agitatable reactor of the long necked hydrogenation flask type that is thermostated at 40°C
and saturated with hydrogen sulfide for two hours. Then, 3 mmoles of the appropriate furan
is added to the reaction mixture. The course of the reaction is followed with the help

of TLC, and when it has ended, the mixture is neutralized with a saturated NaOH solution

to a weakly alkaline reaction and extracted with ether. The ethereal extract is washed
with water and dried with calcined MgSO,. After removal of the ether, the residue is sub-
limed in vacuum.
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KINETICS OF IONIZATION OF CH BONDS OF FIVE-MEMBERED HETEROCYCLES AND
THEIR BENZO DERIVATIVES AND MECHANISM OF THE ELEMENTARY ACT OF PROTON
TRANSFER.

1. QUANTUM-CHEMICAL CALCULATION OF GEOMETRICAL AND ELECTRON STRUCTURES
OF THE MOLECULES AND CARBANIONS

N. G. Zharova, V. A. Tikhomirov, UDC 547.781'753'742'732'722.04:519.25
and I. O. Shapiro

The heats of formation and the parameters of the geometrical and electron
structures of the molecules and carbanions of furan, thiophene, N-methyl-
pyrrole, N-methylimidazole, benzofuran, benzothiophene, N-methylindole,
benzene, and naphthalene were calculated by the self-consistent-field (SCF)
MO LCAO method within the MNDO and CNDO/2 approximations. According to

the calculations, the deprotonation of the indicated CH acids leads to rela-
tively small changes in the geometrical structures of the anionic fragments.
The charge on the deprotonated carbon atom changes most markedly in the for-
mation of the carbanions.

The proposed series of studies continues systematic investigations to ascertain the
interrelationship between the mechanism of' the elementary act of proton transfer in reac-
tions involving the ionization of CH acids and the structures of the reagents [l, p. 128;
2-41.

Data on the geometrical and electron structures of the molecules and carbanions are
necessary to obtain information regarding the peculiarities of the structural reorganiza-
tion of the anionic fragments of five-membered heterocycles in ionization reactions. In
the proposed research the geometrical and electron structures of furan (I), thiophene (II),

L. Ya. Karpov Scientific-Research Physicochemical Institute, Moscow 103062. Translated
from Khimiya Geterotsiklicheskikh Soedinenii, No. 8, pp. 1049-1053, August, 1989. Original
article submitted February 2, 1988; revision submitted November 11, 1988.
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TABLE 1. Heats of Formation of the Molecules and Anions of
I-IX, Heats of Isodesmic Reactions (1), and pK, Values of
the Compounds

Com~ AHg, AEgegs Com~ ARg, AE4
K, [6 es? K, 6
pound | gj/molex | kKJ/mole ! P % | pound kJ/mole* [kJ/mole Pl 19
I —36,4 —61,5 35,6 Va 724
(—347) V1 1654 | —80,0 32,4
Ia 68,1 Vla 251,4
I1 125,7 —47,0 33,0 VII 187,0 —779 38,1
(115,5) Vlila 275,2
Ila 2948 VIII 88.7 0 ~43 [7]
111 134,8 —23,4 39,5 (82,9) .
Hla 277,5 Vilia 254,8
v 135,9 —90,0 33,7 IX 159,5
IVa 211.9 (151.1)
A% 16,7 —110,4 33,0 1Xa 2947

*The experimentally measured values are indicated in paren-
theses [5]. :

N-methylpyrrole (III), N-methylimidazole (IV), benzofuran (V), benzothiophene (VI), and
N-methylindole (VII) molecules, as well as their carbanions Ia-VIIa, were calculated by
quantum-chemical semiempirical methods; similar data were obtained for benzene (VIII) and
naphthalene (IX) molecules and their carbanions VIIIa and IXa.® The calculations of the
energy and structural parameters were made by the semiempirical self-consistent-field (SCF)
MO LCAO method within the MNDO approximation with complete optimization of the geometry

of the molecules. In the calculation of carbanions Ia-IXa the lengths of the CH bonds of
the heteroaromatic and benzene rings were assumed to be equal to the lengths of the ana-
logous bonds in the molecules (1.08 and 1.09 A, respectively). The charge densities on

the atoms for the optimized structures of the molecules of I-IX and anions Ia-IXa were cal-
culated by the MNDO and CNDO/2 methods. Both of the methods used give satisfactory results
in calculations of the electron-density distributions (the MNDO method was calibrated with
respect to the dipole moments). The d orbitals were not taken into account in the calcula-
tions for the compounds with a sulfur atom.

= . AN
~ | 72N T__ “ q
i + I f [+ I +aE
P ! s T A= G des
X H e \x/ N
1-vi Viila l1a~-VIla VI (1)

1-Vil X=0, §, NCH,

The heats of formation (AHg¢) of the molecules of I-IX and anions Ia-IXa obtained were
close to the analogous experimental data (Table 1). The heats of isodesmic (AEggg) reac-
tions of heterocycles I-VII with phenyl anion VIIIa, which characterize the gas phase thermo-
dynamic acidities of these compounds (see Table 1), were calculated from the AHf values.

The literature does not contain AE4ey values. In series of related CH acids that have
identical character of the stabilization of the negative charge in the conjugated carbanions
the gas-phase acidities usually correlate with the pK, values determined in aprotic slightly
polar solvents [8]. In this connection a comparison of the calculated AEgeq values with
the liquid-phase acidities of I-VII determined in slightly polar solvents seems of interest.
A similar comparison for systems with charge delocalization was made in [9]. In this case
good correlation between the AEjp.s5 and pK, values was observed.

It follows from a comparison of the AEj.g values found with the pK,; values of the hetero-
cycles measured in solution in tetrahydrofuran [6] (Table 1) that the pK, values vary sym-
batically with respect to the AEj,g values in narrow series when CH acids with the same
heteroatom are compared. Thus, this dependence is satisfied for heterocycles III, IV, and VII;
I, V and II, VI. A correlation between the pK; and AE4.g values is absent when one examines

*The calculations were made for the deprotonated (in the a position) hetarenes and naph-
thalene (in the 2 position for N-methylimidazole).
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the entire series of heterocyclic compounds I-VII. This may be associated with the fact
that the effect of the cation, which is manifested markedly for systems with a localized
charge, was not taken into account in the calculations.

The geometrical parameters of the molecules of I, II, VIII, and IX that we obtained
(Table 2) are close to the analogous experimental and calculated values in [5]. In the
CH acids under consideration detachment of a proton from the a-carbon atom leads to rela-
tively small changes in the structure of the anionic fragment. Thus in anions Ia-IXa as
compared with the starting molecules of I-IX the greatest changes are associated with an
increase (by 0.02-0.04 &) in the length of the bond of the deprotonated carbon atom with
the adjacent atom (see Table 2).

A comparison of the charges on the CH; and CH groups, as well as on the carbon, nitro-
gen, and sulfur atoms, in the molecules of II-IV and VI-IX and anions IIa-IVa and VIa-IXa
calculated within the CNDO/2 and MNDO approximations showed that the data obtained by the
MNDO method are, as a rule, greater than the values calculated by the CNDO/2 method (Table
3). The charges on the nitrogen atoms differ particularly markedly (by a factor of ~5-6).
On the sulfur atom in the II and VI molecules and on the CH; groups in the IIla, IVa, and
VIIa anions, as well as on the carbon atoms in the molecules and anions of V-VII, the charges
differ not only in value but also in sign. In carbanions Ia-IIIa and Va-VIIa the negative
charges on the deprotonated carbon atom calculated by the MNDO method turn out to be lower
than on the adjacent carbon atoms. According to the calculations by the CNDO/2 method the
deprotonated carbon atom in anions Ia-IIIa, VIa, and VIIa has the greatest negative charge.
This character of the electron-density distribution seems most reasonable. For the analysis
of the character of the distributions of the charge densities in the molecules and anions
of heterocycles I-IX we used the data obtained within the CNDO/2 approximation.

According to these results, in the I and III-VII molecules the CH group in the o posi-
tion with respect to the heteroatom is positively charged, while the R-CH group bears a
negative charge. This character of the charge distribution in five-membered heterocycles
makes it possible to explain the higher proton lability of the hydrogen atom in the a posi-
tion. In carbanions Ia-VIIa, as compared with the starting molecules, the negative charge
on the deprotonated carbon atom increases markedly. The negative charge on the carbon atoms
(the nitrogen atom in the case of IV) in the o and § positions with respect to the hetero-
atom also changes substantially. On passing from the molecules of I, III-V, and VII to
the conjugated carbanions the negative charge on the oxygen or nitrogen atoms remains vir-
tually unchanged. In carbanions Va-VIIa the negative charge on the annelated benzene ring
changes only slightly.

The density of the charges on the deprotonated carbon atom changes most markedly in
the formation of carbanions VIIIa and IXa. In carbanion IXa the change in the negative
charge in the annelated benzene ring is relatively small. Consequently, the character of
the electron-density distribution in the carbanions of five-membered heterocycles and aro-
matic hydrocarbons is similar.
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