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RELATIVE STABILITIES OF THE TAUTOMERIC FORMS OF CONJUGATE

ACIDS AND KINETICS OF DEUTERIUM EXCHANGE IN DERIVATIVES OF

INDOLIZINE, PYRROLO[1,2-a]IMIDAZOLE, AND PYRROLO[1,2-a]BENZIMIDAZOLE

L. M. Alekseeva, G. G. Dvoryantseva, UDC 547.759.4'75'781'785.5:541.127'623
Yu. N. Sheinker, A. A. Druzhinina,
R. M. Palei, and P. M. Kochergin

The effect of the temperature and the acidicity of the medium on the ratio

of the two tautomeric forms of the conjugate acids of derivatives of in-
dolizine, pyrrolo[l,2-a]imidazole, and pyrrolo[l,2-albenzimidazole was
investigated by PMR spectroscopy. The change in the ratio of the forms

with time was studied under fixed reaction conditions. The position of the
tautomeric equilibrium in a number of the investigated systems was established.
A correspondence between the relative stabilities of the protonated forms

and the rate constants for electrophilic deuterium exchange in the neutral
molecules was observed.

A study of the protonation of indolizine (I) [1-3], pyrrolo[l,2-alimidazole (II) [4],

and pyrrolo[l,2-albenzimidazole (III) [5] derivatives in triflucroacetic acid showed that
these systems are ambident bases capable of forming two tautomeric forms of conjugate acids.

The structure of the protonated forms corresponds to the addition of a proton to the

carbon atom of the pyrrole ring in the o and B positions relative to the bridge nitrogen
atom.
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On the basis of data on the protonation of such ambident systems as enamines r6-81,
methyl derivatives of pyrrole [9, 101, phenol [11, 12], and anisole [13, 14], it can be con-
cluded that a change in the temperature and the acidity of the medium has a considerable
effect on the ratio of the tautomeric forms of the cations. Differences in the relative
percentages of the u— and B-protonated forms are also observed in the case of indolizine
derivatives [1-3] in media with different acidities. In addition, the data available for
most of the examined systems do not make it possible to solve the fundamentally important
problems of whether the observed ratio of the forms is an equilibrium ratio and whether the
reaction conditions affect the position of the equilibrium or the rate of conversion of one
form to another.

In this connection, we studied the dependence of the relative percentage of the proton-
ated forms of indolizine (Ia-c), pyrrolo[l,2-alimidazole (IIa-j), and pyrrolo[l,2-albenz-
imidazole (IIIa, b) derivatives on the acidity and temperature of the medium. The change in
the ratio of the forms with time was examined for fixed reaction conditions.

It follows from Table 1 that the ratioc of the two forms of the conjugate acids observed
in the PMR spectra 10 min after dissolving the pyrroloimidazoles (IIa-g, IIj) and the corre-
sponding hydrochlorides differ sharply (Fig. 1).
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fa RI=R’=H, R?=CH,; [b RI=Ri=H, R:=CgHy; I¢ R'=H, R?=CgH;, Ri=CHjy;
[la R!=CH; R®=R:=R‘=RS=H, RS=C¢H,Cl-p; IIb R!=CeH; R!=R®=R¢{=Ré=H,
RE=CyHs; 11c RI=CeHy, R2=R3=R*=RS=H, RS=CsHeCHy-p; [ld R'=CH,C¢Hs, R2=R3=
=Ri=R°=H, R°=C¢Hs; 1l eR'=CH;CeHs, R*=R?=Ré=Ré=H, Rs=C¢H;CHs-p; I1f R'=
=CH,CeHs, R?=R3=Ri=Ré=H, R=CH;OCHs-p; 1Lg R'=CsH;, R?=Cl, R¥=Ré=R¢=H,
Ré=CeH;CHs-p; 11Th R!=C,H;, R2=Cl, R3=R!=R5=H, Ré=CsH,OCHs-p; IIi R'=R?=R3=
=CgH;, R*=R6=H, R5=CsH,0CH;-p; 11§ R'=C,H;, R2=Cl, R®=R°=H, R¢‘=CH,, R°=
=CgHs; Illa R'=R3=H, R®=CHs, R*=CH,C:Hs; 111b RI=R3=H, R2=C¢H;, R'=CH,CsH;

Exclusively the o formof the conjugate acid is present in solutions of hydrochlorides of
compounds that are unsubstituted in the o position relative to the bridge nitrogen atom (IIa-
g) in CF3COOH at 25°. A mixture of two protonated forms is observed in the spectrum of the
hydrochloride of the a-methyl-substituted pyrroloimidazole IIj under similar conditions, and
10% of the B form is present in the mixture.

The ratio of the forms of all of the investigated hydrochlorides remain constant with
time (Fig. 2) and consequently characterize the equilibrium state.

A mixture of the two forms of the conjugate acid is observed in the spectra of bases
IIa-g and I1j in CF3COOH (Table 1), and 10-307% of the B form is present in the case of Ila-g,
whereas 907 of the B form is present in the case of IIj. The relative percentage of the
forms depends substantially on the acidity of the medium and the temperature and changes with
time (Table 2 and Fig. 2).

At 25° a decrease in the acidity of the medium leads te a gradual increase in the rel-
ative concentration of the o form of the conjugate acid. 1In 257 solutions of CF,COOH in
CDCl; the a~unsubstituted pyrroloimidazoles form only the ao-protonated form, whereas the
relative percentage of this form in the case of a-methyl derivatives of indolizine Ic and
pyrroloimidazole IIj increases from 50 and 10% to 80 and 907, respectively. An increase in
the acidity of the medium is not accompanied by the appearance of the B form in the case of
solutions of ITh, i in 257 CFsCOOH.

The concentration of the a form decreases whereas the concentration of the B form in-
creases at a fixed acidity of the medium when the temperature is lowered. One observes 30~
40% of the 8 form in the spectra of o,B-unsubstituted indolizine and pyrrolobenzimidazole
derivatives in CF3;COOH preparated at —15°, whereas the B form is absent at room temperature
under the same conditions (Table 2, Ib and IITb). Cooling of solutions cf the same substances
prepared at 25° to —15° does not lead to the appearance of signals corresponding to the 8
form. ’
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Fig. 2. Dependence of the relative percentage
of the o form of the conjugate acid on the
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tolyl)pyrrolo[l,2~-alimidazole (IIe); A) hydro-
chloride of IIe; ) l-ethyl-2-chloro-5-methyl-
6-phenylpyrrolo[l,2-alimidazole (IIj); M) hydro-
chloride of IIj; O) 2-phenyl-3-methylindolizine
(Ic).

Thus the ratio of the two protonated forms of the conjugate acids observed immediately

after dissolving compounds of the investigated type in CFsCOOH is not an equilibrium ratio,
and the effect of the temperature and the acidity of the medium on the ratio of the forms is
evidently due to the dependence of the rate of conversion of one form to the other on these
parameters.
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In fact, measurement of the spectra of these compounds with time (Fig. 2) showed that



TABLE 1. Percentage of the Protonated Forms (%) in the PMR
Spectra of Pyrrolo[l,2~alimidazole Derivatives (Ila-j) and
Their Hydrochlorides in CF3;COOH at 25°C (10 min after dis-

solving)
Bases Hydrochloride
Compound a-form | B-form o - form | B-form
Ila 78 22 100 —
iIb 91 9 100 —
ilc 87 13 100 —
I1d 90 10 100 —
ile 68 32 100 —
1t 85 15 100 —
g 80 20 100 —
10 10 9 % 10

TABLE 2. Percentage of the a Form of the Conjugate Acid (%)
as a Function of the Temperature and the Acidity of the
Medium (10 min after dissolving)

Acidity of the medium and temperature
CF.COOH, CF:COOH, CF:COOH/CDCl CEsCOOH/CDCI
Compound haTH 25° B 5 GOSGR e
Ib 62 1060 100 100
Ic 10 50 65 80
IIe 55 68 80 100
i 78 85 100 100
1 10 37 90
1l a 70 90 100 100
II1b 77 100 100 100

conversion of the B form to the a form of the conjugate acid is observed up until the equi-
librium state is established, in which state the ratio of the form, within the limits of the
acéuracy of the measurements, coincides with the ratio of the forms observed in the spectra
of the corresponding hydrochlorides. The rate of establishment of the equilibrium state
increases as the temperature and acidity of the medium are increased (Fig. 2).

The position of the equilibrium for all of the investigated systems is determined mainly
by the presence or absence of a substituent attached to the carbon atom of the pyrrole ring
in the a position relative to the bridge nitrogen atom. In the case of a-unsubstituted
compounds the equilibrium is shifted completely to favor the « form, and this corresponds
to a considerable difference in the basicities of the o— and B-carbon atoms.

An equilibrium between two tautomeric forms of conjugate acids in which the relative
percentages of the o and B forms are 80-20 and 90-10%, respectively, is observed for the
investigated a-~methyl-substituted indolizines (Ic) and pyrroloimidazoles (IIj). Similar data
were observed for pyrazole derivatives with alkyl groups in the o positions.

A study of the protolytic equilibrium in series of indolizine, pyrrolo[l,2-a]imidazole,
and pyrrolo[l,2-a]benzimidazole derivatives showed that the o form of the conjugate acid is
thermodynamically more favorable in all three heterocyclic systems.

In addition, it is interesting to note that under conditions of slow conversion of the
B form to the a form, the percentage of the thermodynamically less favorable B form for a,B8-
unsubstituted compounds is 30-40%, whereas for a-methyl-substituted derivatives it reaches
90% (Table 2). 1Insofar as one can judge from the relative percentage of the protonated forms
that is observed immediately after preparation of solutions of the compounds under these
conditions, protonation takes place at a higher rate at the less basic center. (CB) A similar
Bronsted disparity has been observed in a number of other ambident bases [9, 10].

In addition, it is well known that the relative stabilities of isomeric carbonium ions
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Fig. 3. Depencence of log K on

a0l ' 1/T for 2-methylindolizine (Ia),
2-methyl-4-benzylpyrrolobenzim—
idazole (IIIa), and l-benzyl-
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®) o proton (Ia); A) B proton
(T1Ia); O) B proton (Ia);O)
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TABLE 3. Rate Constants for Deuterium Exchange
in Neutral I-TIII Molecules

A P
Compound Position log K L8 P Kd (in ni
tromethane
la : o —5.30 1,82 3,33
g —6,30 1,88
Il 4 a —3,43 1,77 -0,39
B —4,40 1,85
e ‘ a —3,00 1,72 —-0,99
; B —-3,99 1,81

formed during the protonation of various atoms of the same aromatic base, in the general case
follow the trend of the relative rates of deuterium exchange at these positions [15]. In
order to verify whether this sort of conformity is observed in the compounds that we in-
vestigated, we studied the rate of deuterium exchange of Ia, IIIa, and IIe in CDCls/CDsOD
(4:1) at 50 to —25°. Under these conditions deuterium exchange occurs only at the o and B
atoms of the pyrrole fragment.

It was observed that deuterium exchange in all of the investigated systems follows a
first-order equation. A linear dependence of the logarithm of the rate constants on 1/T
is observed (Fig. 3).

The dependence of log K was extrapolated to —25° in order to estimate the rates of
deuterium exchange in indolizine. At this temperature the exchange rate constants (Table 3)
for both positions of the pyrrole fragment increase by two orders of magnitude on passing
from indolizine to pyrrolobenzimidazole and pyrroloimidazole.

The established deuterium exchange rates (Table 3) in the « position of the investigated
compounds change linearly with the basicity constants determined in nitromethane. One should
bear in mind that these constants characterize the basicity of the a center, inasmuch as the
equilibrium of the two tautomeric forms of the conjugate acid in these compounds is shifted
completely to favor the a form.

The results make it possible to assume that the change in the basicities of the B center
also follow the trend of the rate of exchange of the protons in the B position. From the
change in the rate constants for deuterium exchange it can be concluded that the basicity
and, consequently, the stability of the B form of the conjugate acid increase on passing
from indolizine (I) to pyrrolobenzimidazole (III) and pyrroloimidazole (II); this is in
agreement with the percentage of the B form of the conjugate acid observed for these
compounds in CFsCOOH at 25°.

The correlation between the exchange rate constants and the basicity constants makes it
possible to accurately use the energies of electrophilic localization as reactivity indexes
of the investigated systems. The values of these indexes calculated by the Hiuckel method
are in agreement both with the relative reactivities of the o and B positions and with the
increase in the reactivities of these positions in the order indolizine, pyrrolobenzimidazole,
and pyrroloimidazole.
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EXPERIMENTAL

The PMR spectra of the investigated compounds in mixtures of deuterochloroform and tri-

fluoroacetic acid with various percentages of trifluorcacetic acid (from 25 to 100%) and
deuterochloroform with alcohol (4:1) were measured with a C-60 spectrometer (JEOL, Japan).
All of the measurements were made at the same concentration of the investigated substance in
solution (0. 15M). The ratio of the protonated forms was determined by means of an inte-
grator. The accuracy in the measurements was * 57%.
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