INVESTIGATION OF THE LABILITY OF FURAN AND ITS DERIVATIVES IN NUCLEOPHILIC
SUBSTITUTION REACTIONS BY THE MINDO/3 METHOD
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The ¢ complexes of furan, thiophene, pyrrole, pyridine, and benzene with the hy-
dride ion were calculated by the MINDO/3 method. The affinities of the indicated
aromatic rings and a number of substituted furans for the H ion were estimated.

It is shown that the relative magnitude of the affinity correlates qualitatively
with the experimental data on the relative rates of the reaction of the examined
compounds with nucleophilic reagents. The following order of increasing reactiv-
ities of unsubstituted aromatic rings was obtained: pyrrole < furan < benzene <
pyridine = thiophene. The effect of various types of substituents in various posi-
tions on the tendency of the five-membered ring to undergo nucleophilic substitu—
tion is discussed.

Among aromatic systems reactions with nucleophilic reagents are most characteristic
for nitrobenzenes and pyridines [1, 2]. The possibility of realization of nucleophilic
substitution reactions in five-membered aromatic rings (pyrrole, furan, and thiophene) has
been investigated to a considerably lesser extent. It is assumed that replacement of the
—HC=CH— grouping in benzene by oxygen or sulfur atoms leads to an increase in the reactivity
of the ring [3, 4]. Thus chlorine and bromine atoms in furan are replaced by piperidine
more easily than in the case of benzene [5]. Halothiophenes that contain a nitro group re-~
act with nucleophilic reagents considerably more rapidly than the corresponding benzene
derivatives [3, 6]. Bimolecular nucleophilic substitution reactions are as yet unknown for
pyrroles {[2].

An increase in the susceptibility to nucleophilic attack in the order pyrrole<furan <
thiophene has been predicted on the basis of calculations of the electronic structures of
furan and its analogs within the m approximation [1]. These systems are classified as m-
surplus compounds. The heterocatom here supplies the 7 system with two electrons and cannot
participate in delocalization of the m—electron density in the o complex. In the opinion
of Miller [1], because of the relative instability of the intermediate, the reactivities of
furan and its analogs cannot be substantially higher than in the case of n-deficient six-
membered aromatic rings (benzene and pyridine). The higher lability of the halogen in furan
and thiophene derivatives as compared with the corresponding benzene compounds is explained
by the o-inductive effect of the heteroatom, which increases the electronegativity of the
adjacent carbon atom (the reaction center) [1].

Substituents attached to both the reaction center and in other positions of the rings
have a substantial effect on the rate of aromatic nucleophilic substitution. The nitro
group and halogens are most easily replaced [3, 7-9]. The relative labilities of other groups
depend to a considerable extent on the type of nucleophile and the solvent [4, 10, 11]. Elec-
tron—acceptor substituents in other positions of the substrate can also facilitate realiza-
tion of aromatic nucleophilic substitution [1, 12, 13].

In the general case the reactivities of aromatic compounds with respect to nucleophilic
attack depend on many factors: the presence of substituents in the ring, the type of hetero-
atom, the properties of the group that is being replaced, the nucleophilic reagent, and the
solvent. The aim of the present research was to obtain a theoretical estimate of the rel-
ative reactivities of a number of aromatic systems, particularly furan and its analogs, and
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to ascertain the effect of substituents on the reactivities and the reason for their acti-
vating effect. We were interested in the role of the first three factors in "pure form,"

regardless of -the nature of the nucleophile and the solvent. The effect of the solvent is
disregarded in this paper, and the hydride ion is a model of the nucleophile.

The calculations were made within the framework of a classical ionic two-step mecha-
nism (additiom—cleavage). It is assumed that the first step of the reaction (the formation
of a 0 complex) is the rate—determining step [l, 2, 11, 14]. In this case the increase in
the reaction rate when electron-acceptor substituents are introduced in the ring and the
heteroatom is replaced may be due to additional stabilization of the intermediate and the
similarly constructed transition state [7]. Reactions involving aromatic nucleophilic sub-
stitution of heterorings are realized most readily in the o position relative to the hetero-
atom [2, 4], and the following systems were therefore studied:

~, ;

P

yas Ji- b

N YOO
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The ¢ complexes under consideration may serve as models for the products of addition of
nucleophiles to aromatic rings.

We made a quantitative estimate of the affinities of pyrrole, furan and a number of
substituted furans, pyridine, and benzene for the hydride ion and determined the structures
of anions a-e within the valence approximation by the MINDO/3 method [15]. This method
makes it possible to estimate the energies of formation of diverse molecules and ions, in-
cluding heterocyclic species, with a relatively small error (+ 21 kJ/mole in most cases)
and to calculate their geometrical parameters quite accurately [15, 16]. It has been used
successfully for the study of the mechanisms of various chemical reactions and for the
quantitative estimation of the energies of activation [16, 17].

The calculations of anions a-e were made with optimization of the internal coordinates
.of all of the atoms except the hydrogen atoms. The equilibrium geometry of the correspond-
ing aromatic ring calculated by the MIMDO/3 method of Dewar and co-workers [16, 18, 19] was
used as the initial geometry. The effect of the substituents on the geometrical parameters
of the furan ring and hydrogenated furan b was disregarded.

The minima of the potential energies were found for all systems a-e; this confirms the
correctness of the assumption of the possibility of aromatic nucleophilic substitution via
a two-step ionic mechanism.

The calculated heats of formation (AHfU) of the o complexes under consideration and
the dissociation energies (AE) of the Cgps—H bonds (or the affinities of the corresponding
aromatic rings for the hydride ion in the gas phase) are presented in Table 1. The AE values
were calculated with the aid of the experimental values for the heats of formation (AH{®*P)
of the aromatic compounds rather than the theoretical AHg values, since the MIMDO/3 method
underestimates the conjugation energy (Table 1), and this leads to overstated values of the
hydride ion affinities. The heat of formation of the hydride ion is 145.9 kJ/mole (the heat
of formation of the hydrogen atom is 218.0 kJ/mole [15], and its electron affinity is 72.1
kJ/mole [20]). Thus in this case

AE (K /mole) = \H exp+145.9 — \H.

According to our data, pyrrole has the least affinity for H™ among the five-membered
aromatic heterocycles, and this explains its inertness to nucleophilic attack. The thiophene
ring should be the most reactive ring, since the intermediate is distinguished by its high
stability (relative to the substrate); the ability of thiophene to undergo reaction with
nucleophilic reagents is no less than that of pyridine.

The position occupied by unsubstituted benzene in the order of increasing suscep-
tibility of the aromatic heterorings to nucleophilic attack — pyrrole < furan < pyridine <
thiophene — is of great interest. According to our estimate, it should be found between

furan and pyridine.
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TABLE 1. Hydride Ion Affinities Calculated by the MINDO/3
Method (in kJ/mole)
Compound AHg AHg exp AH‘f’ AE
Pyrrole ' 123,410 102,91° 209,2 39,6
Furan — 33,519 —34,71¢ 17,6 93,6
Thiophene 136,018 115,518 108,4 153,0
Pyri ine 142,7'9 144,818 149,8 1409
Benzene 120,5!8 82,818 114,2 114,5
TABLE 2. Equilibrium Bond Lengths (A) in Anions a-c Calculated
by the MINDO/3 Method
Bond a b ¢
Cy—X 1,418 1,388 1,809
Co—C3 1,480 1,472 1,459
Cs—C, 1,424 (1,433)* 1,427 (1,455) 1,415 (1,463)
Ci—Cs - 1,381 (1,391) 1,371 (1,367) 1,365 (1,346)
C;:—X 1,399 (1,368} 1,370 (1,343) 1,771 (1,756)

*The calculated length of the same bond in the corresponding
aromatic ring [16, 18, 19] is presented in parentheses.

Experimental data that could confirm the correctness of the result obtained above are
not currently available. With the exception of pyridine, replacement of a hydrogen atom by
a nucleophile has not yet been observed in any of the compounds [2, 4]. As noted above,
there are some comparative data available only for reactions involving replacement of halo-
gen. However, a substituent attached to the reaction center can substantially change the
relative magnitude of the affinities of the rings under consideration for H . Thus the
AE values are close for fluoro-substituted furan and benzene (200.7 and 203.8 kJ/mole, re-
spectively). These data do not contradict the fact that the solvolysis of furans with piper-
idine proceeds somewhat more rapidly than in the case of the corresponding halobenzenes [5]
if one takes into account the error in the calculation and the fact that the energy of acti-
vation was not estimated directly.

It is interesting that the order of increasing lability of the five-membered aromatic
heterocycles that we obtained is in direct opposition to their susceptibilities for electro-
philic attack [21, 22]. The most aromatic of these compounds (thiophene) [23] is character-
ized by the greatest affinity for a nucleophile.

According to the calculations by the MINDO/3 method, all of the examined o complexes
have planar structures. The addition of a nucleophile to five-membered heterorings is
accompanied by shortening of the Cs—C, bond and lengthening of the C,~Cs bond (Table 2).
The degree of change in the lengths of these bonds correlates with the increase in the
stability of the adduct. The distribution of the m-electron density in anions a~c and the
form of the m MO constitute evidence that these systems have structure f.

. ~ /]/
/[\'X YN
f X=NH 0,5 g Y=N.CH

Despite the fact that heteroatom X does not participate in charge delocalization, the
affinity of unsubstituted thiophene for H™ is nevertheless somewhat higher than in the case
of pyridine. This fact makes the qualitative concepts that m-surplus aromatic systems can-
not give relatively stable intermediates in reactions with nucleophiles [1] untenable. Six-
membered rings d and e to a considerable degree have quinoid structure g.
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TABLE 3. Hydride Ion Affinity (AE, kJ/Mole) of
Substituted Furans (with Addition of H™ to the
Carbon Atom in the 2 Position)

Compound AHg AH O AE
Furan —33,5 17,6 948
2=-F luorofuran —252,3 ~307,1 200,7
2-Nitrofuran —113,0 —81,2 114,1
3=Nitrofuran —131,8 — 252,4 228,5
4-Nitrofuran ~1318 —154.4 168.5
5= E;trof:ﬁan -113,0 —-2197 252,6
3-Carboxyfuran —461,9 —521,3 205,3
4-Carboxyfuran —461.9 —~446,4 130,4
5-Ca[box1[furan —451,9 —497,1 191,1
3-Methyliuran —74,1 ~57,3 129,1
4-Methylfuran =741 —33,5 105,3
5-Methylfuran ~979 —811 100.1

The effect of the type of substituent and its position on the stability of the inter-
mediate formed during attack on the furan ring by the nucleophile can be seen in Table 3.
The NO, and COOH groups are acknowledged as models of the effect of substituents with high
and medium electron-acceptor abilities, while the methyl group is considered to be a model
of the effect of an electron-donor substituent.

A nitro group and particularly a fluorine atom attached to the reaction center in-
crease the affinity of furan for a hydride ion. The increased stability of the resulting
0 complex may be the reason for the fact that they are replaced by a nucleophilic reagent
in this heteroring and the fact that replacement of a hydrogen atom has not yet been noted.
According to our data, the fluorine atom should be replaced with considerably greater ease
than the NO; group; this is characteristic for benzene derivatives [11]. Unfortunately, we
were unable to estimate the mobility in furan of other halogenes that form weaker bonds with
the carbon atom because of the lack of the necessary parameters in the semiempirical MINDO/3
method used.

The activation of furan by substituents in other positions also increases as their
electron—acceptor properties become more pronounced: CHs < COOH < NO, (Table 3); even the
methyl group, which usually has a + I effect, increases the affinity of the furan ring for
a nucleophile, although to a considerably smaller extent than the other two groups. In
conformity with the results of the calculation, the experimental data provide evidence that
substituents of the NO, and COOH type facilitate nucleophilic substitution of halogens in
furan {4]. The introduction of a methyl group in the 5 position leads to a decrease of the
energy of activation for replacement of iodine in the 2 position [5].

The stabilization of intermediate complex b by an electron-acceptor substituent depends
substantially on its position. Substituents attached to the Cs; and Cs atoms have the great-
est effect (Table 3), since the bulk of the negative charge is concentrated precisely on
these atoms (Table 4).

The conclusions regarding the effect of substituents as a function of their position
on the reactivity of furan in nucleophilic substitution reactions are also evidently valid
for its sulfur and nitrogen analogs, since the electronic structures of the resulting inter-—
mediates ¢ and a are essentially the same as in the case of complex b (Table 4).

Thus, thecalculations show that the ability of aromatic systems to undergo nucleophilic
substitution is associated with the relative stability of the o complex that is formed in
the intermediate step. (Of course, this conclusion does not apply to those cases in which
the reaction proceeds via an unusual mechanism that includes an electron-transfer step
[24, 25]). The reason for the increased mobility of some of the groups undergoing substitu-
tion and the activating effect of electron-acceptor substituents in other positions of the
ring is an increase in the affinity of the ¢ complex for the nucleophile.

The results of the calculations indicate that thiophene should have a higher suscep-
tibility tonucleophilic attack than furan. The reactivities of these heterocycles can be
increased substantially by incorporation of electron-acceptor substituents in the 3 and 5
positions.
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TABLE 4. Total and m Charges on the Atoms in Complexes a-c

a b c
Atom
o+ n " og4m 7 G+1 5
X —0,12 0.15 —0,43 0,09 —0,35 0,03
Cq 0,36 0,22 0,55 0.25 0,42 0,22
Cs —0,48 —0,42 —0,54 -0.61 —0,49 —-0,58
Cq 0,09 0.0 0,06 00 0,16 0,08
Cs —-0,23 -0,38 —0,03 —-0,32 —0,20 —0,42

This research was accomplished with a Siemens—4004 computer (West Germany) in the

computer center of J. Komensky Bratislava University (Czechoslovakian SSR). The authors
thank I, Goler for his assistance in performing the calculations.
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