INVESTIGATION OF THE REACTION OF 4-METHYL-7- AZAINDOLINE
WITH ACETIC AND TRIFLUOROACETIC ACIDS IN METHYLENE CHLORIDE
BY PMR AND IR SPECTROSCOPY
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The relative position of the equilibria of proton transfer via a hydrogen bond
and dissociation of the H complexes to give solvated ions was determined on the
basis of a study of the dependence of the chemical shifts and the spin—spin
coupling constants of aromatic protons in the PMR spectrum of 4- -methyl-7-
azaindoline on the acetic and trifluoracetic acid concentrations in methylene
chloride. The protolytic equilibrium in the amine—CF;COOH system is shifted
completely to favor H complexes of the ion pair type when the reagent ratio is
nearly equimolar. A molecular complex I ion pair equilibrium is observed in
the reaction with CH,COOH under the same conditions. The results were confirmed
by measurement of the IR spectra of the investigated systems. The enthalpy
(—0H = 2.9 * 0.7 kcal/mole) and entropy (—AS = 8.0 = 2 kcal/mole-deg) of proton
transfer via a hydrogen bond were determined from the PMR spectra measured at
+25° to —50°.

The great significance of protonation processes in the mechanism of the action of vari-
ous medicinal preparations is well known. Thus, for example, the pharmacological activity
of tertiary amines — cholinomimetics and cholinolytics — changes as the pH changes in a manner
parallel to the degree of ionization of the substances; similar relationships are also ob-
served for preparations that affect adreno- and serotonin-reactive systems [1]. Acid—base
reactions in aqueous and nonaqueous media in many respects determine the penetration of bio-
logically active substances through cell membranes [2].

According to modern concepts, an acid-base reaction in the general case proceeds through
a series of successive equilibria in which solvent molecules participate:

B+HA=B... HA=B+*H.. . A-=B+H+ A~
1 2 3

In recent papers, dataon the dipole moments and IR spectra (for example, see [3, 4]) of
~acid—amine systems are discussed from the point of view of the effect of the donor—acceptor
properties of the interacting components on the position of equilibrium (2). It is assumed
that in media of low polarity the dissociation of ion pairs does not make an appreciable
contribution to the constant of proton transfer via a hydrogen bond [4]. It follows from
data on the electrical conductivities and dissociation constants of H complexes [5] that this
assumption is valid for protolytic reactions that occur in nonionizing media (e < 4). As

the polarity of the solvent increases, the role of equilibrium (3) may increase substantially.
In this connection, in studying the transfer of a proton via a hydrogen bond in media with

€ > 4 it is necessary to estimate the relative positions of equilibria (2) and (3). The
solution of this problem within the framework of the most practicable method (IR spectros-
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TABLE 1. PMR Spectral Parameters of 4-Methyl-7-azaindoline
in Various Solvents

Chemical shifts, 8, ppm S8CC, J, Hz

Medium ¢ o | 31 | 4n | 51 | on | s
CDCl; 4,8 359 | 296 | 214 | 632 | 7,70 16,7 56
CH.Cl, 8,9 358 | 297 | 2,16 | 631 | 7,63 16,7 55
(CD3),CO 21,5¢ 356 | 292 | 206 | 625 | 758 16,7 55
CD;0OD 3367 356 | 2951 2,14 | 632 | 7,51 16,7 5,6
80% CD;OD 357 | 295 | 2,15 | 637 | 7,55 16,7 5,6
CH3CN 37,5 352|293 1— T | 6291 759 16,6 55
CH,COOH 6,1 3,80 | 306 |— | 643 | 7,51 16,7 6,3
CF;COOH 8,4 405 | 325 | 237 | 662 | 7,36 16,9 6.8

*J2s = Jeis * Jtrans.

TThese are the ¢ values for the corresponding nondeuterated
solvents.

1The signal of the methyl group is overlapped by the signal
from the solvent.

copy) 1s difficult because of the closeness of the optical properties of H complexes of the
ion pair and dissociated ion types. In an investigation of the protonation of 5-azaindole
derivatives in nonaqueous media by PMR spectroscopy [6] we observed anomalies in the character
of the curves of the dependence of the chemical shifts of the protons of the heteroaromatic
ring on the acid concentration. The results made it possible to assume that the PMR methodw
may prove to be effective in a study of the individual steps of the protonation of such '
systems.

In order to determine the possibility of the application of PMR spectroscopy to the
study of the relative positions of equilibria (2) and (3), in the present research we investi-
gated the dependence of the chemical shifts of the protons and spin—spin coupling constants
of 4-methyl-7-azaindoline on the trifluoroacetic and acetic acid concentrations in methylene
chloride. The results are compared with IR spectroscopic data for these systems.

The parameters of the PMR spectra of 4-methyl-7-azaindoline in various media are pre-
sented in Table 1.

As seen from Table 1, the proton in the o position relative to the nitrogen atom of the
pyridine ring (6-H) in the neutral molecule displays the maximum sensitivity to the effects
of the medium and, consequently, to the formation of hydrogen bonds. On passing from the
neutral molecule to the cation, the changes in the parameters of the PMR spectrum, particu-
larly, the shift of the 6-H signal to weak field, are similar to those observed on proton—
ation under similar conditions of 5-azaindoline [6] and correspond to the addition of a
proton to the pyridine nitrogen atom to give a conjugate ion of the amidinium type:

CH, (‘:Ha
7 N
\ﬁ ‘ N - ‘ I~
I NoH

In contrast to the chemical shifts, the Js¢ spin—spin coupling constant (SSCC) in both the
neutral and protonated forms is practically independent of solvation effects and is sensitive
only to proton transfer. The dependences of the chemical shifts of the protons of the two-
ring system and the Js¢ constant on the molar CF;COOH concentration in CH,Cl, are presented
in Fig. 1. The linear portions of the vj = f(Cpy) graphs observed in this system for Cag>»
10 mole% correspond to a shift of the protolytic equilibrium to the right and characterize
the parameters of the spectrum of the monocation. A distinct minimum is observed near an
equimolar reagent ratio (Cag ~ 2 moleZ) on the curve for the proton in the o position rela-
tive to the cationoid center (6~H). The character of the vs = £(Cpg) curve does not corre-
spond to a simple protolytic equilibrium and can be explained by the formation of an acid—
amine H complex in which the change in the shielding of the a proton (Ave) exceeds the
difference between the chemical shift of this proton in the neutral molecule and in the
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cation (Av6B+H). Inasmuch as this sort of effect is not observed on the curve for the

protons remote from the protonation center, it may be assumed that it is due mainly to the
steric effect of the electrical field and the magnetic anisotropy of the carboxyl group in
the H complex. This effect falls rapidly as the distance between the proton under con-
sideration and the center of the magnetic and electrical dipole increases. The dissociation
of H complexes to ﬁive solvated ions therefore leads to a decrease in the relative chemical
.shift (Ave) to (AvePHH). The position of the extreme point on the ve = £f(Cpp) curve de-
termines, to a first approximation, the maximum concentration of acid at which equilibrium
(3) is shifted more to the left to a considerable degree.

The problem of the type of complex formed, i.e., regarding the position of equilibrium
(2), can be examined on the basis of a comparison of the dependence of the Ave and AJse
values on the reagent molar ratio (CAH/CB). Inasmuch as the steric effects of polar and
magnetically anisotropic groups do not affect the SSCC of aromatic protons, the Jse¢ values
should not change on passing from complexes of the ion pair type to dissociated ions. Conse-
quently, regardless of the position of equilibrium (3), the linear portion of the AJse =
f(Cpp/Cp) graph, where AJss = const, determines the range of C,y/Cg values over which equi-
librium (2) is shifted completely to the left. If the position of the minimum on the Ave =
f(CaH/CB) curve corresponds to AJse = const, this constitutes evidence for a shift in the
system of the equilibria of the protolytic reaction primarily to favor the formation of an
ion pair. Precisely this situation occurs in the 4-methyl-7-azaindoline—-CF;COOH system (Fig.
2). The Jse¢ constant reaches a constant value (AJse¢ = const) at the same reagent ratio (Cpag/
Cp % 1.1) at which a minimum is observed on the Ave = £(Cap/Cg) curve. The dependence of the
relative chemical shift on the acid—amine molar ratio for 1.1 < Cay/Cp < 2.5 is determined by
the position of equilibrium (3). Linear extrapolation of this dependence to Cag/Cp =1
makes it possible to evaluate the chemical shift of the « proton of the investigated hetero-
cycle in the H complex of the ion pair type (AvePE).

An increase in the distance between the atoms of the proton donor and proton acceptor
may be observed not only during dissociation but also on passing from complexes of the ion
pair type to acid—amine molecular complexes [7]. Consequently, a shift in equilibrium (2)
should lead to a decrease in the Ave relative chemical shift. 1In the case of a fixed proton
acceptor, equilibrium (2) should be shifted to the left as the proton-donor strength de-
creases [3, 4]. 1In fact, on passing from CF3;COOH to CHsCOOH the minimum on the Ave = £(Can/
CR) curve is shifted to the higher-acidity region (Cag/Cg ~ 1.5), and its depth decreases
sharply (Fig. 2). The linear portion of the AJse = f(CAg/CB) graph is also observed at
higher acid concentrations (AJss = const when CAH/CBEZS). The results constitute evidence
for the presence in the 4-methyl-7-azaindoline—CH;COOH system of two types of H complexes in
equilibrium (2). This conclusion is confirmed by the change in the dependence of Ave and
AJse on the acid—amine molar ratio at various temperatures (Fig. 2). A decrease in the
temperature to —50° shifts the minimum on the Ave = f(CAg/Cg) curve to the lower-acidity
region, during which its depth increases. Both dependences approach the corresponding curves
measured for the amine_ CFs;COOH system. Consequently, a decrease in the temperature shifts
equilibrium (2) to favor the H complex with proton transfer. A similar effect of the temper-
ature on the position of equilibrium (2) was also observed in other acid-amine systems from
IR spectra [4].
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Fig. 2. Dependence of the
relative chemical shift
Ave and the relative AJse
constant on the 4-methyl-
7-azaindoline—trifluoro-
acetic acid molar ratio
at 25° (a) and on the 4-
methyl-7-azaindoline—
acetic acid molar ratio
at 25° (b) and —50° (¢)
in CH2C12 .
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The data obtained by the PMR method are in complete agreement with the results of a
measurement of the IR spectra of the systems under consideration at various reagent molar
ratios in CH,Cl, (Fig. 3). 1In the investigation of the acid-base reaction, the 1450-1800
cm~! region, in which bands of stretching vibrations of the carbonyl group of the acids,
bands of the skeletal vibrations of the pyridine ring in azaindoles [8] and aminopyridines
[9], and bands of the corresponding ionic forms are observed, was most significant.

A comparative examination of the protonation curves and the IR spectra of the individual
components and of acid—amine systems makes it possible to isolate, in this region, the
vibrational frequencies that are sensitive only to proton transfer and are sufficiently
characteristic for the molecular and ionic forms of the H complexes (Table 2). The presence
of three absorption bands at 1490-1497, 1588-1592, and 1620-1626 cm~! is characteristic for
the spectrum of the neutral 4-methyl-7-azaindoline molecule. Neither solvation effects nor
the formation of molecular complexes with the investigated acids has any practical effect on
the position of these bands. A spectral sign of the formation of a molecular complex is the
presence in the spectrum of the system when CpAy/CR = 1 of a band of stretching vibrations of
the carbonyl group of an acid, which is usually close in frequency to the band of the acid
dimer in the same solvent. The bands of skeletal vibrations of a protonated heterocycle (at
v 1540, 1630, and 1650 cm—1) were identified from spectra measured for a Cag/CR value corre-
sponding, with respect to the Ave = f(CAH/CB) curve, to a complete shift of the protolytic
equilibrium to the right. The assignment was confirmed by measurement of the spectra of
acid-amine systems in CD,;0D and 80% CDs0OD.

Absorption in the region of vg=p vibrations of the free acid (1780-1810 cm~:) is absent
in the spectrum of the 4-methyl-7-azaindoline—trifluoroacetic acid system in CH.Cl, when Cpp/
CB =1, and an intense band of a carboxylate ion (vazg) appears at 1679 em~:1. An increase in
the acid concentration is accompanied by a decrease in the intensity of the bands of the base
at 1494, 1592, and 1623 cm™', which disappear completely in excess acid. The intensity of
the band of a protonated heterocycle at 1543 cm~?! increases simultaneously. Two other bands
of the cation (1637 and 1653 cm~!) are overlapped to a considerable degree by the band at
1676 cm—1 and are observed as inflections on its low-frequency wing. In conformity with the
protonation curve (Fig. 2), these data constitute evidence that the protolytic equilibrium is
shifted completely to favor an H complex of the ion pair type during reaction of the investi-
gated base with CF3;COOH in methylene chloride when Cpp/Cp < 1. The presence of weak bands of
the base in the IR spectrum of this system in the case of an equimolar reagent ratio and the
small shift in the minimum on the Ave = f(CAH/CB) curve to the Capg/CR > 1 region may be ex-
plained by the formation of complexes of the (AHA™)BTH composition, in addition to complexes
of the A~HB' composition.

Bands of skeletal vibrations of the base at 1502, 1592, and 1622 cm—: and of stretching
vibrations of the carbonyl group of the acid at 1705 cm™1, which can be assigned to the acid—
amine molecular complex, are observed in the spectrum of the 4-methyl-7-azaindoline—acetic
acid system in CH,Cl, in excess amine in the case of an equimolar reagent ratioc. In addition,
bands of the cation at 1545 and 1634 cm~* and of the anion at 1672 cm=! in the H complex of
the ion pair type appear. A change in the acid ,concentration does mnot lead to a shift in
the frequencies of the vibrations of the base bonded to it but brings about a change in the
ratio of the intensities of the bands of the molecular and ionic forms. In conformity with
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TABLE 2. Characteristic Frequencies in the IR Spectra of H
Complexes of 4-Methyl-7-azaindoline with Acetic and Tri-
fluoroacetic Acids at 1450-1800 cm—:

CF;COOH CF;COOH
Medium B - —
A—H A‘(B*H-%'-A‘) AH B...HA A‘(B*H‘-l.-.}\‘)
CDCly 1490 m 1783s 1541 1714s 1490 1543*
1590 s 1803sh 1636sh 1758m 1590 1635
1621 s ) 1654sh. 1621 1655 sh
1676 1705 1671
CH.Cl, 1494 m 1783s 1543 17173 1502 1545*
1592's 1805 1637sh 1764m 1592 1636
1623 s 1653sh 1622 1672
1676 1705
CH,CN 1492 m 1751 sh 1555 1730 m 1492 1535
1588 § 17978 1635 sh 1757 s 1590 1631
1620 s 1654 1620 1670
1678 : 1712
CD;0D 1497 m 1776 s 1540 1713s 1540 sh
15888 1793 8 1629 1571
1626 s 1656 1627
1676 1652
80% CD;0D 1495m 16798 1540 1687 sh 1540 sh
1588 8 1772m 1624 17128 1562
162558 1652 sh 1625
1672 1650

*In excess acid the band is overlapped with the vgg (CO0™)
band of dissociated acetate ions.

1800 woocm-! o0 100 cm-!
L L 1 | T

3 Fig. 3. IR spectra of solutions
1m°°n of 4-methyl-7-azaindoline systems
' with trifluoroacetic (a) and

acetic (b) acids in CH.Cl.. The

1708 mzﬁ% amine concentration (Cp) was 0.13
mole/liter, and the acid concen-
trations (Cag) were as follows:
ik E@ 1) 03 2) 0.065; 3) 0.13; 4) 0.26;
5) 0.30 mole/liter; 6) Cp = 0
Cag = 0.26 mole/liter. The
cuvette was a CaF. cuvette, and
the layer thickness was 0.05 mm.
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TABLE 3. Equilibrium Constant and Enthalpy and Entropy of
Proton Transfer via a Hydrogen Bond

Temperature —-AH, -AS,
Dcpe AveH, 2y AvPt 2y Kpt mole/keal ‘mole - deg
+3 13 186 18£02 29407 802

the PMR data, this indicates the existence of equilibrium (2). At acid concentrations corre-
sponding, with respect to the protonation curve, to a shift in equilibrium (3) to the right,
the intensity of the absorption at 1540-1550 cm™! in the IR spectra of the systems increases,
and this is associated with the appearance of dissociated acetate ions [in CD,0D and 80%
CD;0D the vyg (CHa007) band is observed at 1560-1570 c¢m~*]. The band of protonated hetero-
cycles that appears in the same region is characterized by a substantially smaller width and
lower intensity (Fig. 3). A comparison of the intensities of the bands at 1672 and 1540 cm™?
when Cpg/CB =1 (Fig. 3, spectrum b), in agreement with the PMR data, makes it possible to
disregard the contribution of equilibrium (3).

The equilibrium constant and the enthalpy and entropy of proton transfer via a hydrogen
bond were calculated from the chemical shifts of the a proton of the heterocycle in the PMR
spectra of an equimolar mixture of the amine and CH,COOH at +25° to —50° (Table 3).

The percentage of the H complex with proton transfer (X) was calculated from the equa-
tion

vetl=Xvygpt+ (1 —X) ve™,

where vEH is the chemical shift (in Hz) observed in the spectrum of the complex at a given
temperature, ve 1is the chemical shift of the molecular form determined from the spectrum of
a 0.3 M solution of the free base in CH.Cl,, and ve¢Pt is the chemical shift in the ion pair
estimated from the spectrum of the amine-CF3;COOH system when Cag/CB = 1 in the same medium
with allowance for a correction for the effect of the anion. The correction was calculated
as the difference in the chemical shifts of the cation in CH,Cl,/CFsCOOH and CH,Cl,/CHs;COOH
solutions on the linear portions of the Ave = f£(CAH/CB) graphs. The enthalpy found (—AH =
2.9 £ 0.7 kcal/mole) is in reasonable agreement with the value obtained from the IR spectra
of the pyridine—dichloroacetic acid system (—AH = 3.6 £ 0.8 kcal/mole [10].

EXPERIMENTAL

4~Methyl-7-azaindoline was synthesized and characterized as described in [11]. The PMR
spectra of 0.3 M solutions of the compounds were measured with a C-60 HL spectrometer with
tetramethylsilane as the internal standard. Within the limits of the approximation adopted
for evaluation of the ve!l and vePt values, the accuracy in the determination of the proton
transfer constants is limited by the accuracy in the measurement of the resonance frequencies
(£ 0.2 Hz). The errors in the determination of the thermodynamic functions were calculated
from standard formulas [12]. The IR spectra of solutions of the compounds were measured with
a Perkin—Elmer 457 spectrometer.
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SEMICARBAZONES AND THIOSEMICARBAZONES OF THE HETEROCYLIC SERIES
XXXVIII.* AMINOHYDRAZONE—IMINOHYDRAZINE TAUTOMERISM OF ISATIN
2-THIOSEMICARBAZONE AND ITS ALKYL DERIVATIVES

A. B. Tomchin, G. A. Shirokii, UDC 547.754.756:543.422.6:541.621
and V. S. Dmitrukha

Isatin 2-thiosemicarbazone and its derivatives with one methyl group attached
to the nitrogen atoms of the side chain exist in solution primarily in the
iminohydrazine tautomeric form. Further substitution of the hydrogen atoms
attached to the nitrogen atom in the primary thioamide group or replacement
of the hydrogen atom attached to the sulfur atom by a methyl group promotes
the formation of the aminohydrazone tautomer.

The structure of isatin 2-thiosemicarbazone has not been studied. Structure Ia with a
six-membered chelate ring was assigned to it without proof [2], whereas isatin 2-thiosemi-
carbazone does not have antivirus activity, a necessary condition for which has been assumed
to be the formation of a structure with an intramolecular hydrogen bond (IHB) [3].

In analogy with isatin 2-benzoylhydrazones [4], aminohydrazone—iminohydrazine tautomer-
ism IaZIla is possible in isatin 2-thiosemicarbazone [5].
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%See [1] for communication XXXVII.
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