregarded in all of these works. It should be pointed out that 
preparative electrolysis is still rather rarely used in the synthesis of compounds on the 
basis of thiophene. This is evidently due to two principal factors: first, the inadequate 
knowledge of the mechanisms of the electrochemical transformations of compounds of this 
sort, which are generally based on the use of a polarographic method [7, 8] and, second, the 
existence of considerable disparity between the results of polarographic (in the general 
case, electroanalytical) studies and data from the preparative transformation of organic 
compounds (see [3, pp. 123-127]). In the present review we will therefore present chiefly 
data on the preparative electrochemical transformation of compounds of the thiop'hene series 
without a detailed examination of the results of polarographic and other electroanalytical 
studies. 

Insofar as purely chemical transformations are concerned, the mechanisms of a number of 
reductiveand oxidative reactions still remain unclear. Catalytic hydrogenation processes 
constitute a large and important group of such reactions. The similar-to-the-latter reduc- 
tive desulfuration under the influence of Raney nickel (it will be discussed briefly below) 
occurs through the formation of free radicals (see [i, Ch. 5]) and consequently includes 
steps involving electron transfer; however, the detailed mechanism of this reaction is un- 
known. In addition, in the case of reactions for which the mechanisms are apparently known 
in their general features such as, for example, hydride reduction (the successive addition 
of a hydride ion and a proton) and electrophilic ionic hydrogenation (protonation accompanied 
by the addition of a hydride ion [9]), the existence of intermediate steps involving electron 
transfer has not been established. 

In the course of our further exposition we will, for the sake of brevity, generally not 
discuss the mechanisms of the examined reactions; however, the differences existing here 
must be taken into account by selecting the most suitable agent for carrying out the de- 
sired reaction. The data presented in the review may, it seems to us, be of interest not 
only to those engaged in research on thiophene, since wherever possible and necessary, the 
transformations of thiophene compounds a~e compared with the reactions of their analogs, 
first and foremost, benzene and furan analogs. 

The material contained in this review is divided into three principal sections. In the 
first two sections we examine reduction and oxidation processes, while in the final section 
we examine substitution reactions for which the existence of one-electron transfer steps has 
been proved or is probable. In each section the data on the transformation of the corre- 
sponding thiophene derivatives are classified with respect to the reaction pathway (at the 
side chain, in the ring, or with ring cleavage). To keep the volume of the review within 
the allowable limits we generally will discuss only the results that pertain to the simplest 
thiophene derivatives. 

i. Reduction 

Diverse reductive reactions that are widely used in preparative practice have been 
described for thiophene compounds. Thiophenes are capable, in principle, of undergoing the 
same reductive transformations as other aromatic compounds; many reactions of such compounds 
proceed more readily and more selectively than in the benzene series, and this is due to the 
activating effect of the sulfur atom on the ~ position of the thiophene ring and the ability 
of sulfur to participate in delocalization of not only a positive charge but also a negative 
charge, as well as the odd electron. There are serious limitations only for hydrogenation 
processes in the presence of heterogeneous catalysts, most of which are poisoned in the 
presence of divalent sulfur compounds. 

i.i. Reduction of Substituents Bonded to the Thiophene Ring 

Hydroxyalkyl-Substituted Compounds. The reduction of the CHOH group in alkylthienyl- 
carbinols to CH2 is usually realized by the action of lithium aluminum hydride (LAH) in the 
presence of AIC13 [I0]. Alcohol groups do not, as a rule, undergo electrochemical reduc- 
tion; however Lund and co-workers [ii] have pointed out the possibility of the reduction of 
mercury of aromatic pinacols, which proceeds through a step involving their dissociation at 
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the C--C bond on the surface of the electrode~ Thiophene derivatives have not been investi- 
gated under such conditions. 

Carbonyl Compounds~ The reduction of compounds of this class has been studied in 
greatest detail and plays an important role in diverse transformations of thiophene deriva- 
tiveso It is sufficient to point out that the reduction of acylthiophenes, which includes 
conversion of the CO group to a CH2 group, is the principal method for the preparation of 
many compounds of the thiophene series that contain primary alky! groupso The most im- 
portant reaction used for preparative purposes are Clemmensen reduction (for example~ see 
[12]) and Kishner reduction, recently in the Huang--Minion modification [13, 14]o The cata- 
lytic reduction of the CO group to a CH2 group has been realized successfully in the thio- 
phene series in the presence of rhenium heptasulfide [15, 16], 

The reduction of aldehydes and ketones is widely used for the preparation of pinacois 
and alcohols. In particular, pinacols can be obtained from ketones of the thiophene series 
by the action of zinc in acetic acid [17]. Diverse methods, the description of which can 
be found in the literature (for example, see [18]), are used for the preparative synthesis 
of alcohols from carbonyl compounds~ In most cases the conditions for the reduction of 
ketones and aldehydes of the thiophene series do not differ fundamentally from those used 
in the benzene series. In addition to new reducing agents, traditional reducing agents have 
been used successfully, particularly for the reduction of aldehydes. For example, 2-thenyi 
alcohol is obtained in high yield in the reduction of 2-formylthiophene with zinc powder in 
an alkaline alcohol solution [19] or in aqueous acetic acid [20]; when a modified Cannizzaro 
reaction is used, the yield of 2-thenyl alcohol is ~60% [21]. 

According to the classical concepts [3, 4], the electrochemical reduction of the CO 
group of aromatic compounds should lead to the corresponding pinacols, alcohols, and in some 
cases alkyl-substituted compounds. Thus from polarographic studies it was concluded that 
in the reduction of both 2-formylthiophene [22] and 2-acetothienone [23] in aqueous organic 
media one can selectively obtain the corresponding pinacols or alcohols, depending on the pH 
of the medium and the applied potential~ However, in practice the preparative electrolysis 
of such compounds often leads [24, 25] to the formation of resinous and difficult-to-iden- 
tify products. The results of polarization measurements made by the method of a disk with 
a ring [26, 27] in the case of the reduction of aromatic carbonyl compounds led Vykhodtseva 
and Nekrasov [26] and GulVtyai and co-workers [28] to conclude that the reduction process 
is more complex than that suggested by the classical scheme. According to [27, 29], the 
anion radicals formed in the first step of the reduction can react with the participation 
of both their carbonyl group and the aromatic ring, which also leads to the formation of 
various products, including resinification products. 

As we have already noted, the first attempts to obtainapinacol in the electrolysis 
of 2-acetylthiophene in buffer solutions of 30% aqueous tetrahydrofuran (THF) [24] and in 
acetonitrile with a 0.i M solution of tetraethylammonium perchlorate as the base electrolyte 
[25] were unsuccessful. However, by selection of the conditions the authors were able to 
isolate 2,3-di(2-thienyl)butane-2,3-diol in good yield (up to 70%) from both the aceto- 
nitrile solutions (in the presence of weak proton donors) [25] and from 70% aqueous di- 
methylformamide (DMF) (on a tin cathode) [30]~ In the case of the electrical reduction of 
acetophenone on a mercury cathode it was shown that the nature of the cation of the base 
electrolyte has a substantial effect on the yield of he corresponding pinacol when the elec- 
trolysis is carried out in DMF and CH3CN [31]. The optimal yield of 1,2-(2-thienyl)ethane- 
!,2-dioi (~80%) was recently obtained by one of us in a DMF solution containing 011 M tetra- 
butylammonium perchiorate and 0.i M lithium perchlorate when E = --1o7 V (relative to a satu- 
rated calomel electrode)~ 

It follows from the research of Caullet and co-workers [25, 32] that the electrochemical 
production of alcohols from the corresponding ketones of the thiophene series evidently 
raises no special difficulties. Thus (2-thienyl)phenylcarbinol was obtained in greater than 
80% yield from 2-benzoylthiophene when it was electrolyzed in acetonitrile solution with 0.i 
M tetraethylammonium perchlorate as the base electrolyte in the presence of a twofold excess 
of phenol, which acts as an efficient proton donor. 

It follows obviously from the data presented above that the preparative electrochemical 
methods in a number of cases may compete successfully with the chemical reduction of thio- 
phene carbonyl compounds. 
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Carboxylic Acids and Their Derivatives~ Lithium aluminum hydride has been used most 
often for the reduction of thiophenecarboxylic acids and their derivatives to thienyl- 
alkanols in recent years (for example, see [33, 34]). An extremely specific method for the 
hydride reduction of the carboxy group to a methyl group, which consists in the action of 
trichlorosilane and a tertiary amine with subsequent hydrolytic cleavage of the resulting 
thenyltrichlorosilane in an alkaline medium, was applied in [35] to thiophene-2- and thio- 
phene-3-carboxylic acids. However, the corresponding methylthiophenes were obtained in only 
20 and 11% yields. Let us note that reduction products could not be isolated at all in the 
case of acids of the furan series [35], whereas in the benzene series this reaction give 
high yields of the methyl-substituted compounds [36, 37]. 

The electrochemical reduction of the carboxy group in thiophene compounds has not been 
studied. In analogy with the reduction of benzoic and phenylacetic acids (see [3, pp. 294- 
300]) one might expect, depending on the electrolysis conditions, the production of the 
corresponding aldehydes or alcohols. Esters undergo electrochemical reduction more readily 
than carboxylic acids. However, a study of the polarographic behavior of methyl esters of 
thiophenecarboxylic acids in aqueous buffer solutions led Mikhailov and co-workers [38] to 
the conclusion that the products of electrical reduction in this case are the corresponding 
ring-hydrogenated compounds rather than the aldehydes, as follows from the research of 
Nahaya and co-workers. Thus it should be assumed that the anion radicals formed from 
carboxylic acid derivatives preferably undergo reduction in the ring rather than in the 
functional group. This reaction pathway will be discussed in greater detail in section 1.2. 

Other Compounds. Of great significance in the preparative chemistry of thiophene is 
the reduction of halogen, which is often used to prepare difficult-to-obtain B-substituted 
derivatives; the halogen atom is used as a protective group for the ~ position. In this 
connection, let us first of all mention the reduction of 2,3,5-tribromothiophene to 3-bromo- 
thiophene, which is an important intermediate in the synthesis of various B-substituted 
thiophenes. It can be accomplished by various methods, of which the most convenient is 
evidently the action of zinc in acetic acid [40]. The action of one equivalent of butyl- 
lithium with subsequent decomposition of the exchange product with water is used in certain 
cases in which one is required to remove one of two bromine atoms in the ~ positions. For 
example, the conversion of 2,3,5-tribromothiophene to the 2,4-dibromide is realized in pre- 
cisely this way [41, 42]. The action of copper metal in organic acids (usually in propionic 
acid) is a specific method for the reduction of halogen in the ~ position when there is an 
orienting group of the II type in the ~' or adjacent B position [43-45]. Of the hetero- 
geneous catalysts, palladium on charcoal is used for replacement of chloride by hydrogen in 
thiophene compounds [46]. 

An interesting new method for the reduction of bromine in the ~ position of the thio- 
phene ring consists in the action of sodium alkoxides in dimethyl sulfoxide (DMSO) [47]. 
The mechanism of this reaction, which has also been described for polybromobenzenes [48], is 
not yet clear. It is possible that this transformation is related to reactions of the 
SRNI type, which will be examined in the last section of the present review. 

Data on the reduction of thiocyanatothiophenes, which are converted to the corresponding 
thiophenethiols or disulfides, are available. Lithium aluminum hydride and sodium boro- 
hydride, [49], as well as the dipotassium salt of cyclooctatetraene [50], have been used as 
reducing agents. The dipotassium salt [50] ~nd lithium aluminum hydride [51] can be used 
for the reduction of disulfides of the thiophene series to mercaptans. 

The reduction of nitro compounds and other substituted thiophenes that contain nitro- 
gen-containing groups has relatively limited application in the thiophene series. Let us 
point out, in particular, the possibilities of the hydrogenation of nitro groups in the 
thiophene ring in the presence of a palladium catalyst [46], as well as the reduction of 
Schiff bases to the corresponding aminomethylthiophenes, which is realized by the action 
of NaBH4 [52] or catalytically in the presence of rhenium heptasulfide [53]. 

The use of the Zinin reaction, which is classical for nitro compounds of the benzene 
series, is hindered in the thiophene series by the instability of the corresponding amines, 
which can be isolated only in the form of salts [54, 55]. 

Insofar as we know, the maeroelectrolysis of the thiophene derivatives discussed in 
this section has not been described. However, concise information regarding the available 
literature data dealing with their polarographic study may be of use to the reader. Thus 
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the results of a polarographic study of bromo derivatives of thiophene [56] indicate the 
possibility of complete replacement of the bromine atoms in the ring by hydrogen under elec- 
trical-reduction conditions; electrochemical cleavage of the C--Br bond proceeds considerably 
more readily in the ~ position than in the ~ position. The mechanism of the process is evi- 
dently similar to the reduction of other aromatic halo derivatives [57]: 

R B r + 2 e - ~ R - + B r -  
R - + D H - ~ R H + D -  ( D H - -  a ~oton donor). 

In the case of halothiophene [23, 58-60] that have various substituents in the ring the 
electrode process is complicated by both absorption of the depolarizer and the products of 
the electrochemical reaction on the electrode and by the possibility of the reduction of the 
functional group (for example, the carbonyl group) [23]. The existence of certain contra- 
dictions between the results in [23, 58] requires additional studies to establish the true 
mechanism of the reduction of compounds of this class. In this connection, the data in 
[61, 62], which are devoted to the preparative reduction of bromo-substituted acetophenone 
and benzophenone in an aprotic medium, are of interest, especially since an attempt has been 
made [29] to explain these data on the basis of the concept of the dual reactivity of the 
anion radicals formed in the first step of the reduction of the indicated compounds. 

In analogy with the mechanism of the reduction of 2-thiocyanatomethyl~5-carboxyfuran 
[64], reduction on a dropping mercury electrode of various thiocyanatothiophenes [63] can 
be described by a scheme that includes the irreversible addition of two electrons with the 
formation of the corresponding mercaptans. 

The polarographic behavior of nitro derivatives of thiophene in aqueous buffer solu- 
tions has been studied in a number of papers [65-68]. The reduction of a nitro group over 
a broad pH range proceeds with the participation of four electrons and should lead to the 
formation of the corresponding hydroxylamines. On the basis of the results of the prepara- 
tive electrical reduction of nitro derivatives of the benzene series (see [3, pp. 242-247]), 
it may be assumed that a broad spectrum of products may be formed in the electrolysis of 
nitrothiophenes under various conditions; in particular, the possibility of preparing dif- 
ficult-to-obtain amino derivatives of thiophene is not excluded. 

1.2. Reduction of the Thiophene Ring without Ring Opening 

Alkylthiophenes. One of the important reactions of alkylthiophenes is hydrogenation 
of the thiophene ring, which leads to the corresponding di- and tetrahydro derivatives. 
The catalytic hydrogenation of thiophenes to di- and tetrahydrothiophenes is, as a rule, im- 
possible because of poisoning of the catalysts and simultaneous destruction of the ring. 
A palladium catalyst is an exception in this respect [46]. Hydrogenation takes place at low 
temperatures and pressures; however, because of poisoning of the catalyst, it requires a 
great deal of palladium consumption (by weight, the amount consumed is close to the amount 
of the compound undergoing hydrogenation), and the process is therefore justified only in 
special cases such as in the stereospecific synthesis of biotin through the corresponding 
thiophene precursor [69]. High yields of tetrahydrothiophenes can be obtained when rhenium 
heptasulfide is used as the catalyst [70, 71]; however, the severe reaction conditions (250- 
500~ and 100-300 arm) and the high cost of the catalyst prevent its broad application. 
Hydrogenation of the thiophene ring also occurs with catalysts such as nickel, tungsten, and 
molybdenum sulfides [72]; however, the reactions take place under severe conditions and give 
low yields of tetrahydrothiophenes. 

There are presently quite convenient methods for the reduction of the thiophene ring 
that do not involve the use of heterogeneous catalysts. One of them, viz., electrophilic 
ionic hydrogenation [73, 74], which consists in successive reversible protonation and irre- 
versible addition of a hydride ion under the influence of trialkylsilanes in a protic acid 
(usually CF3COOH) medium, proceeds better in the presence of additives such as CF3 etherate 
[75], p-toluenesulfonic acid, and lithium tosylate and perchlorate [76]. The process is 
accelerated markedly in the HCI--AICI3--EtsSiH system due to the effective formation of 
C-protonation products by the action of HCI and AICIs on the alkylthiophenes [77]. The re- 
action makes it possible to obtain the corresponding tetrahydrothiophenes in up to 80% 
yields from alkylthiophenes. Thiophene itself upon hydrogenation in the CF3COOH--Et3SiH sys- 
tem gives a mixture of di- and tetrahydrothiophenes with predominance of the former. This 
is due to the low concentration of the corresponding carbonium ions, which should be formed 
in the second step of the hydrogenation. 
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It is interesting to note that when the HF--TaF5 superacid is used, ionic hydrogenation 
leads to thiophan in 80% yield [78]. Isopentane serves as the hydride ion donor under these 
conditions. 

Reduction with alkali metals in liquid ammonia has been studied rather extensively as 
applied to thiophene compounds. This reaction is especially interesting in view of its 
fundamental similarity to electrochemical reduction. When a proton donor (usually an alco- 
hol) is present in the medium, the process reduces to the successive addition of an electron 
and a proton (see [i, Ch. 5 and the references therein]). By varying the conditions and 
above all the amount of alkali metal, in a number of cases one can stop the reaction at the 
step involving the addition of a definite amount of hydrogen. The reaction was first 
applied to thiophene and its homologs by Birch and McAllan [79], who demonstrated that under 
the influence of sodium in liquid ammonia thiophene is converted to a mixture of 2,3- and 
2,5-dihydrothiophenes. Further reduction of this mixture leads to ring cleavage, regarding 
which more details will be given in the next section. 

Turning to the electrochemical reduction of alkylthiophenes we note that their reduc- 
tion potentials are very high and that direct reduction is fraught with considerable diffi- 
culties [80]. It therefore became necessary to investigate their indirect reduction by 
means of carriers, i.e., electrochemically generated anion radicals of organic compounds 
that are capable of transfer of an electron to a molecule that is difficult to reduce [81]. 
Electrolysis of solutions of thiophene and methylthiophenes in dimethylformamide (DMF) in 
the presence of diphenyl as the carrier and 10% water (b~ volume) leads to the formation 
of the 2,5-dihydro derivative in 50% yield and tetrahydro derivatives in 45% yield [80]. 
The percentage of water in the reaction medium and the presence of Zn 2+ ions, which, in the 
opinion of Mairanovskii and co-workers [82], increase the rate of protonation by water of 
the intermediately .formed thiophene anion radicals, have a substantial effect on the yields 
of the hydrogenation products. The further development of these studies may lead to the 
formulation of a new and promising method for the preparation of hydrogenated thiophenes. 

The reduction of the thiophene ring by electrochemically generated solvated electrons 
may be of doubtless interest. This method has thus far been used in the reduction of a 
number of aromatic compounds (see [3, pp. 594-603]) in order to obtain products of partial 
or complete hydrogenation. In this case the process takes place through the intermediate 
formation of the corresponding anion radicals and free radicals, methods for the generation 
and the reactivities of which in the thiophene series have recently been the subject of in- 
tensive study by means of EPR spectroscopy [83, 84]. 

Compounds of the Thiophene Series that Contain Oxygen-Containing Substituents. The 
preparation of functional substituted tetrahydro- and, particularly, dihydrothiophenes is 
of interest from the point of view of the search for physiologically active compounds [85- 
87] and their conversion to compounds of other classes such as isoprenoids [88]. Since the 
action of reducing agents often leads either to reduction of the functional group or to 
profound reduction of the thiophene ring with the formation of tetrahydrothiophenes or 
products of cleavage of the C-S bond, a number of multistep methods for the synthesis 
of dihydrothiophenes by means of cyclization of aliphatic sulfur-containing compounds have 
been developed [85-87, 89, 90]. 

Considering the urgent need for the development of methods for the direct reduction of 
the thiophene ring in compounds with oxygen-containing substituents, let us examine some 
peculiarities and limitations of the existing chemical methods. 

Ionic hydrogenation, which makes it possible to easily obtain various alkyltetrahydro- 
thiophenes (see above), is fraught with certain difficulties on passing to functional com- 
pounds. If the thiophene ring contains electron-acceptor substituents such as NO2 and COOH, 
ionic hydrogenation does not occur. However, thienylalkanoic acids in which the carboxy 
group is remote from the thiophene ring, behave like alkylthiophenes: The reaction proceeds 
smoothly and leads to the corresponding tetrahydro derivatives [74]. Other thiophenes, the 
functional group of which is separated from the ring by a polymethylene chain, are also 
hydrogenated similarly [91]. Under ionic hydrogenation conditions alkylthienyl ketones are 
initially converted to alkylthiophenes, which are subsequently hydrogenated to alkyltetra- 
hydrothiophenes [74]. 2-Formylthiophene gives (through the di-2-thenyl ether) the corre- 
sponding hydrogenated ether [74]. 
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The use of sodium amalgam is convenient in some cases. Thus the reduction of thio- 
phene-2-carboxylic acid with excess 2.5% sodium amalgam in aqueous sodium hydroxide solution 
leads to tetrahydrothiophene-2-carboxylic acid in 60% yield [92]. The reduction of thio- 
phene-2-carboxylic acid by lithium in liquid ammonia, which leads to 2,5-dihydrothiophene- 
2-carboxylic acid, was recently described [93]~ 

Electrochemical reduction is a promising method for the preparation of dihydro deriva- 
tives of the type under consideration. Thus, when the starting compound does not contain 
a rather strong electron-acceptor group (for example, in the case of hydroxy compounds), 
it is expedient to use catalysts, viz., electron carriers of various types, in the reduction 
[81, 94], the regeneration of which can be accomplished by the electric current. However, 
in the case of carboxy-substituted thiophenes a convenient method [88, 95] has been developed 
for the direct electrochemical reduction, which leads in the case of thiophene-2-carboxylic 
and 4- and 5-methylthiophene-2-carboxylic acid to the corresponding 2,5-dihydro derivatives 
in yields that exceed 90%. It is proposed in [88] that the high selectivity of the process 
is associated with the favorable orientation on the surface of the mercury cathode (under 
conditions for the formation of a lithium amalgam) of intermediate particles that are formed 
under conditions of stepwise electron transfer to the anion of the starting acid. If one 
takes into account the fact that dihydro derivatives of thiophene readily undergo desulfura- 
tion, including transformations under photochemical conditions [89], the electrochemical 
method for the preparation of dihydro derivatives may assume substantial significance in the 
synthesis of isoprenoids on the basis of compounds of the thiophene series. 

1.3. Reduction with Opening of the Thiophene Ring 

As we noted in the preceding section, the action of reducing agents frequently leads 
to cleavage of the thiophene ring. The products of such transformations are aliphatic and 
carbo- and heterocyclic (O- and N-containing) compounds. Since the character of the sub- 
stituents most often does not have a decisive effect on the reductive cleavage of the thio- 
phene ring, in this section such reactions will be classified only with respect to the types 
of agents. 

The catalytic desulfuration of thiophene derivatives (see [i, Ch. 5] for data on this 
process) has not assumed preparative value because of the difficulty involved in retention 
of the functional groups and the production of individual compounds under severe reaction 
conditions. Reductive desulfuration by means of Raney nickel and reductive cleavage of 
thiophene compounds by the action of alkali metals in liquid ammonia have found preparative 
application. 

Birch and McAllan have shown [79] that the mixture of 2,3- and 2,5-dihydrothiophenes 
formed by the action of sodium in liquid ammonia on thiophene is converted by further re- 
duction to a mixture of butenethiols and butenes. This reaction was recently studied in 
detail by Gol'dfarb and Zakharov, who showed, in particular, that the reduction of 2-alkyl- 
thiophenes with lithium metal in liquid ammonia in the presence of ethanol as a proton donor 
leads, after treatment with an alkyl halide or an u-oxide, to a,B-unsaturated sulfides [96- 
98]:  

C Jts-. .Cflt  

Li/n,*~+ ~ou [ c t < - - c H  7 "9- ~ "  II 

�9 ..- -Aik L ZS/""AIk - ~ R X  
"---..,,.. C=Hs~C/H 

Rs/C~.A[ k 

If the mixture formed as a result of the action of lithium in ammonia is subjected to 
hydrolysis, dialkyl ketones are obtained [99]; ~-(2-thienyl)alkanoic acids under the same 
conditions are converted to aliphatic keto acids [i00], while ~-(2-thienyl)alkanois [i01] 
and 2-(~-diethylaminoalkyi)thiophenes [102] are converted to keto alcohols and amino ketones 
in 70-80% yields: 

R / ~R' 2. H20 {l lC[) /E f t2  C 
R O~\R , 

R=H, R'=Alk; R=R'=,M.e; R=H, R'=(CH2),,COOH (n=3--5,9); R=H, R'=(CH2),~OH 
(n=2--6); R=H, R'=(CH~),~NEt~ (n=2--6) 
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Reduction by alkali metals in liquid ammonia proceeds even more readily in the case 
of thiophene compounds that contain electron-acceptor substituents, since the first step in 
the reduction consists in attack by the nucleophile (the electron) at the aromatic ring. 
In particular, the action of lithium in liquid ammonia on thiophene-2-carboxylic acid leads, 
depending on the number of equivalents of the alkali metal, to 2,5-dihydrothiophene-2- 
carboxylic acid or the cis-mercapto acid, which is formed as a result of ring cleavage [93]. 

This process, as demonstrated in [103] for thiophene-2-carboxylic acid and its 3-, 4-, 
and 5-methyl-substituted derivatives, is regiospecific and stereospecific. The Z isomers 
of B,y-unsaturated ~-mercapto acids are obtained in all cases. 

The reduction of thiophene compounds with the elimination of sulfur is realized by the 
action of Raney nickel and some other skeletal metals, which are used in amounts that 
several times exceed the weight of the thiophene compound. This type of transformation has 
been studied particularly extensively by Gold'farb and co-workers. 

r l / " x s / x ~  a R ~ / C I t 2  CH2~R~ 

Thus diverse functional compounds of the aliphatic and cycloaliphatic series can be 
obtained on the basis of thiophene and its homologs (see [i, Ch. 5-7]). Let us note in 
particular the methods for the preparation of amino acids with various structures and sub- 
stituted 7- and 8-membered lactams (see [i, Ch. 6; 104]), numerous cyclic ketones that 
have a musklike odor, and ketolactones that are related with respect to their skeleton to 
aglycones of macrolide antibiotics [i, Ch. 7, p. 105]. 

The available data on the electrochemical desulfuration of thiophene compounds is still 
scanty. The fundamental possibility of the electrochemical desulfuration of methyl thio- 
phene-2-carboxylate when the electrolysis is carried out on mercury (H2S is obtained in ~5% 
yield) is noted in [106]. There is also an indication [80] of the formation of thiophene in 
DMF in the presence of a "carrier," viz., diphenyl. These processes require more detailed 
study in order to solve the problem of the expediency and possibility of their use in 
synthetic practice. 

2. Oxidation 

Thiophene is a "n-electron-surplus" heterocycle and therefore is oxidized more easily 
than, for example, benzene. In particular, complete disruption of the ring with the forma- 
tion of oxalic and maleic acids in the case of unsubstituted thiophene is possible under the 
influence of strong oxidizing agents such as HN03 [107]. The action of singlet oxygen on 
alkyl- and arylthiophenes is accompanied by cleavage of the heteroring and the formation of 
a mixture of unsaturated carbonyl compounds and sulfides [108, 109]. 

~ . h v  CH 2 CH3 CHs  O O ' 

Nevertheless, the thiophene ring is quite stable with respect to a number of oxidizing 
agents. This makes it possible to carry out selective oxidation of the substituents. 

2.1. Oxidation of Substituents without Involvement of the Thiophene Ring 

Alkylthiophenes. As in the benzene series, the oxidation of alkyl groups with reten- 
tion of the aromatic ring is possible. For example, 3-methylthiophene can be converted to 
thiophene-3-carboxylic acid in ~80% yield by the action of an aqueous solution of sodium 
dichromate [ii0]. 

The liquid-phase oxidation of alkylthiophenes in glacial acetic acid with air oxygen 
in the presence of Co(II) and "activator" additives, viz., 9,10-dibromoanthracene or NaBr, 
is a very promising method for the preparation of carbonyl compounds and acids of the thio- 
phene series [iii]. The corresponding mono- and dicarboxylic acids were obtained in up to 
90% yields in the oxidation of mono- and dimethylthiophenes under the indicated conditions 
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[iii, 112]. The intermediate formation in these reactions of aldehydes has been demon- 
strated; in a number of cases oxidation may stop at the aldehyde-formation step. 2-Aceto- 
thienone and 2-thienylmethy!carbinol acetate were obtained in satisfactory yields in the 
oxidation of 2-ethylthiophene [113]. 2-Benzylthiophene is oxidized to phenyl-2-thienyl- 
carbinol (in up to 80% yield) and 2-benzoylthiophene (11-14%) [114]. It is interesting 
to note that under the indicated conditions homologs of selenophene are oxidized with 
greater difficulty than alkylthiophenes, and alkylfurans do not undergo oxidation at all 
[lli]. 

Insofar as we know, the electrochemical oxidation of alkyl groups of thiophene deriva- 
tives has not been studied. However, there are a number of studies devoted to the electro- 
chemical oxidation of alkylbenzenes, which is a promising method for the preparation of aro- 
matic aldehydes [116], particularly in the presence of carriers [117] and acids (see [4, 
p. 269]). 

Hydroxyalkylthiophenes. It is well known that the mild chemical oxidation of aromatic 
alcohols leads to the production of the corresponding aldehydes or ketones. In the thio- 
phene series this transformation can be accomplished by the action of various reagents. The 
preparation of ketones from secondary alcohols is, of course, a simpler task. As an example 
of the oxidation of secondary alcohols that is complicated by the presence of labile sub- 
stituents, one can cite the conversion of thienylbutynylcarbinols to the corresponding 
ketones under the influence of chromic anhydride in sulfuric acid [118] in 40-70% yields. 
The oxidation of primary thienylcarbinols to the corresponding aldehydes required careful 
selection of the conditions. For example, the oxidation of 2-thenyl alcohol to 2-formyl- 
thiophene can be carried out by the action of potassium persulfate [119]. Concentrated 
nitric acid (at 30-35~ [120] and N-bromosuccinimide [121] have been described as reagents 
for the conversion of 2-nitro-3-thenyl alcohol, which contains a deactivating nitro group, 
to an aldehyde. High yields of carbonyl compounds are obtained in the oxidation of thienyl- 
carbinols with silver carbonate adsorbed on Celite [122]. The more profound oxidation of 
2-thenyl alcohol to thiophene-2-carboxylic acid is carried out by, for example, the action 
of potassium permanganate [92]. 

The electrochemical oxidation of benzyl alcohols takes place in acetonitrile on plati- 
num or graphite anodes to the corresponding aldehydes (see [4, p. 272]). However, this pro- 
cess is complicated by chemical transformations of the cation radicals formed during detach- 
ment of the first electron from the substrate [123, 124]. The presence of proton acceptors 
(pyridine or quinoline) in the system has a substantial effect on the pathway of the prepara- 
tive synthesis. 

Janda and co-workers [124] have shown that 2-thenyl and benzyl alcohols behave simi- 
larly under the conditions of electrical oxidation in methanol in the presence of H2SO,, 
in which case they are converted to the corresponding aldehydes. This result is unexpected, 
since the principal pathways of anode processes for an entire series of thiophene compounds 
are transformations in the heteroring rather than in the side chain [125]. Methoxylation 
and subsequent ring cleavage are also the principal pathways in the electrochemical oxidation 
of furfuryl alcohol and other furan derivatives [126, 127]. Janda and co-workers [124] pro- 
pose the following mechanism for the oxidation of 2-thenyl alcohol with the formation of 
acetals. 

CHOH -It+ -~S/  ~CH 
~OH (C|13) 

In their establishment of the differences in the behavior of furfuryl, thenyl, and 
benzyl alcohols Janda and co-workers [124, 125] assume that the pathway of the second step 
in the process (nucleophiiic attack on the ring by the MeO- anion or splitting out of a 
proton from the side chain) is determined by the nucleophilic superdelocalization (SN) due 
to the different reactivities of the cation radicals of the aryl- and hetarylcarbinols under 
consideration. Deprotonation prevails for compounds of the benzene and thiophene series, 
while attack on the cation radical by the anion is preferable in the case of the oxidation 
of furfuryl alcohol and other furan derivatives. This explanation is not specific, does not 
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make it possible to predict the pathway of the process, and does not take into account the 
role of the medium in the transformations of the intermediates in the electrolysis. From 
the position of this explanation it is difficult to understand, in particular, the reasons 
for the fact that, in contrast to 2-thenyl alcohol (the preceding scheme), the principal 
pathway in the electrical oxidation of 3-(l-acetoxyethyl)thiophene and methyl-3-thienyl- 
carbinol [128, 129], as in the case of thiophene homologs, is ring cleavage, i.e., attack 
on the ring by the MeO- anions. 

In examining the effect of the medium on the pathway of the anode oxidation of alcohols 
one should first take into account the factors that affect the reactivity of the cation 
radicals that are formed in the first step. Unfortunately, a quantitative estimate of the 
effect of these factors is as yet impossible because of the scantiness of the available ex- 
perimental data. One can only state that the pathways of the subsequent transformations of 
the cation radicals should be affected by both their acid--base properties and the solvating 
capacity of the medium. This can be illustrated by data on the electrical oxidation of 
benzyl alcohol in various media: Smooth oxidation to benzaldehyde is observed in a methanol 
solution of sulfuric acid [124], while a polymer is formed in acetonitrile [123]; oxidation 
to an aldehyde in acetonitrile can be realized only in the presence of a strong proton 
acceptor, whereas when an acceptor of this type is absent, one observes [123] the formation 
of intermediates, the further transformation of which evidently takes place in the aromatic 
ring. 

Aldehydes, Ketones, and Acids of the Thiophene Series. The oxidation of carbonyl com- 
pounds to the corresponding acids is widely used in the thiophene series. In our subsequent 
discussion we will restrict ourselves only to individual examples that demonstrate the 
synthetic possibilities created by the use of various oxidizing agents. Thus the oxidation 
of aldehydes with silver oxide was used in [130] to obtain 4-substituted thiophene-2-car- 
boxylic acids. Let us also point out the selective (in higher than 80% yield) oxidation 
of 5-methyl-2-acetylthiophene-2-carboxylic acid with sodium hypobromite to the corresponding 
2,4-dicarboxylic acid [131]. It is interesting to note that only the (CH3)2N6CH2 group is 
oxidized by the action of potassium permanganate in a neutral medium on 5-dimethyiamino- 
methyl-2-methyl-3-acetylthiophene, while the acetyl group is not affected [131], whereas it 
is well known that an alkaline solution of KMn04 oxidizes 2-acetothienone to 2-thienylgly- 
oxylic acid [132]. A more convenient method that gives 2-thienylglyoxylic acid in high 
yield consists in the oxidation of 2-acetothienone with nitrous acid [133]. 

Judging from the oxidation of other aromatic aldehydes on a mercury electrode [134], 
the electrochemical transformations of aldehydes of the thiophene series on the anode do 
not have advantages over the methods for their chemical oxidation to the corresponding acids. 
At the same time, electrical oxidation to the corresponding glyoxals is possible in the case 
of aromatic ketones (electrolysis of acetophen~ne derivatives on a copper anode [135]). 

In discussing the anode behavior of carboxylic acids we should first of all examine 
their participation in the Kolbe reaction. Prior to the research of Mirkind and co-workers 
[136] it was known that "anomalous" carboxylates (including aromatic species) form the 
corresponding dimers in very low yields. Mirkind and co-workers [136], on the basis of the 
assumption of heterogeneous character of the radical transformations under the conditions 
of anode condensation of carboxylates, demonstrated that the electrolysis of benzoic acid in 
the presence of unsaturated hydrocarbons that are capable of being adsorbed on a Pt anode 
leads to a fivefold to eightfold increase in the yield of diphenyl. The possibility of 
realization of the Kolbe reaction for thiophenecarboxylic acids has not been studied. Let 
us note, however, that the data in [137] on the anode conversion of thiophene-, selenophene-, 
and furan-2-carboxylic acids in DMF on a Pt anode enabled Konstantinov and co-workers to 
propose the formation of thiophenecarboxy radicals under electrolysis conditions. The oxi- 
dation mechanism examined in [137] was based on the establishment of the structures of the 
electrolysis products, viz., C4H3XCOOCH2N(CH3)CHO (X = S, Se, 0), which, in the opinion of 
the authors, are formed as a result of reaction of C4H3XCOO" radicals with solvent mole- 
cules. In the case of thiophene-2-carboxylic acid this product is obtained in 21% yield. 
It is interesting to note that no transformations of the investigated substrates whatsoever 
on the anode are observed in a DMSO medium. 
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2.2. Oxidative Processes that Lead to Disruption of the Aromatic 

Character of the Thiophene Ring 

A number of oxidative transformations of this type are well known in the chemistry of 
thiophene. Thus 2,5-disubstituted thiophenes are converted by the action of hydrogen per- 
oxide [138-140] or perbenzoic acid [141] to the corresponding sulfones, which display diene 
properties [140, 142]. A small amount of a sulfoxide is formed in addition to the sulfone 
by the action of m-chloroperbenzoic acid on 2,5-di-tert-butylthiophene [143]. As pointed 
out in [143] (see also [144]), the difficulty in isolating sulfones and sulfoxides with 
free ~ positions is associated with the fact that they readily undergo self-condensation via 
a type of Dieis--Alder reaction. 

The preparation of substituted ring-hydrogenated thiophene derivatives through the 
addition of anions (or neutral nucleophiles) to the cation radicals via a type of anode 
synthesis of the analogous derivatives in the furan series [126] is very promising from a 
synthetic point of view. However, in this case one must bear in mind the anode potential 
at which oxidation of both the substrate and the anions of the base electrolyte may occur 
[145] Thus in methanol solution_discharge of bromide ions on a Pt anode to gi~e bromine 
occurs when E = 0.6 V, while CH~O is discharged when E = i.I V, and CI04 , NO3 , AcO , and 
CN- are discharged when E ~ 1.5 V (relative to a saturated calomel electrode). Thus 
3-bromo- or 3-cyano-2,5-dimethylthiophene (I), 2-methoxymethyl-5-methylthiophene, and 
2-cyano-5-methoxy-2,5-dimethyldihydrothiophene (II) may be formed in the electrolysis of a 
methanol solution of 2,5-dimethylthiophene (Edischarg e = i.I V), depending on the nature of 
the base electrolyte anion [145]. The preparation of 2~5o~dihydro derivatives is of greatest 
interest in this section. 

CN 

c, c3 �9 
. Clt30 / ~ $ / \ C N  

Since oxidation of the substrate occurs at a lower potential than, for_example, CN-, 
one may imagine that the mechanism of the process includes attack by the CN anion of the 
cation radical formed in the electrochemical step; the yield with respect to the current 
of dihydrothiophene derivative II is ~30%, while I is formed in ~7% yield. This may serve 
as an illustration of the assumption expressed above, according to which the electrolysis 
pathway depends on both the properties of the reaction intermediates and on the nucleo- 
philicity of the components of the medium. Thus by changing only the nature of the elec- 
trolyte one can change the pathway of the anode oxidation and obtain various thiophene and 
dihydrothiophene derivatives. For comparison, let us point out a series of similar studies 
in the furan series [146-148]. 

2.3. Oxidation Leading to Opening of the Thiophene Ring 

As we have already pointed out, purely chemical oxidative processes that are accom- 
panied by opening of the thiophene ring are not selective enough. Below we will examine in 
greater detail data on the anode opening of the thiophene ring that leads to desulfuration 
products. 

Alkylthiopheneso Electrochemical desulfuration of thiophene was first realized by 
Janda [149] in 1963; however, the method under consideration has become of preparative value 
only recently [150]. These studies have opened up a new route to the synthesis of ~,$-un- 
saturated 1,3-dicarbonyl compounds on the basis of thiophene homologso Let us present the 
results of anode desulfuration of thiophene and alkylthiophenes that may be of interest to 
organic chemists specializing in synthesis (Table i). 

Srogl, Janda, and Valentova I150] have noted that the use of thiophene derivatives for 
the synthesis of y-dicarbonyi compounds may prove to be preferable to the preparation of 
such compounds from furan analogs when the starting aikylthiophenes are more accessible than 
the corresponding alkyifurans or when the dihydrofuran derivatives obtained by anode oxida- 
tion are not cleaved under acid methanolysis conditions. 

In our opinion, the formation of various products of the anode oxidation of 2- and 
3-methylthiophenes [150], like the differences in the anode behavior of thiophene [145] and 
furan [151] derivatives, can be explained if one takes into account the participation of the 
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TABLE i. Anode Desulfuration of Thiophene and Its Homologs 

Substrate Principal reaction products 

Yield wig, 
respect to 
the sub- 
Istance,% 

i'hiophene 
2-Me'thylthiophene 

3 -M eth) lthiophene 
2,5-Dimethylthiophene* 

(CHaO)2CH--CH=CH--CH (OCHa)2 [149] 
(CHaO)2CHCH (OCHa) CH2CH (OCHa)2 [150] 
CH3COCH2CH2COOCHs+ 

+CHaCOCH2CH (OCH3) CH (OCHa)2 [150] 
(CH~O) 2CHCH2CH (CHa) COOCHa [ 150] 
trans- CHaCOCH=CHCOCHa [150] 

20 
2 

40 

20 
50 

*Oxidation with bromine in methanol in the presence of 
KaCOa. 

heteroatom in stabilization of the positive charge and the odd electron in the corresponding 
cation radicals and the possibility of protonation of the sulfur atom due to the 
sulfuric acid present in the medium, which facilitates nucleophilic attack by the methoxide 
anion on the ring, as well as by the ability of the products of two-electron oxidation to 
split out the elements of methyl mercaptan during solvolysis (methanolysis). 

Two electrons are evidently detached in the oxidation of 2,5-dimethylthiophene with 
subsequent methanolysis of the dication and the primary formation of an unsaturated diketone 
(see Table 1), while unsubstituted thiophene gives all types of reaction products. 

In concluding this subsection we should note that the ability of thiophene to undergo 
electrochemical oxidation was used by Nechiporenko in the purification of benzene to remove 
carbon disulfide and thiophene impurities by electrolysis of the corresponding solutions on 
a Pt anode in a medium consisting of HAS04 and (NH4)2S0~ [152]. 

Oxygen-Containing Compounds. As in the case of alkylthiophenes, electrochemical oxida- 
tion with desulfuration proceeds more specifically in the case of oxygen-containing com- 
pounds of the thiophene series, and in some cases [128] it proceeds stereospecifically. We 
note above that the corresponding acetal is formed in the anode oxidation of 2-thenyl alco- 
hol, while the oxidation of 3-(l-hydroxyethyl)thiophene under the same conditions (MeOH + 
HaSO~) makes it possible to obtain desulfuration products, viz., unsaturated dicarbonyl com- 
pounds, in up to 40% yields [129]. In our opinion, the presence of an electron-donor group- 
ing in the 3 position of the thiophene ring promotes protonation of the sulfur atom of the 
cation radical and addition of" MeO- in the ~ position of the ring: 

§ 
-e- +H �9 f------f \ -e- 

o .  - - - -  

CttaO/ \~/  
cnao ,~ ocu  3 

+C|130- +CHaOH /.~H(OH)CHa, . /_~CH(OHjCH 3 

(-CtlaSIt) {CIIaOj2CH ~HOCH 3 (CHaOj2CH CH(OcHa) 2 

In the case of 2-thenyl alcohol removal of a second electron with subsequent deprotonation 
of the dication and attack on the stable carbonium ion by the MeO- anion seems more likely. 

The anode oxidation of methyl thiophene-3-carboxylate with the formation of methyl 
2,2',5,5'-tetramethoxy-3-pentenoate proceeds even more selectively [153]. The electrochemi- 
cal oxidation of thiophene-2-carboxylic acid esters made it possible to develop a method for 
the preparative synthesis of ~-ketoglutaric acid in the form of the diester ketal 
ROOCCH2CH2C(OR) aCOOR (R = Me, Et, tert-Bu), the subsequent catalytic dehydrogenation of 
which over PdOa leads to derivatives of the corresponding unsaturated acid ROOCCH= 
CHC(OR) aCOOR [154]. To obtain reliable data regarding the mechanism of such processes one 
must make polarization measurements under conditions of electrolysis at a controllable po- 
tential, and one must study the effect of the composition of the medium and various physical 
factors (temperature and pressure)on the yields of the electrolysis products. 
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3. Substitution Reactions in the Heteroaromatic Ring 

The introduction of electrophilic agents in the aromatic ring can be formally regarded 
as an oxidative reaction, while the introduction of nucleophilic agents can be formally re- 
garded as a reductive reaction. Although for processes of this sort one usually does not 
observe the formation in the first step of a cation radical by means of detachment of an 
electron from the neutral molecule or, respectively, fromthe anion radicals that arise as 
a result of the addition of an electron to the substrate, there is, nevertheless in a number 
of cases a definite similarity between substitution reactions that take place under the con- 
ditions of anode transformations and by the action of electrophilic agents and reactions 
that take place on the cathode and by the action of nucleophiles. 

As we mentioned above, the possibility of one-electron transfer in the course of 
heterolytic reactions, particularly aromatic substitution, has often been discussed in the 
literature [2, 3, 155-157]; however, the experimental evidence for the reaction course under 
discussion is still clearly inadequate. In particular, we know of no such evidence for 
electrophilic substitution reactions in the thiophene series. Nevertheless, there is a 
basis for the assertion that a one-electron process is extremely likely in some reactions 
of thiophene and substituted thiophenes that contain electron-donor groupings. Such com- 
pounds display a wide variety of peculiarities in electrophilic substitution reactions [158]. 
In particular, it was found that thiophene and certain activated compounds of the benzene 
series do not differ from one another with respect to the rate of nitration, which is de- 
termined by the frequency of collision or the rate of mixing [159, 160]. In this connec- 
tion it is difficult to explain the primary formation of s-substituted compounds, despite 
the fact that the rate of nitration appears to be controlled by the frequency of colli- 
sions; the ratio of, for example, a- and B-nitrothiophenes formed in the nitration of thio- 
phene is 84:16 [161]. 

An interesting attempt to explain the indicated disparity between the high positional 
and low substrate selectivity was made by Perrin [162], who showed that for a number of 
activated compounds that do not differ from one another with respect to the rate of nitra- 
tion and are more active than toluene (naphthalene, anisole, mesitylene, and o-xylene) their 
oxidation potentials (in CHsCN relative to Ag/AgCIO~) are lower than the oxidation potential 
of NO2 (1.8 V). This is responsible in the case of activated compounds for the exothermic 
character of the step involving electron transfer from the substrate to the electrophilic 
agent (NO2+), in the course of which the ArH +" cation radical and the NO2 molecule), which 
has an unpaired electron are formed: 

A r H  + N O 2 ~ - ~ A r H + ' + N O 2  �9 

It has been established experimentally [162] that the cation radicals of the indicated 
compounds generated by electrochemical means react with nitrogen dioxide to give the same 
ratio of isomeric nitro-substituted compounds as the corresponding aromatic compounds under 
ordinary nitration conditions. Thus the primary production of 2-nitrothiophene is explained 
by the fact that the formation of a o complex, which is known to be a real intermediate in 
electrophilic substitution and particularly in nitration, is not realized in the case of 
direct reaction of an aromatic compound with the nitronium ion, which, as we have already 
mentioned, may be controlled by the frequency of collisions, but rather is realized in the 
process of "collapse" of the radical pair formed by the ArH +" cation radical and the NO2 
molecule, which contains an odd electron. It is essential in this case to emphasize that 
for the nitration of compounds that are less active than toluene the one-electron transfer 
step is evidently excluded, and they react via the classical scheme of electrophilic sub- 
stitution (an ionic mechanism). Taking into account the criticism of Perrin, which was 
based, in particular, on the experimental data in [163, 164], it should be assumed that the 
scheme proposed by him for activated compounds is possible; however, it does not exclude the 
parallel formation of a o complex in the case of direct attack on the aromatic compound by 
the electrophile, and the role played by one-electron transfer in the overall process may 
be insignificant [165]. 

Reactions involving anode substitution are widely used in electroorganic synthesis 
[4-6]. As applied to compounds of the thiophene series, one may point out a study of elec- 
trochemical bromination [166], cyanation [145], fluorination [167], and nitration [168]. 
If the oxidation potential of the substrate (RH) is lower than the potential of anode dis- 
charge of the electrolyte anions or nucleophilic additives (Nu), an electron detaches from 
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the organic molecule to give the corresponding cation radical, which subsequently undergoes 
chemical and electrochemical transformations [166]: 

--e-- 

RH ~ RH+" 

R H + : + N u  ,[RHNu]+" 

, -  H + 
[RHNu]+" ~ RNu 

- - e -  

Nemec and c o - w o r k e r s  [166] have  d e v e l o p e d  a method f o r  t he  e l e c t r o c h e m i c a l  b r o m i n a t i o n  
of  2-  and 3 - m e t h y l t h i o p h e n e s  u s i n g  p l a t i n u m  or  g r a p h i t e  as  t he  work ing  e l e c t r o d e  and a 0 .35  
M solution of NH~Br in methanol as the base electrolyte. Under galvanostatic conditions 
they obtained as the principal products 5-bromo-2-methylthiophene in 80-100% yields, depend- 
ing on the temperature (in the case of 2-methylthiophene), and 2-bromo-3-methylthiophene 
in 55-80% yields on graphite and in 95% yield on platinum (in the case of 3-methylthio- 
phene). 

3-Methylthiophene and some tetrahydrothiophenes have been subjected to anode fluorina- 
tion on an Ni anode [167]. Abe and co-workers [167] note that in connection with the con- 
siderable destruction of the five-membered ring, the yields of the corresponding perfluro 
derivatives do not exceed 11%. 

When the electrochemical cyanation of 2,5-dimethylthiophene is carried out in CH3CN 
[143], the expected product, viz., 3-cyano-2,5-dimethylthiophene, is formed in only low 
yield; however, the principal process, as noted above, is directed to favor the formation 
of 2-cyano-5-methoxy-2,5-dimethyl-2,5-dihydrothiophene. 

In the case of functional compounds of the thiophene series, anode substitution has not 
yet been adequately studied. Let us point out some possibilities of carrying out such reac- 
tion on the basis of data on similar processes for other heterocycles and compounds of the 
benzene series (see [3] pp. 551-555, and [4], pp. 335-384). 

Among the nucleophilic substitution reactions, those that pass through a step involving 
an anion radical are presently known. One such reaction that is of particular interest in 
connection with the theme of this review is radical-nucleophilic substitution (SRNI). The 
initiation step of this reaction, which has been studied in detail by Bunnett and co-workers 
(see [169], as well as an earlier review [170]), consists in the addition of one electron to 
the halo aromatic compound to give an anion radical, which then reacts via a chain mech- 
anism: 

[ A r X ] - ' - ~ A r ' + X -  

Ar" + Nu--+[Ar Nu]-" 

[ArNu~" + ArX-*ArNu + [ArX]-" 

Examples o f  such  r e a c t i o n s  a r e  a l s o  known f o r  compounds o f  the  t h i o p h e n e  s e r i e s  [ 1 7 1 ,  
172 ] .  U l t r a v i o l e t  i r r a d i a t i o n  and t he  a c t i o n  o f  a l k a l i  m e t a l s  i n  l i q u i d  ammonia have  been  
used for their initiation. It is interesting to note that the electrochemical initiation 
of transformations that were formally regarded as reactions of the SRNI type has been re- 
alized in the benzene series [61, 62, 173]. However, a pathway involving the reaction of 
anion radicals with neutral molecules is also possible in the case of cathode processes. 
A well-known example of reactions of this type is the incorporation of COa in molecules of 
activated olefins [174] during the reduction of the latter in nonaqueous media, i.e., the 
formation of carboxylic acids in the reaction of stable anion radicals with CO=: 

\. L _ I , _ / ~o~ >c=c<] c o ~  ~ c - ? - c o o  +~__i /C--C\ +H + >c.-~-~oo- 

Similar reactions are also observed in the reaction of electrochemically generated 
anion radicals of anthracene [175] and ketones [176] with alkyl halides, as a result of 
which the corresponding alkyl-substituted compounds are formed. As noted in [29], a reac- 
tion of the [ArX]-" + Z + [ArXZ]-" type, where Z is a neutral molecule (particularly DMSO 
or thiophenol), may occur in the electrochemical reduction in nonaqueous media of bromo 
ketones of the aromatic series [61, 62]. Precisely this point of view [29] with respect to 
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the mechanism of the e!ectrode process made it possible to explain the formation of a whole 
number of products in the case of electrolysis in DMSO of p-bromobenzophenoneo 

There is no doubt that a more thorough study of the role of electron transfer in oxida- 
tion, reduction, or substitution reactions with the aid of electrochemical concepts and 
methods will make it possible to extend the use of such transformations for synthetic pur- 
poses, including syntheses in the thiophene series. 

The authors sincerely thank Professor Ya. L. Gol'dfarb and Master of Chemical Sciences 
F. M. Stoyanovich for their fruitful discussion of the manuscript of this review and for 
their valuable advice. 
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THE CHEMISTRY OF sym-TETRACYANOETHANE. 

I. CONDENSATION OF sym-TETRACYANOETPJINE WITH ALDEHYDES ~ND KETONES 

O. E. Nasakin, V. V. Alekseev, 
Vo K. Promonenkov, A. Kh. Bulai, 
and S. Yu. Sil'vestrova 

UDC 547.722.3 

!N an aqueous dioxane solution sym-tetracyanoethane adds to aldehydes and ketones 
with subsequent cyclization to 3,3,4-tricyano-5-amino-2,3-dihydrofurans. 

Very little study has been devoted to sym-tetracyanoethane (I) and its derivatives, 
probably in connection with the complexity involvedinthe preparation of ! [i]. We have de- 
veloped a number of relatively accessible methods for the preparation of I [2], which makes 
it possible to begin a systematic study of its chemistry in order to search for potentially 
physiologically active preparations and amino nitrile monomers. 

The reactions of I with aliphatic and aromatic aldehydes and ketones were investigated. 
Compound ! reacts exothermal!y with acetaldehyde in the presence of water to give 3~3,4-tri- 
cyano-5-amino-2,3-dihydrofuran (Via) as the final product. Chloral hydrate reacts similarly. 
Aliphatic ketones and aromatic and heterocyclic aldehydes react with I in the form of the 
bisulfite compounds or under basic catalysis conditions. The characteristics of V!a-f are 
presented in Table i. The probable reaction scheme is given below: 

NC CN 
I I 

~I--C--C--H + RR'C=O -----: 
I I 

NC CN 

~ta-f 

H--C--C--CRR' ~ ; ~ R 
i I I I 
L . c  cn on . N ~ c ' - o ' c ~  J 

111 a-f  u a-f  

R R'C--c--C--CRR' II--~R 
1 I I I NH~/c~~ 

HO {;N CN OH ~, 

~v a-f  v! a- f  

H--VI a R=H, R'=CH3; b R=H, R'=CCI3; c R=H, R '=  3-nitrophenyl; d R=H, 
R'='2-furyl ; e R=R'=CH~; f R=CHa, R'=CH2C(O)CH3 

The intermediately formed tetracyanoglycol IVa was obtained by the reaction of I with 2 moles 
of IIa in absolute alcohol. Its IR spectrum contains a band of medium intensity at 3290 
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