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FIVE-MEMBERED HETEROAROMATIC SYSTEMS (REVIEW)*

G. Marino UDC 547.72

Mechanism of Electrophilic Substitution in Five-Membered Rings

In most cases the mechanism of electrophilic substitution in five-membered heterocycles to a first
approximation does not differ substantially from the generally accepted mechanism of substitution in homo-
cyclic aromatic compounds [1], which assumes a change in the hybridization of the carbon atom under attack
from sp? to sp® and the formation of particles (Wheland complexes or o complexes) that are intermediates,
i.e,, they correspond to the minimum on the energy curve of the reaction. In most cases, the formation of
a ¢ complex is the step that determines the reaction rate; in other cases, the structure of the substrate,
the nature of the electrophilic agent, the experimental conditions, and the rate of conversion of the inter-
mediate compound affect the reaction kinetics. I these cases, as was first demonstrated by Melander [2],
one should expect the appearance of a positive primary isotope effect and an alkali catalysis effect.

A 7 complex (the aromatic ring is a donor) may form before (and probably after) the formation of the
¢ complex, although it has not been proved that the formation of the 7 complex is a necessary step of the
reaction. An assumption was recently expressed [ 3] that if the electrophilic agent is very strong, the forma-
tion of a m complex may be the step that determines the rate of the overall reaction. This hypothesis is
interesting and can be used in cases in which the aromatic compound is a strong nucleophile, such as pyr-
role, for example.

A number of factors that complicate the occurrence of electrophilic substitution arise in the case of
heteroaromatic substrates.

1. When there is a "basic" center {for example, the tertiary nitrogen atom in imidazole) present and
substitution proceeds in strongly acid media, the substrate is protonated and substitution may occur in the
conjugate acid, as, for example, in the nitration of imidazole and pyrazole [4]. Even in weaker acids @cetic
acid, for example), the formation of hydrogen bonds with the nitrogen atom may change the orientation and
reaction rate.

2. When a secondary nitrogen atom is present

as i 1 imidazole), th tion ma ceed
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TABLE 2. Relative Reactivities of Five-Membered Rings in
Electrophilic Substitution

Compound Acetylation* E‘azlggc;roacety !Formylanoni Bromination*
Thiophene 1 ! 1 1 1
Selenophene- 2,28 | 7,33 3,67 47,5
Tellurophene 7,55 46,4 36 —
Furan 119 140 103 120
Pyrrole — 5,3 107 — 59%108

* Acetylation with acetic anhydride in the presence of stannic
chloride [20, 21].

T Reaction with trifluoroacetic anhydride in dichloroethane [16, 22].
1 Reaction with phosgene and dimethylformamide in chloroform [21].
* ¥ Relative rates of bromination @{n the 5 position) of the 2-carbo-
methoxy derivatives in acetic acid [11,23, 24].

TABLE 3. Factors of the Partial Rates of Electrophilic Substitu-
tion Reactions in the Thiophene Ring [25]

No. . Reactions o* oy By
Electrophilic substitution
| |Bromination with Bty —12,1 5,1 x10? 1,06 x 107
2 | Chlorination —10,0 39107 39108
3 | Acetylation -9,1 . 2,7X 108 1,35 10*
4 | Protddedeuteration — 8,7x10° 8,3x10®
5 | Protodetritiation —8,2 5,3% 108 58x10%
6 |Bromination with Br+ -6,2 1,9x108 1,6X103
7 |Nitration — (7.1X102) (1,15 102)
8 |Protodeboration — 8,56 108 7,1x102
9~ {lododeboration —4,8 9,7x 108 7,0% 102
10 |Protodesilylation —46 50x10° 1,15X 102
11 | Mercuration —4,0 1,85 108 —
12 | Protodemercuration —24 1,7X10° —
Reaction of carbonium ions
in the side chain
13 | Solvolysis of 1-arylethyl p- —6,0 6,3 104 1x10°
nitrobenzoates
14 | Solvelysis of 1-arylethylacerates —57 54X 10 48X10?
15 | Isomerization of Cis-1<aryl-2- -33 3,5%102 -
phenylethenes
16 | Rearrangement of arylphenyl- -29 50,2 -
carbinols
17 | Pyrolysis of 1-arylethyl acetates —0,66 33 18

*These are the p constants for benzene derivatives: L. M. Stock
and H. C. Brown, Adv. Phys. Org. Chem., 1, 35 (1963).

through the anion formed during dissociation to give products of substitution either at the nitrogen atom or
at the carbon atom. For example, both 1-acetyl- and 2-acetylpyrrole are formed in the reaction of pyrrole
with acetic anhydride at 130°C [5]. It should be assumed that substitution at C(a) proceeds in the neutral
molecule, while substitution at the nitrogen atom occurs in the anion that is formed during dissociation.
This is confirmed by the fact that the G/ N ratio of the isomers decreases when sodium acetate (which in-
creases ionization) is added and increases when acetic acid is added.

Another example of substitution through the conjugate base is the azo coupling of imidazole [6], in
which the 2 isomer is usually formed. However, if the reaction is carried out in acid media, the 4 isomer
is formed.

3. In some cases the heteroaromatic ring can form a different sort of complex ( donors, with charge
transfer, etc.) with the electrophilic agent or catalysts. For example, an orange complex of the bromonium
ion was isolated in the bromination of imidazole in chloroform [7]. Another example of this sort of compli-
cation of the process is the mercuration of thiophene {8]. The research that is currently being conducted in
our laboratory shows that the mercuration of thiophene proceeds via a mechanism that differs from the
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' TABLE 4. Factors of the Partial Rates of Electrophilic Sub-
stitution Reactions in the Furan Ring [28, 29]

Reactions o ay By
Electrophilic substitution
Bromination -12,1 6,1 10! —
Chlorination ~10,0 1,9 10° -
Acetylation ~9,1 3,2x 107 2% 10%
Protodesilylation —4,3 1,7% 10 1,17 X 102
Protodemercuration —-24 40X 10% 1,5 102
Reactions of carbonium ions in
the side chain

Solvolysis of 1~arylethyl p-niiro~ ~6,0 LOX 10° 2,9X10?

benzoates i
Solvolysis of l-aglethyl acetates =57 2,1X10% 6,7X10?
Rearrangement of arylphenyl-~ —29 90 -

carbinols
Pyrolysis of 1-arylethyl acetates —0,66 38 1.9

TABLE 5. Relative Reactivities of Selenophene and Thiophene
and Factors of the Partial Rates of Substitution in the Selenophene

Ring [24]

| Ratio of the ratesof

Reactions ! 0* substitution of seleno- o

| phene and thiophene
Bromination with Br, —121 47,5 2,4 10!
Chlorination —-10,0 6,5 25X 108
Acetylation —9,1 1.9 5,1x108
Protcdedeuteration (—8,5) 11 9,6 X 10;
Bromination with Br* —6,2 45 8,5X 10
Trifluoroacetylation — 6.6 =
Protodemercuration - 2,44 2,2 3,7X10

*These are the p constants for benzene derivatives: L. M. Stock
and H. C. Brown, Adv. Phys. Org. Chem., 1, 35 (1963).

mechanism of the mercuration of benzene and includes prior coordination of mercury at the sulfur atom.

In some cases the substrate reacts with the catalyst. The reaction does not proceed when pyrrole is
treated with acetic anhydride with a catalytic amount of stannic chloride at room temperature [5]. Under
these same conditions, furan and thiophene (which are less reactive during electrophilic substitution) readily
give the acetyl derivatives. I follows from this that stannic chloride forms a stable complex with pyrrole
and does not catalyze the formation of electrophilic particles from the anhydride. This assumption is con-
firmed by the fact that furan and thiophene also lose their capacity for acetylation in the presence of pyrrole

{5].

4, Since the double bonds in a heteroaromatic system are fixed to a considerable degree, substitution
may be accompanied by the addition of an electrophilic agent. For example, 2~acetoxy~5-nitro~2,5-dihydro-
furan is formed in the nitration of furan in acetic anhydride.

5. The existence of prototropic equilibria superimposed other complexities. One should have in mind
two types of tautomerism: in the heteroring itself (indole-indolenine and pyrrole-pyrrolenine) and tautomer-
ism peculiar to hydroxy and amino derivatives. Substitution may occur, at least theoretically, in the pro-
totropic nonaromatic form.

This reasoning regarding the peculiarities and differences does not exclude the fact that substitution
in five-membered heterorings in most cases proceeds similarly to the reactions in the benzene series.
This is particularly the case for thiophene, which is closest in chemical behavior to benzene, For example,
bromination of thiophene in acetic acid proceeds in analogy with bromination of benzene compounds [10, 11},
i.e., 2 complex pattern is observed, and the reaction order in bromine lies between one and two. Moreover,
the bromination of thiophene, like that of benzene derivatives, in the presence of lithium bromide is a second~
order reaction with respect fo bromine (first-order with respect to each reagent). The same effect of the
percentage of water in the solvent, the ionic strength of the solution, the bromide ion concentration, and the
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TABLE 6. Constants for Hetero- effect of substituents in the aromatic system are observed in the
atoms as Substituents bromination of thiophene and benzene derivatives. This confirms
the similarity between the mechanisms of the reactions in both
cases. The kinetic isotope effect and the Arrhenius parameter have
the same values in the bromination of thiophene and benzene deriva-
0 -093 ~0,44 tives [13]. The chlorination of thiophene [10] proceeds via the same

Hetero- G + o, +
atom a

™

S —~0,79 —0,52 ‘ f e
Se ~0,88 — mechanism as in the chlorination of henzene. Hydrogen exchange
I{{*}{ :‘3;25 - in thiophene, furan, and benzene proceeds via the same mechanism

[14]. The increased reactivity of these systems as compared with
electrophilic agents makes it possible to conduct a quantitative in-
vestigation of the interaction with electrophiles of medium strength,
with which benzene does not react. The kinetics of formylation of
thiophene derivatives via the Vilsmeier reaction have been investigated [15]. The formylation of thiophene
and methylthiophenes in dichloroethane proceeds via a third-order scheme (first-order in substrate, phos-
phorus oxychloride and dimethylformamide). More reactive substrates (such as 2-methoxythiophene) are
formylated via a second-order scheme, and the rate of substitution of them is independent of the substrate
concentration. The mechanism includes equilibrium (a), which leads to the formation of an electrophilic
agent, and subsequent attack of it on the substrate {) to give an intermediate, which is then converted to
the final aldehyde by the action of water:

Dimethylformamide + POCl; = complex (a)
complex + thiophene — intermediate (b)
) + -
intermediate + 3H,0 —~C,H;SCHO + (CHg),NH,Cl + H;PO, + 2HCI

Step b) is the determining step in the formylation of thiophene and methylthiophenes; in the case of 2~
methoxythiophene, step () proceeds very rapidly and step @) (formation of the complex) becomes the kinet-
ically determining step. If phosgene is used in place of phosphorus oxychloride, equilibrium @), because
of the evolution of carbon dioxide, is shifted completely to the right, and crystalline complex [(CH,),NCHCI1]*-
Cl- is formed. This complex was isolated, and its reaction with heteroaromatic compounds is clearly a
second-order reaction — first-order in substrate and first-order in complex.

Trifluoroacetylation with trifiuoroacetic anhydride in an inert solvent [16] is another reaction with
electrophiles of medium strength that was studied in our laboratory. Trifluoroacetylation is interesting
for several reasons. First, all of the investigated heterocyelic compounds (including pyrrole) are converted
to monotrifluoroacetyl derivatives without the appreciable formation of side products. Second, this is an
acylation reaction that does not require Friedel—~Crafts catalysts,and the complications that arise during
the reaction of some heterocycles with such catalysts [5] are excluded. Finally, this selective reaction is
exceptionally convenient for a comparison of the structure and reactivity. Another interesting acylating
agent that does not require a catalyst is the mixed anhydride of acetic and trifluoroacetic acids, which is
frequently called acetyl trifluoroacetate. Acetyl trifluoroacetate is described as an acetylating agent in the
literature. For example, anisole and phenetole react with it to give exclusively methoxy (or ethoxy)aceto-
phenone [17]. However, we have shown that five-membered heterocycles react with acetyl trifluoroacetate
to give mixtures of acetylated and trifluoroacetylated products, the composition of which depends on the re-
activity of the substrate and the experimental conditions [18, 19]. The ratio of the products of the reactions
in 1,2-dichloroethane at 75° is presented in Table 1. It is seen from the data in Table 1 that the amount of
trifluoroacetyl derivative increases as the reactivity of the substrate increases. Thiophene and 2-methyl-
pyrrole are the boundary cases: the first gives exclusively 2-acetylthiophene, while the second gives more
than 90% of the 5-trifluoroacetyl derivative. Raising the temperature and polarity of the solvent and the ad-
dition of Lewis acids promote the acetylation, while the addition of lithium trifluoroacetate leads to an in-
crease in the vield of the trifluoroacetyl derivative. On the basis of the data presented, a comparison of the
reactivities and selectivities with respect to other electrophilic agents, it can be assumed [19] that tri-
fluoroacetylation proceeds under the influence of the undissociated anhydride, while acetylation proceeds
under the influence of the acetylium ion (CH3CO+ , as the free cation or as an ion pair).

Relative Reactivities of Five-Membered Heterocycles

At the outset of our investigations, the literature contained no quantitative comparative data on the
reactivities of the principal five-membered heterocycles. In textbooks on organic chemistry there was not
even agreement on the qualitative reactivities.
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tya,

") The principal five-membered heterocycles are presently

arranged in the order of their reactivities on the basis of

kinetic data or thorough comparative experiments. The ratio

of the reactivities of furan, thiophene, selenophene, telluro-

sl < s . phene, and pyrrole in four electrophilic substitution reac-

ie tions (acetylation, trifluoroacetylation, Vilsmeier formylation,

iz . and bromination) is presented in Table 2. The high reactivity

et of pyrrole cannot be ascribed to the formation of the C H;N"
O ‘ anion, since N-methylpyrrole (for which the formation of such

an ion is impossible) is even more reactive than pyrrole.

[y
T

e N

Since the ratio of the rates of bromination of thiophene
and benzene is known [10], it becomes possible to calculate
the partial rates of bromination (with respect to one position
in benzene) of the « position of the principal heterocycles:
thiophene 5 - 10°, selenophene 2.4-101!!, furan 6 - 101, and
pyrrole 3-10%%, These data, although they are approximate,
are a unique comparison of the reactivities of five-membered
heterocycles and benzene.

Fig. 1. Extended selectivity ratio

for electrophilic substitution reactions
in the o position of the thiophene ring
(the reactions presented in Table 3
are designated by the numbers beside
the points).

Alpha:Beta Ratio. T is well known that electrophilic attack is directed to the o position more readily
than to the 8 position in all five-membered heterocycles; this can be explained by a comparison of the
energies of the transition states for ¢ and 8 substitution. The isomer distribution and the reactivity ratio
of the @ and B positions depend markedly on the electrophilic agent and the experimental conditions (for
example, the temperature); basically, the lower the strength of the electrophilic agent, the higher the a:8
ratio [25]. This ratio also depends to a considerable extent on the heteroatom. Although there have been
no comparative investigations under identical conditions, the available data nevertheless basically confirm
the following order with respect to orientation in the o position: furan >thiophene ~ selenophene »pyrrole.
This difference in the «:f8 ratio observed for the four heterocycles may be due to many reasons. The es-
pecially smaill «:8 ratio for pyrrole {as well as the low sensitivity of the ring to substituents) is possibly
explained by the fact that the Wheland complex is not a satisfactory model for the transition state.

Partial Rates and Expanded Selectivity Ratio

The isomer ratio. and the relative rates of substitution make it possible to calculate the partial rates
{the partial rate is the rate of substitution of one position in the heteroaromatic ring with respect to one posi-
tion in benzene). The partial rates obtained for electrophilic substitution are presented in Tables 3 (thio-
phene), 4 (furan), and 5 (selenophene). Data pertaining to reactions in the side chain, when a resonance-
stabilized carbonium ion is formed, are included in the tables. In a certain respect, these reactions recall
electrophilic substitution and are frequently used for the determination of the reactivities of aromatic com~
pounds. The partial rates vary over wide limits for the same ring. Electrophilic agents of low activity such
as molecular bromine are more selective, i.e., either different rings or the @ and 8 positious in the same
ring are more readily "distinguished." Quantitatively, a linear dependence of log o/f on log o, is observed.
This correlation is formally analogous to the selectivity ratio proposed by Brown and Nelson [JZ;] for the re-
actions of monosubstituted benzenes.

The data in Tables 3-5 can be used to demonstrate the linear ratios of the free energies of electro-
philic reactions in five-membered heterocycles. The extended method of selectivities [27] can be used for
the successful solution of the problem. According to this method (which is the inverse Hammett method),
the substrate remains the same, but the log k/k, values are correlated with p for different reactions. A
satisfactory linear correlation between log «r or log {for substitution in thiophene [25], furan [28, 29],
and selenophene) andthe p values obtained from the data of analogous reactions of benzene derivatives is
obtained. An example of the application of the extended selectivity method to reactions of the o position of
thiophene is presented in Fig. 1, Nitration and protodeboration are not presented, since in the case of thio-
phene these reactions proceed under conditions that differ from those that were used to calculate p. Two
chief deviations —mercuration and protodemercuration — which differ substantially from what the ratio pre-
dicts, can be observed in Fig. 1. This is not surprising, since, as noted above, mercuration of thiophene
proceeds via a mechanism that differs from the mechanism of the mercuration of benzene, probably through
prior coordination of mercury on the sulfur atom. The data from the rest of the reactions follow the linear
expression very well. This linear dependence points out the similarity between the mechanisms of electro-
philic substitution of heterocaromatic and benzene derivatives.
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TABLE 7. Electrophilic Substitution and Related Reactions in Furan,
Thiophene, Benzofuran, and Benzothiophene. Relative Partial Rates

[30]
1 L8] ] g 1
o Q 1
Reactions -[7_& § 85 n?@ 38‘ 25 & g o
o a8108 LB |88l 3R 3
Bromination, Br, AcOH, 25°C 1} — 12071189 | — 490 [ (58,800)*
Chlorination, Cly AcOH, 25°C 11 = | = {29026 | — |100 | (5000)*
Bromination, HOBr, HCIO, 50% 1| — [ — (6I6]121f — (120 —_
dioxane, 25° ]
Benzoylaiion, Br, O, SnC],4, 1 1243 1297666 | 12812501 65,6 609
dichloroethane, T5°
Acetylation, Acy0, $nCl, dichloro-| 1 |240 |1,782,00] 13,3}12,9|500 2,380
ethane, 25°
Acetylation, acetyl trifluoroacetate,| 1 0,71 |1,86}3,57] 13,3[148] 71,4 704
dichloroethane, 75°
Protodeuteration [31], CFsCOOCH, 1} — | —[625]100] -~} 3000 —
AcOH, 25°
Pré)sodesilylanon, HCl104, CHgOH, 1 {1,021 — |0.35] 0,36 — | 42,8 153
Solvolysis of 1-arylethyl p-nmo- 11084 |{206]1,27] 3,4312,06| 62,1 293
b
Soﬁr%zlys1s of 1-arylethyl acetates™ | 1 {141 |087|069} 2,14/ 1041113 448

*Data for 2-carbomethoxy derivasive.

t R. Taylor, J. Chem. Soc., B, 1384 (1970) .

1D. S. Noyce, private communication.

**E, A, Hill, M. L. Gross, M. Stasiewicz, and M. Manion, J. Am. Chem.
Soc., 91, 7381 (1969).

TABLE 8. Effect of "Annelation” on the Reactivities of the @ and
B Positions of Furan and Thiophene

o~ Benzo~ —Benzo-[a-Bepzo- Be 0=~

Resctions M el = c'ffi’h’};‘?,ine “hiophene

AcOH 25° — 4,2x10~3 189
T A R N = ]

: Ag%&oisz\czo, SnCl,, dichloro=~ 1,3 10-2 >36 3,0X10-2 9,1
Agteht;rlft'lom acetyl mﬂuoroacetate. 2,1 x10-2 >26 5,0X10-2 13,3
Bgrllgg;‘i;?;%gf‘%?z& SnCly, dichloro- 4,1x10-2 1,22 1,0x10-! 12,8
P&%ﬁeuterauon, CF3COH, AcOH, — — 2,010~ 10,0
Pf:e?odesllylauon. HCl10Oy CH3OH, — — 82x10-2 0,36
- —3
Showssollumlalens | IR 88| HER) B
zoates, 75°

From the slopes of these lines, one can calculate the substituent constants (¢ ") relative to the struc-
tural changes caused by substitution of the CH = CH group in the benzene ring by the heteroatom. The ¢*
constants of the heteroatoms are presented in Table 6. ’

Reactivities of Monobenzo Derivatives

The different orientation in substitution in benzofuran and benzothiophene is surprising. Benzofuran,
like furan, is substituted mainly in the & position, while benzothiophene is substituted primarily in the 8
position. The qualitative literature data are confirmed by the thorough quantitative determination of the
isomer ratio under strictly controlled conditions [30]. The «:B ratio depends markedly on the nature of the
electrophilic agent and the experimental conditions [30]. The relative rates of electrophilic substitution

with respect to the starting heterocycles are determined by using competitive reactions and accurate kinetic
measurements.

The relative rates and the isomer ratios made it possible to calculate the partial rates of different
nonequivalent positions of these systems (Table 7). By taking into account the deviation and even the lines
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TABLE 9. Relative Rates of a-Substitution of Thiophenes [12, 29~

32J*
. |
Substit- Bromina~ |Chlorina=| Detritia~ | Dedeu~ etz- g&?“f’m‘l\{fercma-
uent tion gon |tion teration | latio latio}rll tion
2-OCHj; — — — 5108 — 1,8% 108 —
2-SCH;3 — — — ,BX 103 -— 52%x 108 —
2-CH,3 6,3 102 — 2,1¢10? ,3X 102 35,2 3,8X102 —
2-C,Hs —_ — — — — 52%102 —
9-tert-CyHo | — —  |esxiee — 529 |54X10? —
2-CgHs — — 15, — — 1,1 X10% —
3-CHs —_ — — 12 2,95 — —
"H 1 1 1 1 1 1 1
2-Cl 52%10-! 0,42 1,7X10-! — 0,14 |58x10-! —
2-Br 3,8x10-! 0,33 1,3x10-t| . — — 46x10-1] 2,6X10-1
2L ©4x107) | 088 | L9xI0T ] — — = =
3.SCH, = - -~ ) - - —
2.COCH, - — - — - — 2,8%10-?
2-COH 33x10-5 | 1ix10~4| — — — - = .
2-COCH; | LIXIO=S | LAXI0-¢| — - — — | 34x10-
2-NO; - LIX10-5|  — -~ — - —

*Substitution in the 5 position of the thiophene ring.

TABLE 10. Constants for Substitution Reactions
in the Benzene and Thiophene Rings [12, 32, 34~36]

Reactions Thiophene Benzene

Bromination -10,0 —-12,1
Chlorination —78 —100
Protodeuteration —-7,6 —

Protodetritiation -7,2 —8,2
Acetylation —56 =91
Trifluoroacetylation —~7,4 —

Mercuration -53 —4,0

of nonconformity, one can present the following order of relative reactivities: p-furan = g-thiophene < 8-
benzofuran =~ a-benzothiophene < j -benzothiophene ~ a-benzofuran <« a-thiophene <« a-furan.

Dataon the effect of "annelation” on the reactivities of the @« and § positions of the furan and thiophene
rings are presented in Table 8. The data are somewhat unexpected. Despite the fact that the orientation of
substitution in both two-ring systems is different, the effect of a condensed benzene ring is identical. The
reactivities of the o positions in all cases are reduced, while the reactivities of the 8 positions (except for
two cases) are increased. Hence it can be concluded that the different orientation observed in the two-ring
systems is not a consequence of condensation with the benzene ring but rather is a consequence of the dif-
ferent o:f ratio in the two one-ring systems [30].

The literature does not contain quantitative data on electrophilic substitution in indole. However, it
is known that the a:f ratio in pyrrole is considerably lower than in furan and thiophene. Consequently, if
the effect of "annelation" remains the same as in furan and thiophene, it can be expected that the 8 position
in indole will be considerably more reactive, and this is actually observed.

Effect of Substituents on Orientation

The 2 and 5 positions of the heterocycles are in conjugation like the para positions in benzene, and
resonance interaction of the reaction center in the 5 position with the substituent in the 2 position is there-
fore possible. The 2 and 4 positions are positions of the meta type, between which resonance interaction is
impossible. If there are ortho-para orienting groups in the 2 position, substitution proceeds in the 5 posi-
tion, which is the o position with respect to the heteroatom and the para position with respect to the sub-
stituent. I a meta-orienting substituent is in the 3 position, substitution always occurs in the 5 position,
i.e., in the o position with respect to the heteroatom and the meta position with respect to the substituent.

If there is a m-orienting substituent in the 2 position, competition arises between the orienting ef-
fects of the heteroatom and the substituent. In furan @nd, in particular, in thiophene), for which the a: B
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ratio is very large, the a-orienting effect of the heteroatom prevails, and substitution proceeds mainly in
the 5 position. In pyrrole, in which the o:B ratio is low, a mixture of isomers with, as a rule, predominance
of the 4 isomer is formed.

Linear Correlations of Free Energies

The relative rates of substitution in the thiophene series are currently known for several reactions:
bromination with molecular bromine [12], chlorination with molecular chlorine [32], acetylation in the pres-
ence of stannic chloride [32], protodetritiation [34], acetoxymercuration [36], protodedeuteration [35], and
trifluoroacetylation [32, 33]. There are enough of these reactions to trace the applicability of the po-+ ra-
tios (Table 9).

A comparison of the p values for the thiophene and benzene series is made in Table 10. In all cases,
p in the thiophene series has a somewhat lower value @n absolute magnitude) than in the benzene series.
The only exception to this is mercuration, which, as was pointed out above, probably proceeds via a different
mechanism. A possible explanation for this is the fact that thiophene is more reactive then benzene, the ’
transition state comes after the Wheland structure, and in this case relatively less positive charge is con-
centrated on the ring. We later compared the sensitivity of the furan, thiophene, and pyrrole rings to the
effect of a substituent during trifluoroacetylation. The relative rates (with respect to the unsubstituted
heterocycle) of 18 substituted furans, thlophenes and pyrroles were determined by the method of competi-
tive reactions.

It is seen from these data that the sensitivity to the substituent effect falls in the order furan > thio-
phene > pyrrole. It is interesting that the order of "substrate" selectivity during trifluoroacetylation co-
incides with the order of "position® selectivity, since, as shown above, the a:§ ratio falls in the same order,
i.e., furan > thiophene > pyrrole.

This fact confirms the hypothesis that the transition state during substitution in furan most closely
approaches a Wheland complex, while the transition state for pyrrole is far removed from the ¢ complex and
has more pronounced v character. Preliminary data on other electrophilic substitution reactions confirm
the validity of this conclusion.

We note that the same tendency (.e., the sensitivity of furan to substituents is the greatest among the
five-membered heterocycles) was observed during molecular ionization in the gas phase [37, 38], in a re-
action that, in a certain respect, can be considered to be similar to electrophilic substitution reactions {39].
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