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Data on the activity and selectivity in reactions involving the electrophilic sub- 
stitution of five-membered heteroaromatic compounds with one heteroatom are dis- 
cussed. Chief attention is directed to the reactions of pyrrole, furan, thio- 
phene, and their substituted derivatives. The inconsistency in the change in the 
activity (reaction rate) -- N>O>S -- and in the positional selectivity (the ~:~ 
ratio) -- N<S<O -- that exists for all electrophilic substitution reactions in 
these systems is interpreted with allowance for the mechanisms of the reactions 
and the nature of the heteroatom. 

The problem of the relationship between the reactivities of various compounds the selec- 
tivity of their reactions, including the establishment of the nature of the so-called anoma- 
lous relationship between the activity and selectivity, has attracted the attention of many 
researchers in recent years (for example, see [1-4]). The concept that the selectivity de- 
creases as the reaction rate increases in the case of electrophilic substitution reactions in 
the aromatic series has been thoroughly substantiated, as is well known, in the research of 
Brown and co-workers [5, 6], who proposed quantitative criteria relative to the relationship 
between the activity and selectivity that are intimately associated with the principle of 
linearity of the free energies. 

Similar relationships between the activity and selectivity are also satisfied rather 
well for heteroaromatic compounds. In particular, such data were obtained and correlated for 
thiophene, furan, and pyrrole in studies by Marino (for example, see review [7]), in which 
the existence of a linear correlation between the activity (the logarithm of the partial rate 
factor) and selectivity (the logarithm of the ~:~ ratio or the p constant for a given reac ~ 
tion) was demonstrated. 

It should be emphasized that the linear correlation mentioned above is observed in the 
case of examination of the change in the selectivity of reactions of the same substrate as a 
function of the activity of the electrophilic reagent. However, considering the arbitrary 
character of the concepts "substrate" and "reagent," it is completely legitimate to compare 
the selectivity of the same reactions and the activities of various heteroaromatic substrates. 
Precisely this sort of examination is also the aim of this paper; it shows that inconsistency 
in the change in the activity (reaction rate) -- pyrrole>furan>thiophene -- and the positional 
selectivity (the ~:~ ratio) -- furan>thiophene>pyrrole -- occurs for any electrophilic substi- 
tution reaction. 

The effect of the nature of the heteroatom on the activities of various five-membered 
heterorings and the selectivities of their reactions will be examined below on the basis of 
the currently available concepts regarding the mechanisms of electrophilic substitution re- 
actions. This analysis will of necessity be limited to thiophene, furan, pyrrole, and their 
substituted derivatives. As regards selenophene and tellurophene, considerably less study 
has been devoted to them, and quantitative data on the positional selectivity for these 
heterorings are almost unavailable, as a consequence of which these compounds will be con- 
sidered only in individual cases in the subsequent exposition. Pyrrole analogs -- phosphole 
and arsole -- will not be discussed at all, since they do not display a tendency to undergo 
substitution reactions at the carbon atoms and are evidently devoid of aromatic properties 
[8-11]. 
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I. Principal Factors That Determine the Relative Activities of Five-Membered 

Heteroaromatic Compounds in Electrophilic Substitution Reactions 

The examination of the mechanism of electrophilic aromatic substitution is usually 
carried out by invoking two types of intermediate particles, viz., a ~ complex (a Dewar in- 
termediate) and a ~ complex (a Wheland intermediate). However, whereas the former can be re- 
garded more as a possible model of the transition state, the latter is a real intermediate, 
the formation of which has been established for many aromatic and heteroaromatic compounds. 
The concept of the formation of a ~ complex as the rate-determining step has been used to 
explain deviations from the "norm" in the relationship between the activity and selectivity 
of some electrophilic substitution reactions in the aromatic series [12]; however, these 
anomalies can also be interpreted on the basis of an examination of the formation of a 
complex as the rate-determining step [13]. Other attempts to indirectly prove the role of 
complexes, particularly by establishment of a correlation between the reactivities of five- 
membered heterorings in the case of their electrophilic substitution and their ionization 
potentials, the change in which may constitute evidence for their ability to form a charge 
transfer complex or a ~ complex [14], have also been unsuccessful. In fact, the ionization 
potentials change in the order Te<S<O<Se [15], which is difficult to somehow link with the 
reactivities. At the same time, an examination of the relative stabilities of the o com- 
plexes usually makes it possible to explain the changes in the reactivities of five-membered 
heterorings [16]. 

Nevertheless, it is most proper to also take into account the possibility of the forma- 
tion of a ~ complex in quantitative estimates of the reactivities; this makes it possible to 
estimate the activation energies more accurately by means of the available computational 
methods. Precisely this sort of approach, which takes into account the localization energy 
as a quantum-chemical characteristic of the rate-determining step (the formation of a ~ com- 
plex) and the ionization potential, which determines the preceding step involving the forma- 
tion of a z complex or a charge-transfer complex, made it possible for the first time to 
quantitatively interpret the rate of acid-catalyzed isotope exchange of hydrogen in furan, 
thiophene, and pyrrole [17]. The same approach has also proved to be effective in the 
quantitative examination of the isotope exchange of hydrogen in selenophene [18]. 

Nevertheless, if we are dealing with a qualitative comparison of the reactivities of a 
number of structurally related compounds, we can, as we have already mentioned, restrict our- 
selves to an examination of the step involving the formation of the o complex. A characteris- 
tic feature of this step is disruption of the aromatic character of the system: 
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It may be assumed that the disruption of the aromatic character due to the formation of 
a heteroarenium ion occurs more readily, the lower the degree of aromatic character of the 
starting system. To verify the validity of this assumption, one should deal with the problem 
of the criteria of aromatic character. A detailed discussion of these criteria does not en- 
ter into our problem, since special studies have been devoted to it (for example, see [ii, 9]). 
Let us note only that all of the quantitative criteria of aromatic character in use today are 
essentially physical, viz., the resonance energies and various electronic and magnetic charac- 
teristics of compounds [Ii, 20, 21]. 

It is diffucult to establish a direct relationship between the aromatic character and 
the reactivity. In any case, the increased activity of the heteroaromatic systems under con- 
sideration in substitution reactions, which has provided Gilman in his time with a basis for 
the introduction of the concept of their "superaromatic character" [22], today cannot serve 
as an index of the higher degree of aromatic character of these compounds as compared with 
benzene. On the contrary, there are sufficient examples of a reverse relationship between 
the aromatic character (defined in accordance with the physical criteria mentioned above) and 
the reaction rate. In particular, in the case of electrophilic substitution of five-membered 
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heterorings that include group VI elements as the heteroatoms the reactivities decrease in the 
order O>Te>Se>S, whereas the aromatic character increases in the same order, viz., O<Te<Se<S 
[23]~ 

The data presented above are in agreement with the assumption drawn above regarding the 
character of the relationship between the aromatic character and the reactivity. Unfortunate- 
ly, the examination of a more extensive series of compounds that includes, for example, pyrrole 
does not make it possible to establish any distinct dependence of the reactivity on the aro- 
matic character. This dependence is usually expressed purely qualitatively: aromatic com- 
pounds are more inclined to undergo substitution reactions than addition reactions. An in- 
teresting attempt to make a quantitative comparison of the ability of a compound to undergo 
substitution and addition was made in [24, 25], in which the KK index, which expresses the 
magnitude of the n-electron energy (calculated by the H~ckel method) that the molecule loses 
as a result of addition with a change in the hybridization of two adjacent atoms from sp 2 to 

3 sp as compared with substitution, in which the hybridization changes only for one atom, was 
proposed. Despite the insufficient degree of development of this approach, which, in par- 
ticular, does not make it possible to distinctly evaluate the differences between systems 
such as benzene and pyridine [24] and thiophene and pyrrole [25], an examination of the re- 
lationship between the reactivity and the aromatic character in close connection with the 
mechanism of the reaction is undoubtedly valuable. 

In speaking of the relationship between the aromatic character and the reactivity, one 
should emphasize that the quantitative criteria of aromatic character, except for the KK in- 
dexes mentioned above [24, 25], pertain to molecules that do not participate in the chemical 
reaction, whereas the difference in the energies between the starting molecule and the transi- 
tion state or the intermediate is of definite value for estimating the reaction rate. This 
characteristic is obtained from quantum-chemical calculations in the form of the localization 
energy, which is defined as the difference between the total energies of the starting mole- 
cule and the product of its C protonation. In essence, the same approach on the basis of 
experimental rather than calculated data was first proposed by Brown and Brady, who observed 
the existence of a linear relationship between the relative rates of halogenation of aromatic 
compounds and the stabilities of the ~ complexes that are formed in the reaction of arenes 
with HF and BFs [26]. 

According to the experimental data [7, 14], with which the results of calculation of the 
localization energies are also in agreement [16], the activity of pyrrole considerably ex- 
ceeds (by five to seven orders of magnitude) that of furan in electrophilic substitution re- 
actions, while the activity of thiophene is inferior to that of furan to a lesser extent (by 
one to three orders of magnitude). Such high activity of pyrrole can be explained by the in- 
creased ability of the nitrogen atom to delocalize the positive charge in the cationic 
complexes as compared with other heteroatoms, particularly the oxygen atom. This ability is 
ensured by the favorable conditions for overlapping of the unshared 2p pair of the nitrogen 
atom with the vacant 2p orbital of the adjacent carbon atom; it is important that the elec- 
tronegativity of the nitrogen atom is lower than that of the oxygen atom, which also has an 
unshared 2p pair (see [27]). The peculiarities due to the nature of the heteroatom are dis- 
played even in the neutral pyrrole molecule, in which the positive end of the dipole is 
localized on the heteroatom [28], while the heteroatoms in furan and thiophene [28], as well 
as in selenophene and tellurophene [29], are negatively polarized. In other words, in the 
case of pyrrole the heteroatom has at least the same activating mesomeric effect as in the 
case of furan and a substantially smaller deactivating inductive effect [28]. For the com- 
parison of thiophene with other heterorings it is important to bear in mind the poorer con- 
ditions for overlapping of the unshared 3p pair of electrons of sulfur with the 2p orbital 
of carbon, which should reduce the activating + M effect of the heteroatom and, at the same 
time, the approximate equality of the effective electronegativities of S and NH [30]~ Let us 
also point out that the stabilizing effect of the heteroatom on the adjacent cationic center 

+ 
in a system of the CH2XR type (X = O, S) is greater in the case of sulfur, while the overall 

stabilization in compounds of the CH2=CHXR, CHECXR, and C6HsXR type, in which the hetero- 
atom is adjacent to an unsaturated system, is greater for oxygen [31, 32]. Apparently as a 
result of the combination of heteroatom effects that act in opposite directions and are mani- 
fested in both the starting compounds and the heteroarenium ions, the difference in activity 
between furan and thiophene is considerably smaller than between furan and pyrrole. 
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TABLE i. ~:B Ratios in the Reactions of Furan, Thiophene, 
and Pyrrole [14, 33] 

Reactions Furan Thiophene pyrrole 

Acetytation with Ac20/SnC~ 4 
Acetylation with A cOCOCF 3 
Benzoylation with Bz20/SnC14 
Protodedeuteration 
Protodesilylation 

6808,5 
6000 
25O 

141,6 

20o 
71,4 
65,6 

1940 
43,5 

6 

2,4 

2. Nature of the Heteroatom and Positional Selectivity 

The electrophilic substitution of heteroaromatic compounds is distinguished by high 
positional selectivity due to the effect of the heteroatom, which can be regarded as an "in- 
ternal function." In particular, extremely high relative reactivity of the a positions, 
which in the case of furan and thiophene in electrophilic substitution reactions are several 
orders of magnitude more active than the B positions, is characteristic for five-membered 
heterorings; these differences are substantially smaller for pyrrole (Table i). 

The differences in positional selectivity observed for different reactions of the same 
heteroring and associated with differences in the activities of electrophilic agents (to 
which differen~ values of reactivity constants p correspond) will not be discussed further, 
since these questions have been examined in detail by Marino [7, 14]. Questions as to the 
reasons for the high positional selectivity in general and the factors that determine the 
differences in the ~:B ratios for furan, thiophene, and pyrole are of extreme importance for 
this review. The increased activity of the ~ positions is explained most simply by the better 
possibilities of charge delocalization in ~ complexes of the A type corresponding to a ~ sub- 
stit~tion (three carbon atoms and the heteroatom participate in delocalization) as compared 
with o complexes of the B type corresponding to B substitution (one ~-C atom and the hetero- 
atom participate in delocalization). Nevertheless, the positional selectivity in the case 
of various heterorings is in poor agreement with their activity in electrophilic substitution 
reactions. Thus furan turns out to be more selective than the less active thiophene. At the 
same time, the most active compound, viz., pyrrole, in conformity with the concepts regarding 
the ratio of the activity and selectivity, is the least selective. 

We examined the reasons for the above-indicated disparity between the orders in ~hich 
the activities (N>O>S) and positional selectivities (O>S>N) for five-membered heterorings 
change as a function of the nature of the heteroatom in [34]. It is natural to assume that 
the differences between the heterorings in their ability to fo~m B-substituted compounds are 
determined by the different relative thermodynamic stabilities of o complexes of the B type 
that develop in the preparation of B-substituted compounds as compared with the ~ complexes 
of the A type corresponding to ~ substitution. The assumption that the stability of ions of 
the B type depends to a greater extent on the effect of the heteroatom than in the case of 
ions of the A type, in which all of the ring atoms except the carbon atom of the geminal node 
participate in delocalization of the positive charge is important in this case. It is postu- 
lated [34] that the change in the relative stability of ions of the B type~as a function of 
the nature of the heteroatom should be similar to the corresponding changes known (for ex- 
ample, see [35]) for onium compounds: R~N+>R3S+>R30 +. If this assumption is correct, the 
stability of ions of the B type (as compared with the corresponding A ions) should change in 
the order 

H H H 

H 

This dependence of the relative thermodynamic stabilities of e complexes B on the nature of 
the heteroatom may explain the decrease in the formation of B-substituted compounds on pass- 
ing from pyrrole to thiophene and then to furan. 

The character of the factors that are responsible for the order presented above can be 
seen from a number of independent experimental and calculated data. Let us note first of all 
that the highest stability of the ion of the B type for pyrrole is in agreement with what we 
stated above relative to the stabilizing effect of various heteroatoms on the adjacent ca- 
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+ 
tionic center. A similar sequence of the stabilization energies of CHaXR cations (X = NR, 
S, O; R = H, CH3) was obtained on the basis of data from the mass spectrometry of CH3XR [36]: 

CH2'-NR2>CH2=SR>CH2--OR. 

Data on the higher stability of the methylthiomethyl cation as compared with the methoxy- 
methyl cation were also obtained during a study of the mass spectra with chemical ionization 
of compounds of the CH3XCH2COR type [37, 38]. 

As we have already mentioned above, nonempirical quantum-chemical calculations [32, 39] 
provide evidence for the higher stabilizing effect of the sulfur atom on the adjacent cationic 

+ + 

center forCH2XR~>CH2- XR ions. This model corresponds quite well to a o complex structure 
of the B type. At the same time, a o complex of the A type with the charge delocalized over 
four centers is closer in a certain sense to a model of the neutral CHa=CHXR compound [39], 
for which ~ stabilization is higher when X = O. Our analysis of the distribution of the 
charges in o complexes corresponding to pyrrole, thiophene, and furan (the calculations were 
made within the valence approximation by the semiempirical CNDO/2 method) shows [40] that the 
part of the total ~ charge localized on the heteroatom and the differences that depend on the 
nature of the latter are greater for ions of the B type (50-70% of the total ~ charge) than 
for ions of the A type (30-40%); in o complexes of the B type the fraction of the ~ charge 
on the heteroatom decreases in the order N>S>O, as compared with N>O>S in ions of the A type. 
Let us point out that the selectivity of electrophilic substitution measured by the difference 
between the localization energies corresponding to ~ and ~ substitution [40] changes in con- 
formity with the order experimentally established for the ~:B ratio, viz., N<S<O. 

3. Reactivities and Positional Selectivities and Substituted Pyrroles, Furans, and 

Thiophenes 

The analogy in the reactions of pyrrole, furan, and thiophene with electrophilic agents 
is generally known. Many of the peculiarities characteristic of each of the examined systems 
are due to the great differences in their activity and positional selectivity, as well as to 
some specific differences in transmission of the effects of the substituents through the 
heterorings. It is expedient to compare the properties of pyrrole, furan, and thiophene com- 
pounds separately for activated (heterorings without substituents and those bearing orienting 
groups of the I sort) and deactivated systems substituted by groupings that are orienting 
groups of the II sort. 

3.1. Activated Compounds. The analogy between the heterocyclic systems under discussion 
is manifested in the orientation of the electrophilic substitution, which for activated com- 
pounds is generally directed primarily or exclusively to the free ~ position. The closeness 
of the activities of the a and B positions that is characteristic for pyrrole may lead to the 
formation of significant amounts of the B-substituted compounds, which sometimes may even 
turn out to be the chief reaction products if attack on the a positions is hindered. For ex- 
ample, steric shielding of the a positions in N-substituted pyrroles is manifested, according 
to the data in [41], as sharp increase in the formation of 3-formyl derivatives in the case of 
Vilsmeier formylaton: only the 2-formyl compound is formed in the case of N-methylpyrrole, 
but the ~:~ ratio decreases in the order 11.5:1, 1.9:1, 1:14 for N-ethyl-, N-isopropyl-, and 
N-tert-butylpyrrole. A similar phenomenon was also observed in the nitration of N-alkylpyr- 
roles [42]. 

As a result of its exceptionally high reactivity, pyrrole can undergo reaction under 
considerably milder conditions than furan and thiophene. Thus pyrrole is acetylated by acetic 
anhydride in the absence of a catalyst [43,44], whereas the acetylation of both furan and 
thiophene requires the use of catalysts. The differences in the behavior of the correspond- 
ing furan and thiophene compounds are also most often determined by the higher activity of the 
former. In some cases furan and thiophene compounds may undergo conversions of different 
types even under the same conditions. For example, compounds of the benzyl ether, benzyl 
sulfide, and benzylamine type may undergo reactions with acylating agents of both the aromatic 
substitution types and with cleavage of the C--X bond (X = O, S, N) in the side chain; the 
latter reaction pathway usually predominates. Thus cleavage was observed in an attemt to 
formylate alkyl 2-thienyl sulfides by the action of dimethylformamide (DMF) and POCIs [45], 
while the furan analogs, which have a more active heteroaromatic ring, give the corresponding 
aldehydes smoothly under the same conditions [46]: 
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X=Ov$ 

A number of differences are also observed in the substitution of furan and thiophene 
analogs in the ring. If the molecule contains two free ~ positions, the primary reaction 
pathway is determined by the orienting effect of the available substituent. In particular, 
the acylation of 3-bromothiophene takes place virtually exclusively in the 2 position [47]. 
However, 3-bromofuran, because of the greater activity of the a positions, gives mixtures of 
2- and 5-acyl-substituted compounds containing 20-25% of the latter [48]. 

Br B r  Br Sr 

X = O ~ S  

Interesting data pertaining to the relative activity of the B positions in 2-aryl-5- 
methyl-substituted furans, thiophenes, and pyrroles were obtained by a group of French re- 
searchers [49], who observed the formation of isomers with markedly different ratios for the 
analogs: 

COR 

IR = Me X : O (Ac~O/S r lC i4 )  5 5  4 5  
X = S t2  8 8  

R = H x =o ( DMF/poc~ 3) eo zo 
X : NH 2 0  8 0  

Dana and co-workers [49] validly consider two groups of factors that affect the speci- 
ficity of the reaction and operate inconsistently in the cases under consideration, viz., 
electronic factors, which favor substitution in the 3 position owing to the possibility of 
charge delocalization in the o complex (C) with the participation of the aryl substituent, 
and steric factors, which promote substitution in the 4 position, i.e., adjacent to the less 
bulky methyl substituent when the reaction proceeds through cation D. 

C 

COR OR 

Pr l -  ~ X "  "Me Ph j ~X ~ " M e  P h "  " X  ~ "Me  

D E 

However, one cannot fully agree with this interpretation. Thus in explaining the forma- 
tion of a substantially larger amount of the 3-acetyl-substituted compound in the case of the 
furan compound than in the case of the thiophene compound Dana and co-workers [49] assume 
that it is due to the larger values of the exterior bond angles e and 8' when X = 0 (see 
structure E). In view of the closeness of the geometries of furan [50] and thiophene [51] 
this explanation does not seem too convincing. We assume that the already-noted differences 
between the heteroatoms and their abilities to exist in the onium state are manifested here. 
This ability is lower for the oxygen atom than for the sulfur atom, so that charge delocaliza- 
tion with the participation of the aryl substituent (ion C) has greater significance for the 
furan compound. However, in the case of the thiophene analog the sterically less hindered o 
complex (D), in which the charge is distributed between one carbon atom and the heteroatom, 
turns out to be quite favorable. 

In order to explain the markedly different ratios of the isomeric aldehydes formed in 
the formylation of 2-phenyl-5-methyl-substituted furan and pyrrole (the thiophene compound 
does not react under the conditions used) Dana and co-workers [49] attempted to invoke the 
concept of an "earlier" transition state (of the ~-complex type) for the pyrrole analog and 
a "later, transition state (of the o-complex type) for the furan analog; however, this point 
of view was not, of course, confirmed in any way,~ whereas these differences become under- 
standable when one takes into account the greater ability of the nitrogen atom as compared 

1200 



with the oxygen atom to stabilize the adjacent cationic center in the intermediately formed 
a complexes of the C and D type. 

The quantitative evaluation of the reactivities of furan, pyrrole, and derivatives of 
these compounds that bear activating substituents is frequently complicated by their acido- 
phobic character, which is manifested in the formation of products of "resinification" or 
ring opening under electrophilic substitution conditions. Thiophene compounds are consider- 
ably more resistant to the action of acids. For example, acid-catalyzed hydrogen-isotope ex- 
change is widely used to evaluate the reactivities of various positions of thiophene and sub- 
stituted thiophenes (for example, see [52-54]). However, in the case of furan, for example, 
one can accurately measure only the "lability" of the a-H atoms, since at HISO~ concentra- 
tions above 30% by weight, in which solutions the protons in the B positions undergo exchange 
at a sufficient rate, one simultaneously observes hydrolytic cleavage of the furan ring [55], 
which has been found to commence with protonation of the ~ position of the furan ring 
[56, 57]: 

+ ~ \ �9 HIO 
+ H30 ~ ' ~  H a r  HIO HI(~ H J'" 

H \ / ~ / c < H  C ,  + / ~ : H  2 H,O ~ - - ~  H C ~ C H  + H30 + + H30 ,--i,,.- HC Jr 
'b o. " b . o .  o. 6H 

/ - - \  
HC CH 

e-C P r o t o n a t i o n  o f  the  f u r a n  r i n g  a l so  occurs  i n  the  h y d r o l y s i s  o f  homologs and d e r i v a -  
t i v e s  of furan, including 2,5-disubstituted compounds [56]. The opinion of Aaltonen and co- 
workers that hydrolysis commences with ~-C protonation in the case of 2,5-dimethylfuran [58] 
and 2-methoxyfuran [59] was not confirmed by them and, as established in [60], was based on 
an inaccurate determination of the structures of the products of hydrolysis of 2-methoxy- 
furan. Ring cleavage is not characteristic for thiophene compounds under electrophilic sub- 
stitution conditions, except for the specific case of 2,5-dimethoxythiophene [61], which is 
converted to dimethyl monothionosuccinate by the action of HCI in ether. 

It is well known that so-called resinification of five-membered heterorings also takes 
place readily under the influence of protic and aprotic acids. Structures have been estab- 
lished for some of the resinification products. These structures make it possible to assume 
that the first step in this process is C protonation, generally in the e position, which is 
accompanied by reaction of the resulting cation with the neutral molecule via an electro- 
philic substitution scheme. Protonation of the resulting "dimer" may similarly lead to the 
production of a "trimer" etc. A mechanism for such electrophilic oligomerization for thio- 
phene was proposed in 1950 [62], and the structure of the "trimer" was later confirmed by 
means of x-ray diffraction analysis [63]: 

....... ~ H - - ~ - H  + ) 

. . . . . . . . . . .  ~ H / H 

4 s . -< .  -!~+" "s . . . . .  s~ ~.  

Oligomerization of furan compounds also proceeds similarly. Facile cleavage of the 
saturated heteroring in the oligomer is peculiar to this process; this can be illustrated by 
the structure of the 2-methylfuran "tetramer" [64]: 

CH 3 ?-\\ F-\\ 
CH 3 " 0 "  --- ! .... ~0 ...... 1 

CH~ 
_ ,..#-\, 

HOLHI--L H- %0 ~(7H 3 

As a consequence of the high activity of pyrrole, hydrogen-isotope exchange in the latter 
can be studied at su.ch low acid concentrations that "resinification" can be disregarded [55, 

1201 



65-68]. For example, H-D exchange in the case of pyrrole proceeds at a high rate in 10% 
solutions of CH3COOD in a mixture of dioxane and D20 [66] or in an aqueous methanol medium 
in the presence of 0.5% by weight H2SOa [65]. An increase in the concentration of the 
mineral acid leads to oligomerization of pyrrole and many substituted pyrroles [69]. Thus 
pyrrole is converted to a "trimer" in a few seconds by the action of 6 N HC1. The mechanism 
of this oligomerization is similar to the mechanism examined above for compounds of the thio- 
phene and furan series. A peculiarity of this process in the case of pyrrole is the fact 
that the B-C-protonation product proves to be an active electrophile and is present in rather 
high concentration [70]: 

H H H H H H / 

-p 

�9 
H 

H P ~' 

In other cases self-condensation may proceed through ~-C protonation. For example, 3,4- 
dimethylpyrrole gives a dimer in 6 N HCI [71]: 

Me Me Me Me Me Me Me Me 

H H H H 

Some alkylpyrroles do not undergo oligomerization but give salts under the influence of 
acids; these salts can sometimes be isolated in the crystalline state [69]. Similar salts 
are also formed when pyrrole and its homologs are dissolved in concentrated mineral acids 
such as 12 M HAS04. A study of solutions of the salts by PMR spectroscopy [72-74] showed 
that they are ~ complexes, viz., products of C protonation of the pyrrole ring; the hetero- 
areni,~n ions that are produced by protonation of the ~ position are the more stable forms, 
which generally are also observed in the spectra: 

R 3 

~1 ( ~ , ~ , ~ , ~  = Me ; the rema i~ngR=U)  

The heteroarenium ions that are formed in the ~-C protonation of furan, thiophene, and 
particularly substituted furans and thiophenes that bear activating substituents have been 
studied thoroughly recently, mainly by N-MR spectroscopy. Thiophenium ions are distinguished 
by the particular ease of their formation and their high stabilities. They were first ob- 
served by PMR spectroscopy in excess strong acid [75, 76]. It is interesting to note that we 
were able to obtain thiophenium ions in inert solvents (CICH~CH2CI and CH2C12) by the action 
of an approximately equimolar amount of HCI in the presence of AICI3; some of them were found 
to be so stable that they remained unchanged at room temperature for several weeks and even 

months [77]: 

R , RI:  HICH3~CH3$ 

Complexes of  a s i m i l a r  s o r t  t ha t  are s t a b l e  a t  room temperature are a lso formed in  the 
a l k y l a t i o n  of  th iophene in  the presence of  an equ i va l en t  amount of  A1Cls [78 ] ,  

R 

_70 ~ ~ Z ~ H  ~ k l  
@ + Re.  v,7 H + . 

R = i - C 3 H  7 I t - C A H  9 

Stable thiophenium ions can be formed under the conditions of electrophilic substitution 
reactions; part of the starting thiophene compound is deactivated under these conditions. 
For example, in the case of acylation of 2,5-dimethylthiophene in dichloroethane in the pres- 
ence of AICI3 up to half of the starting compound is tied up (by the HCI evolved during 
acylation) in the form of an ~-C-protonation product; the ratio of the latter and the ketone 
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(of course, in the form of a complex with AICI3) changes only slightly when the mixture is 
allowed to stand for a long time [77]. 

If the structure of the thiophene compound is particularly favorable for charge de- 
localization, as in the case of 2,4-bis(alkylmercapto)thiophenes, virtually complete pro- 
tonation is observed in trifluoroacetic acid [79] or in the HCI--SnCI4 system [80]. 

The most important condition that makes it possible tO avoid resinification in the 
preparation of thiophenium ions in the presence of AICIs is realization of protonation or 
alkylation at reduced temperatures (below--50~ which prevents the reaction of the result- 
ing ions with the neutral molecules that have not yet undergone protonation or alkylation. 
Attempts to obtain furanium ions under the same conditions lead to resinification, whereas, 
as we have demonstrated by mass spectrometry with chemical ionization, furan and its homologs, 
as well as alkyl a-furyl sulfides, in the gas phase are close to the corresponding thiophene 
analogs [81]. The difficulties involved in the preparation of furanium ions in the liquid 
phase are evidently not due to their "intrinsic" instability but rather to the high reactivi- 
ties of the free furan compounds that exist in equilibrium with the ~ complexes. This is in 
agreement with the literature data on the production of stable furanium ions from tert-butyl- 
furans, in the case of which one observes additional stabilization of the cation by the tert- 
butyl group; steric shielding hinders an intermolecular reaction in this case [82]: 

R' R' 

a R=t-C4Hg~ R'=H ;b R=H~R'=~-Cz, H 9 iO R=R':t-CL.H9 ; d R=R'=CH 3 

�9 .CH 3 . CH 3 
~- H H. -- H 

2,5-Dimethylfuran undergoes complete resinification under the same condition~ [82]. e- 
C-Protonated forms corresponding to it and other methylfurans were obtained either by an in- 
direct method, viz., by the action of strong protic acids on unsaturated aliphatic ketones 
[83, 84], or by extraction of furans (2-methyl- and 2,5-dimethylfurans) from solutions in 
CCI3F with FSO3H--SbF5 at --78~ [83]. Heteroarenium ions obtained by protonation of furan 
and 2-methylfuran at room temperature could be observed by means of the UV spectra [85]. 
However, these ions existed for several minutes in concentrated H2SO~ only under high-dilu- 
tion conditions (10-5-10 -6 mole/liter), which lowered the probability of intermolecular re- 
action of the furanium ion with the neutral molecule. 

In the case of pyrrole compounds this sort of reaction of the heteroarenium ions with 
the neutral molecules does not play such a substantial role. This is due to the considerably 
lower (under comparable conditions) concentration of the neutral molecules, which "compen- 
sates" for the higher activity of pyrroles in electrophilic substitution reactions and is due 
to their relatively high basicity. For example, the pK a value for 2,5-dimethylpyrrole (for 
~-C protonation in H2SO~) reaches --i.0, while it is nine orders of magnitude lower (--i0.01 
and--10.16, respectively) for 2,5-dimethylfuran and 2,5-dimethylthiophene [86]. Thus, with 
respect to their strengths as bases, alkylpyrroles are close to carboxylic acid amides and 
considerably surpass esters, aldehydes, and ketones (pK a values from--6 to --7.5) [87]. The 
latter circumstance is important for an understanding of the fact that polyalkylated carbonyl 
compounds of the pyrrole series are protonated at the ring a-carbon atom rather than at the 
oxygen atom [88, 89]. 

3.2. Deactivated Compounds. The differences between the heteroaromatic systems under 
discussion with respect to positional selectivity and transmission of the effect of substitu- 
ents are of particular significance for the interpretation of the behavior of deactivated 
compounds. In the case of compounds that bear a substituent of the II sort in the 3 position, 
as a result of coincidence of the orienting effects of the substituent and the heteroatom, 
attack of the electrophilic agent is directed primarily (and sometimes exclusively) in the 5 
position. When an ~lectron-acceptor substituent is present in the a position of the ring, 
one observes competition between the a-orienting effect of the heteroatom and the meta-ori- 
enting effect of the substituent; in this case none of the ordinary orienting groups of the 
II sort is able to completely overcome the effect of the heteroatom. 

The character of the difference between furan, thiophene, and pyrrole compounds that 
bear deactivating substituents can be illustrated by data on bromination in acetic acid in 
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the presence of LiBr of methyl esters of the corresponding 2-carboxyiic acids [90]. Under 
the indicated conditions furan and thiophene esters give only 5-bromo substituted compounds, 
while a mixture of isomeric 4- and 5-bromides in a ratio of 76.8:23.2 is formed in the case 
of pyrrole-2-carboxylic acid ester (see also [91, 92]). Let us note that the rates of bro- 
mination of esters (in the 5 position) are arranged in the S:O:N order 1:1.2.102:5.9.108 
[90]. In the case of stronger meta-orienting groups than the COOCH3 group the formation of 
4-substituted compounds is also observed in the thiophene series. Thus the bromination of 
furfural without a catalyst leads only to 5-bromofurfural [93]; in the case of 2-formylthio- 
phene the ratio of the 4- and 5-bromo compounds is 3:97 [94]. An especially large number of 
4-substituted compounds are formed in the nitration of thiophene and pyrrole compounds that 
bear orienting groups of the II sort in the 2 position. In particular, the ratios of 4- and 
5-nitro-substituted compounds under conditions that exclude modification of the substituent 
already present reach 52:48 (for acetothienone [95]), 57:43 (for 2-nitrothiophene [96]), and 
even 65:35 (for dimethyl-2-thienylsulfonium perchlorate [97]). However, the low degree of 
selectivity of nitration does not make it possible to detect differences with pyrrole analogs 
such as 2-acylpyrroles [98]. 

As a rule, furan compounds give exclusively 2,5-disubstituted compounds [48]. Until re- 
cently, only two reports that contradict the information stated above were available. In one 
of them [99] it was asserted that a mixture of 4- and 5-acyl-substituted compounds is ob- 
tained in the caproylation of methyl 2-furoate; however, we have demonstrated [47] that these 
results were based on an incorrect interpretation on the PMR spectra of the reaction products. 

The second report [i00] deals with the isolation of 10% 4-isopropylfurfural from the 
products of the reaction of furfural with isopropyl chloride in the presence of AICI3, in 
which the 5-alkyl-substituted compound was not detected. The 4-isopropylfurfural structure 
was proved distinctly in [i00] and does not raise any doubts. Recently we [i01] and Valenta 
and Koubek [102] obtained data that show that 4-isopropylfurfural is not the only product of 
this reaction. Considerable amounts of products of further alkylation, viz., 4,5-diiso- 
propyl- and 3,4,5-triisopropylfurfurals, are formed; up to 40% of the starting furfural does 
not react at all. A small amount of 5-isopropylfurfural is also detected. Thus the reac- 
tion does not stop at the monosubstitution step, and 5-isopropylfurfural possibly undergoes 
further alkylation more rapidly than the 5-isopropyl isomer. One also cannot exclude the 
possibility of isomerization of the 5-alkyl-substituted compound to 4-isopropylfurfural under 
the reaction conditions (see [103]). 

/ . . . . . .  f -  Pr" ~ l -  Pr\//7_~ . i -  P r ~ _  ,Pr - /  

~O CHO / -  Pr O" CliO O CHO .. ~'O "~L" CHO 

Nevertheless, the fact of the formation of a small amount of 4-isopropylfurfural is ab- 
solutely certain and is probably due to the formation of complexes with AICI3 at the carbonyl 
group. This transformation of carbonyl compounds makes it possible to markedly intensify the 
electron-acceptor capacity of the substituent; owing to the effect of conjugation, the 5 
position is deactivated to a much greater extent than the 4 position (see [47, 104] for a 
more detailed discussion). Protonation of the CO group also has a similar effect [47, 105]: 

/•XX ~-~C / R A: HJr,MXn 

C g.~ 

We estimated the quantitative intensification of the electron-acceptor capacity of the 
substituent as a consequence of complexing by means of the ~SC NMR spectra of the correspond- 
ing benzene compounds and characterized it by means of the ~ values (Table 2) [106]. 

The above-noted intensification of the electron-acceptor capacity of a substituent makes 
it possible in the case of complexes of 2-acylthiophenes with AICI3 to obtain the correspond- 
ing 2,4-disubstituted compounds with high selectivity [47]. The admixing of the 2,5-disub- 
stituted isomer in the case of bromination [107-109] and chloromethylation [Ii0, iii] does 
not exceed 1%. Close results are also obtained when complexes of carbonyl compounds with 
strong protic acids are used. In particular, the admixing of the 2,5-disubstituted compound 
for 2-formylthiophene and 2-acetothienone amounts to 2 and 4% in the bromination products 
[109] and 6 and 11% in the nitration products [112] when the reactions are carried out in an 
inert solvent (l,2-dichloroethane) with complexes of the RR'CO-HSbCI6 type~ Nitration [113], 
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TABLE 2. ~ Constants of Some Substituents (Y), Including 
Those Modifled ~ by Complexing with MX n 

Y MeO 

a ~  (~) 

a~,(y. A!X:~) 
X ~ C[. Br 

S ubs t i tuen t s :  
q 

--0,7 
0,1 

MeCO 
0,6 

CN COOMe 

0,6 ~,6 
1,2 1,2 

3%C0 SbCls 
0,9 

PhCO MeCO 

0,6 0,6 
1,3 1,5 

l\~eCO �9 A1Cla 
1,5 

CHO N Q  

0',8 0,8 
1,9 1,6 

MeCO �9 BCla 
1,8 

bromination [114], and chloromethylation [115] of the same carbonyl compounds in concentrated 
HaSO, lead to the greater formation of 5-substituted compounds; however, in these cases also 
2,4-disubstituted compounds constitute from 70 to 90% of the reaction products. 

Protonation at the carbonyl group cannot be used in the furan series because of resini- 
fication in strong protic acid media. Complexing with AICI3 makes it possible in some cases 
to change the specificity of electrophilic substitution for 2-acylfurans; however, the forma- 
tion of 2,5-disubstituted compounds also predominates, as a rule, for the complexes. The 
special case of isopropylation of furfural that has already been discussed does not refute 
the conclusion drawn above. Let us also note that 4- and 5-isopropyl- and 4,5-diisopropyl- 
substituted compounds in a ratio of 2:3:2 were obtained in the isopropylation of methyl 2- 
furoate; the ratio of the 4- and 5-substituted compounds increased when the temperature was 
raised, and this provided a basis for the assumption of the possibility of isomerization of 
the 5-substituted isomer to the 4-substituted isomer [103]. The chloromethylation of 2- 
acylfurans by the action of bis(chloromethyl) ether in the presence of AiCI3 gives the 
products in low yields; the 5-substituted isomer predominates in the resulting mixture of 
chloromethyl-substituted products [116]. The most illustrative results were obtained in the 
bromination of the complex of furfural with AICIs. In particular, the conditions (0~ in 
CHCI3) under which 4-bromofurfural is the principal reaction product were found [117]. How- 
ever, in the case of 2-acetylfuran both isomers are formed in approximately equal amounts 
[109]. The formation of a 4-bromo-substituted compound cannot be detected at all in the bro- 
mination of methyl 2-furoate in the presence of excess AICI3 [118]. Thus complexing with 
AiCIa at the carbonyl group does not make it possible to suppress the activity of the 5-posi- 
tion in 2-acylfurans and does not make it possible to obtain virtually individual 2,4-disub- 
stituted compounds as in the case of the thiophene analogs. This can be explained primarily 
by the large differences in the activities of the ~ and B'positions of furan, which are also 
retained in the case of substituted furans. 

Considering the fact that, as compared with its analogs, unsubstituted pyrrole has the 
lowest ~:B ratio, one need not be surprised at the capacity for selective conversion to 2,4- 
disubstituted compounds that is characteristic for pyrrole compounds that bear deactivating 
substituents when electrophilic substitution reactions are carried out in the presence of 
excess Lewis acid, i.e., when these compounds undergo the reaction in the form of a complex. 
2,4-Disubstituted compounds that bear bromo [119], acyl [120-124] (including formyl [121- 
123] and alkylthiocarbonyl [123]), and alkyl [103, 125-127] groups in the 4 position were ob- 
tained in high yields by this method from complexes of 2-acyl, 2-alkoxycarbonyl-, 2-alkyl- 
thiocarbonyl-, and 2-cyanopyrroles with AICIs, as well as with AIBr3 and GaC!s, although iso- 
merization with the formation of 5-alkyl-substituted compounds is often observed in the 
latter case under the reaction conditions. 

As an example that demonstrates simultaneously the high activity of compounds of the 
pyrrole series and the possibility of a change in the specificity of substitution owing to 
complexing, let us point out the preparation of formyl-substituted compounds from 2-ethoxy- 
carbonyl- and 2-ethylthiocarbonylpyrrole [122]. Mixtures of 4- and 5-substituted compounds 
that contain ~70% of the latter are obtained by the action of DMF and POCI3 in both cases; 
however, the percentages of the 4-substituted compounds reached 98 and 94%, respectively, 
when dichloromethyl methyl ether and excess AICI3 were used. The use of thioesters is ex- 
tremely attractive, since treatment of the 2,4-disubstituted compounds obtained from them 
with Raney nickel leads to desulfuration and the simultaneous decarbonylation to give the 
corresponding 3-monosubstituted pyrroles [121]. 
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TABLE 3. Competitive Bromination of Equimolar Mixtures of 
Carbonyl Compounds of the Thiophene and Furan Series or 
Their Complexes with AICI3 

Starting compounds (I : I) 

~CHO ~-~Ci~ 

�9 ~'C HO, AI CI 3 

/~'COC H 3 �9 AtCI 3 ~S ~COCH 3 �9 AICI 3 

Molar ratios (A : B) of the 
unchanged compounds in 
the reaction products 

32 : 68 

73 : 27 

7? : 23 

The tertiary immonium salts formed from 2-acylpyrroles and pyrrolidine in the presence 
of perchloric acid constitute an interesting type of deactivated compounds of the pyrrole 
series: 

(/•"COR + ~'N 5 
H H 

HCIO 4 

" H ~ - ~ C R = = ~  c~o~" 

Bromination [128, 129], chlorination [129], iodination [129, 130], acylation [128, 129], and 
formylation (by the action of CI=CHOCH3) [129] of these salts lead almost exclusively to 4- 
substituted compounds, by hydrolysis of which the corresponding carbonyl compounds can be ob- 
tained. The synthetic possibilities created by tertiary immonium salts are restricted to 
compounds of the pyrrole series: the furan ring in the analogous salt obtained from furfural 
and pyrrolidine is so deactivated that bromination does not take place [129]. 

Thus deactivated compounds of the thiophene and pyrrole series, on the one hand, and 
deactivated compounds of the furan series, on the other, differ markedly with respect to the 
specificity of electrophilic substitution reactions. The substantial differences in the ~:B 
ratios of unsubstituted heterorings already mentioned above do not, however, constitute the 
only reason for the above-noted peculiarities of the furan compounds. Differences in the 
transmission of the effect of the substituent through the pyrrole, thiophene, and furan rings 
also play an important role. 

3.3. Transmission of the Effect of a Substituent Through the Heteroring. During a study 
of the reactions of complexes of carbonyl compounds with electrophilic reagents it was ob- 
served that the furan ring is deactivated to a greater extent than the thiophene ring as a re- 
sult of complexing with AICI3. For example, as we have already mentioned, 2-acetylfuran and 
furfural are chloromethylated to give mixtures of chloromethyl-substituted compounds in yields 
of only a few percent; the bulk of the starting compound is recovered [116]. On the other 
hand, 2-formylthiophene and 2-acetylthiophene under the same conditions give 4-chloromethyl- 
substituted compounds in up to 50% yields based on the starting compounds and up to 80% yields 
based on the converted carbonyl compound [134]. In an attempt to acetylate 2-acetylfuran it 
was recovered unchanged [I01], although under the same conditions (~IO0~ in the presence of 
excess AICI3 without a solvent) 2-acetylthiophene is converted to 2,4-diacetylthiophene with 
admixed 2,5-disubstituted isomer in up to 25% yield on the basis of the starting compound and 
up to 70% yield on the basis of the converted ketone [132]. The acetylation of 5-methyl-2- 
acetylfuran can be carried out; however, more severe conditions than in the case of its thio- 
phene analog are required for this [i01]. Finally, competitive bromination shows that com- 
plexes of carbonyl compounds of the furan series are less active than their thiophene ana- 
logs, although the opposite is true for the free carbonyl compounds [109] (Table 3). 

Nevertheless, even bromination of the furfural complex, which gives the greatest rela- 
tive amount of the 4-substituted compound, takes place in the 4 position only primarily, 
whereas bromination of the corresponding 2-formylthiophene complex takes place virtually ex- 
clusively in the 4 position. 

To ascertain the reasons for the above-noted differences in the behavior of the com- 
plexes of carbonyl compounds of the furan and thiophene series with AICIs in electrophilic 
substitution reactions we studied the ~3C NMR spectra of such complexes [133, 134]. These 
spectra, in agreement with the results of quantum-chemical calculations by the CNDO/2 method 
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[105], show that the changes in the electron density in the various position on passing from 
the free carbonyl compound to the complex are qualitatively close for the thiophene and fu- 
ran compounds. In particular, a pronounced decrease in the electron density in the 5 and 3 
positions is observed, whereas it decreases to a considerably smaller extent in the 4 posi- 
tion. However, during an attempt to make a quantitative correlation it becomes apparent that 
the character of transmission of the effect of the substituent in the furan ring differs 
from that in the thiophene ring. That is to say, the changes in the chemical shifts as com- 
pared with the unsubstituted heterorings that characterize the transmission of the effect of 
the substituent to the ~ positions are greater for thiophene compounds, whereas the corres- 
ponding values and, consequently, the degree of transmission of the effect of the substituent 
to the B positions are greater for the furan compounds. A similar correlation turns out to 
be valid for an extensive set of compounds with substituents of various types in both the 2 
and 3 positions [134]. 

The above-noted differences in the transmission of the effect of substituents to the 
and B positions make it possible to understand the differences in the effect of complexing 
with AICI3 on the selectivity of electrophilic substitution of carbonyl derivatives of furan 
and thiophene. First of all, the stronger and more determining effect of the more electro- 
negative heteroatom, viz., the oxygen atom, on the adjacent ~ positions is apparent. In 
addition, it seems likely that the relatively smaller (as compared with the thiophene ana~ 
logs) effect of the substituent on the 5 position and the relatively greater effect on the 4 
position in the case of furan compounds lead to more pronounced deactivation of the 4 posi- 
tion and incomplete suppression of the activity of the 5 position. In the case of thiophene 
compounds the activity of the 4 position decreases to a lesser extent, whereas the 5 posi- 
tion is virtually completely deactivated with respect to electrophilic attack. 

An examination of the peculiarities of transmission of the effect of substituents through 
the pyrrole ring on the basis of data from the :3C NMR spectra is difficult because of the 
scantiness of the appropriate data. Let us note only that the greater effect of substituents 
on the a positions than in the case of furan compounds is clearly seen from the increments 
presented in [135]. The experimental data on the relative ease of production of 2,4-disub- 
stituted pyrroles presented above are in complete agreement with this. 

Thus the differences in the behavior of furan, thiophene, and pyrrole compounds in elec- 
trophilic substitution reactions can be explained with allowance for the relative reactivities 
of these compounds, the positional selectivity characteristic of the first members of the 
series, and the specific conditions for transmission of the effect of a substituent through 
the heteroring. ~The indicated factors probably also play a substantial role for other hetero- 
rings, particularly the selenophene and tellurophene rings. However, the lack of quantitative 
data pertaining primarily to B-substituted compounds makes it impossible at the present time 
to compare then with furan, thiophene, and pyrrole. One can only state that selenophene is 
evidently closer to thiophene than to furan with respect to its chemical behavior and, in 
particular, with respect to its positional selectivity. This is evidenced by the formation 
of B-substituted compounds observed in individual cases [136] and the great similarity in the 
13C NMR spectra of selenophene and thiophene compounds [137]. As regards tellurophene, its 
study is now in its initial stages. In particular, it would be interesting to ascertain the 
~:B ratios for series of reactions; however, the formation of B-substituted compounds in the 
tellurophene series has not yet been described at all [23]. The transmission of the effects 
of substituents to various positions of the tellurophene ring, insofar as one can judge from 
the available limited ~3C NMR data [23], for compounds of the tellurophene series differs 
markedly from the transmission observed for both the furan and thiophene analogs. 

The author is grateful to Professors Ya. L. Gol'dfarb and N. So Zefirov and I. A. Abronin, 
V. A. Budylin, and A. P. Yakubov for their useful discussion of a number of the problems ex- 
amined in this review. The author recalls with sincere gratitude the valuable advice he ob- 
tained from the prematurely deceased A. N. Kost in the preparation of this paper. 
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