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I. Introduction

Since the discovery of prototropic tautomerism, its nature and
essence have attracted much attention. Studies performed for
more than a hundred years led to the general conclusion thatmany
processes typical of chemical reactions involve the tautomeric
interconversion. Hence, the latter serves as a convenient model for
studying the reaction mechanisms. In this connection, it is
pertinent to mention the appropriate statement by Bilobrov 1

that tautomeric interconversions of molecules are one of the
reasons for a striking diversity of the world of chemical reactions.

It is known that the more polar keto form dominates in the
keto ± enol equilibrium and the mobile hydrogen atom is trans-
ferred as the ion. However, in the case of acetylacetone and
benzoylacetone, the equilibrium is almost completely shifted to
the enol form. It is still unclear whether this fact is an exception
from the general situation with the keto ± enol tautomeric equili-
brium or there are no general regularities at all. When discussing
this problem, one might reason that there is no need to reveal the
general regularities of this phenomenon. It is only necessary to
establish the character of a particular process reliably and

unambiguously by chromatographic and spectroscopic methods
and quantum-chemical calculations. The tautomeric equilibria
can be quantitatively described with the advantageous use, for
example, of intensities of stretching vibrations of the carbonyl
(nCO) and hydroxy (nOH) groups in the IR spectra 2 and chemical
shifts of the protons and carbon nuclei of the corresponding
functional groups in the 1H and 13C NMR spectra.3 Of theoretical
methods, semiempirical 4, 5 and ab initio 6 quantum-chemical
methods find wide application. These methods allow one to
calculate the energy, electronic and structural characteristics of
individual tautomeric forms and estimate the tautomeric equili-
brium constants (KT). It should be noted that a necessary
condition for the quantitative description of the tautomeric
equilibrium is the existence of two rather deep minima in the plot
of the proton-transfer energy vs. the reaction coordinate.

Investigations on tautomeric processes were surveyed in the
reviews 7 ± 10 and considered in more recent detailed studies cited
below.

The present review considers new views in the theory of
prototropic tautomerism, in particular, the intermolecular mech-
anism of proton transfer, and a new approach to the determina-
tion of tautomeric equilibrium constants and quantitative
description of the influence of the solvent on the equilibrium.
The results of quantum-chemical calculations of prototropic
tautomeric equilibria and their examination by spectroscopic
methods are discussed in particular sections.

II. Keto ± enol tautomerism

The keto ± enol tautomerism is the most well-studied type of
prototropic rearrangements. Since individual tautomeric forms
can be readily detected by different methods, measurements of the
equilibrium constants of this process present no difficulties. Due
to the high affinity of the carbonyl oxygen atom for the proton,
keto ± enol tautomerism is observed in many compounds. The
tautomeric equilibrium constants for various b-dicarbonyl com-
pounds were estimated byMeyer 11 back in the early 20th century
with the use of bromometric titration. These results are still
scientifically useful. The constants KT determined by Meyer
correlate with the polarities of the solvents, which were deter-
mined by spectroscopic methods many decades later.

Modern studies of the keto ± enol equilibrium confirmed the
earlier views that the keto form is thermodynamically more stable
than the enol form. This is evidenced, for example, by calculations
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of the relative stabilities of the keto and enol forms and energy
barriers to enolisation of ketonesMeCOR (R=Me,H, F, CN).12

With the aim of studying the effect of substituents on the
keto ± enol tautomerism, the reaction coordinates and activation
energies for enolisation of aldehydes XCH2CHO (X=H, BH2,
NH2, OH, F, CN, NC, Cl) were calculated by ab initio methods.
The results of calculations at different levels of theory showed that
the keto forms of the compounds under study are thermodynami-
cally more stable than the corresponding enol forms.13

The ab initio calculations of the ethenethiol ± thioacetaldehyde
tautomeric interconversion demonstrated that ethenethiol in the
gas phase is 2.6 kcal mol71 less stable than thioacetaldehyde.14

The position of the keto ± enol equilibrium depends, among
other factors, on the polarity of the solvent. Thus, the molecular
modelling of the photoinduced transformation of the excited enol
tautomeric formof 7-hydroxy-8-morpholinomethylquinoline into
the keto form demonstrated that an intramolecular hydrogen
bond between the protonated morpholine nitrogen atom and the
deprotonated hydroxy group in cyclohexane hinders the proton
transfer. By contrast, an intermolecular hydrogen bond is formed
in 1,4-dioxane, and the morpholine nitrogen atom serves as a
proton carrier.15

The tautomeric equilibrium in methyl esters of para-substi-
tuted benzoylacetic acids was studied by 1H NMRspectroscopy 16

and the dependences of the equilibrium constants KT on the
solvent and the nature of the substituent were found.

The third-order terms were measured for the concerted acid-
base catalysis of enolisation of simple aldehydes and ketones to
form substituted acetic acids. It was concluded that aldehydes
undergo enolisation under the conditions of base catalysis. The
isotopic effect of the solvent in enolisation of aldehydes under the
conditions of concerted acid-base catalysis shows that the tran-
sition state with proton transfer to the carbonyl group is formed
more readily than that in the case of ketones.17

Until recently, the dielectric permeability of the medium has
been used as the main parameter describing the influence of the
solvent on the tautomeric equilibrium.18 ± 20 However, Prezhdo
et al.21 reasonably noted that the dielectric permeability of the
solvent cannot be considered as a universal characteristic of
interactions between molecules and the medium. To obtain a
more adequate estimate of the polarity of the solvent, the dipole
moment, polarisability, molar volume and specific and non-
specific interactions should also be taken into account.22, 23

In 1963, Dimrot et al.23 proposed the empirical polarity
parameters (ET) for organic solvents. These parameters are
estimated on the basis of the energy of electron transfer corre-
sponding to long-wavelength absorption bands in the UV-vis
spectra of N-phenoxypyrimidine dyes exhibiting negative solva-
tochromism.

The experimental constants KT for acetoacetic ester in differ-
ent solvents, which were determined by spectroscopic, kinetic,
refractometric and bromometric methods, were published in the
study.21 The plot of the constants KT vs. ET for 12 solvents,
including acetoacetic ester (1), exhibits a hyperbolic character
(Fig. 1). Analogous qualitative and quantitative characteristics
were found for acetoacetic ester (1) and acetylacetone (2) by
titrimetry, liquid chromatography and NMR spectroscopy.3, 24

The experimental curves also indicate that the constants KT

are inversely proportional to ET.
The proton transfer in keto ± enol tautomerism can occur

along the intermolecular hydrogen bond between the oxygen
atom of the carbonyl group and the proton at the a position in
the cyclic dimer of carboxylic acid.25 This is somewhat contra-
dictory to the concept according to which the involvement of the
hydrogen atom in hydrogen bonding requires high electronega-
tivity of the atom to which this hydrogen atom is bound. The IR

spectroscopic study 26 performed by one of the authors of the
present review showed that a proton of the methyl group can be
involved in intermolecular hydrogen bonding in acetophenone. In
the studies,27, 28 preference was given to the mechanism of proton
transfer through intramolecular hydrogen bonding, although the
activation barrier for this process is rather high. In some early
studies 25, 29 and in more recent investigations,30 ± 37 evidence was
reported for the formation of dimeric associates through two-
proton transfer in the case of carbonyl and nitrogen-containing
acyclic and heterocyclic compounds in which intramolecular
hydrogen bonding is energetically and geometrically unfavour-
able.

We proposed that the mechanism of tautomerisation involv-
ing dimers be used to obtain quantitative estimates of the energy
of proton transfer and constants KT for acetoacetic ester (1) and
acetylacetone (2) upon transformations into the corresponding
enol forms 1a and 2a.

We carried out calculations to establish the dependence of the
enthalpy on the reaction coordinate (RCH), which allowed us to
construct the energy diagram for the two-proton transfer in the
dimer of acetoacetic ester (1), i.e., the dependence of DH on RCH

for the C_H_O triad corresponding to an intermolecular hydro-
gen bond (forRCHO, the value of 2.60 �Awas assumed). From this
diagram, we determined the activation enthalpies of the two-
proton transfer DDH#=91.1 kJ mol71 and heats of reaction
DDH=32.2 kJ mol71, which have reasonable values for this
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Figure 1. Tautomeric equilibrium constantKT of acetoacetic ester vs. the

polarity parameter of the solvent ET.

(1) cyclo-C6H12; (2) n-C6H14; (3) CCl4; (4) CS2; (5) Et2O; (6) MeCO2Et;

(7) CHCl3; (8) Me2CO; (9) MeCN; (10) acetoacetic ester (1); (11) MeOH;

(12) H2O.21
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process. The DDH # and DDH values depend on RCHO. As can be
seen from Fig. 2, DDH # and DDH can be considered as average
values based on the reference points in the middle of the linear
region, although the linearity of the plot is disrupted in the vicinity
of the boundaries. Analogous results were obtained for acetyla-
cetone (2) (Fig. 3). In particular, atRCHO=2.60 �A, the activation
enthalpy DDH #=103.7 kJ mol71 and the heat of reaction
DDH=23.7 kJ mol71.

The choice of the calculation method for estimating the
constant KT is of great importance. Since the thermodynamic
equation lnKT=7DDH/RT is independent of the reaction mech-
anism (in the case under consideration, on the mechanism of
proton transfer), it is of little use for the adequate estimation of
KT. Besides, this equation describes the overall process of two-
proton transfer, although if tautomeric interconversions of differ-
ent nature take place (for example, in nucleic bases), the constants

KT for each proton depend differently on the structural changes.
We propose a new approach to estimating the tautomeric equili-
brium constants according to which the constant KT can be
represented as a function of the orders of the bonds that are
cleaved and formed in the course of proton transfer.38 In the case
of the keto ± enol tautomerism proceeding through a cyclic dimer,
the proton transfer is accompanied by an increase in the O7H
(POH) bond order to the maximum value (* 0.900) and a decrease
in the C7H (PCH) bond order to zero, i.e., the latter bond is
cleaved. Simultaneously, the order of the C=O double bond
(PCO) decreases to the single-bond order (* 1.000), while the
order of the C7C (PCC) single bond increases to the order of the
C=C double bond (* 1.600). Hence, the double bond is shifted
from the carbonyl group to the adjacent C7C bond giving rise to
the enol tautomeric form. The bond orders under consideration
(PCH, POH, PCO, and PCC) would change in parallel with changes
in the percentage of the keto and enol forms in the course of
proton transfer. On going from the first to the second energy term,
the percentages of the keto and enol forms can be described by
Eqn (1):

P1
OH

P1
CH

En �
P1
CO

P1
CC

Kt � P2
OH

P2
CH

En � P2
CO

P2
CC

Kt; (1)

whereEn andKt are the initial contributions (in%) of the enol and
keto forms, and P1

ij and P 2
ij are the orders of the corresponding

bonds in the first and second terms.
After dividing both sides of Eqn (1) byKt taking into account

thatKT=En/Kt followed by simple algebraic transformation, we
get Eqn (2) for the constant of the keto ± enol tautomeric equili-
brium.

KT �
P1
CHP

2
CH�P1

COP
2
CC ÿ P2

COP
1
CC�

P1
CCP

2
CC�P1

CHP
2
OH ÿ P2

CHP
1
OH�

. (2)

The value of KT calculated according to Eqn (2) is independ-
ent of the external factors and depends only on the electronic
structures of the molecules involved in tautomeric interconver-
sions.

An analogous approach was applied to the quantitative
description of the tautomerisation of acetophenone (3) to the
enol form 4.

The dependences of DDH # andKT onRCHO thus obtained are
consistent with those for acetoacetic ester (1) and acetylacetone
(2). A decrease in the length of the triad to RCHO=2.60 �A in the
dimer of acetophenone leads to a decrease in DDH # from 405.0 to
120.4 kJ mol71 and a decrease in DDH from 110.8 to
41.0 kJ mol71, the constant KT being increased from 0.024 to
0.107.

A model was constructed for the quantitative description of
the effect of the solvent on KT. The plots of KT vs. RCHO for
acetoacetic ester (1) (Fig. 4) and acetylacetone (2) calculated by
Eqn (2) (Fig. 5) are hyperbolic curves, i.e., the constants KT are
inversely proportional to RCHO. For compounds 1 and 2, the
constant KT is also inversely proportional to the polarity param-
eter of the solvent ET (Figs 6 and 7, respectively). A comparison
of these dependences shows that the dimers are extended in more
polar solvents and compressed in less polar solvents. Actually, the
plots of RCHO vs. ET for compounds 1 and 2 (Figs 8 and 9,
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respectively) indicate that the length of the triad corresponding to
an intermolecular hydrogen bond is inversely proportional to the
polarity of the solvent. This model can be used to advantage for
the quantitative description of the effects of external factors on
some biologically important processes (see below).

III. Imine ± enamine tautomerism

Tautomerisation involving the proton bound to the nitrogen atom
is a key step in reactions of heterocyclic compounds. The
possibility of the transformation of imines into the corresponding
enamines was first studied by Lawer.39 This classical reaction can
be represented as the intermolecular proton transfer in the dimer
of imine 5 to form enamine 6.

The influence of the a- and b-substituents on the position of
the imine ± enamine tautomeric equilibrium was estimated quan-
titatively. In particular, the percentage of the enamine form in
a-substituted derivatives of the R1CH=C(Me)NHR2 type
changes from 50% to 70%,40 whereas this percentage in b-sub-
stituted analogues is in the range of 30%±100%.41

The investigation of the tautomerism in analogous N-substi-
tuted imines showed that an increase of the charge on the nitrogen
atom 42 as well as an increase in the volume of the substituent at
the same atom 42, 43 led to a decrease in the percentage of imine in
the equilibrium mixture. An attempt was made to find the
dependence of the percentage of enamine on its pKa

44 assuming
that the mobility of the proton of the amino group should
facilitate an increase in the percentage of enamine. However, no
correlation was revealed.

The study of the effect of the solvent on the imine ± enamine
equilibrium 45 demonstrated that the percentage of enamine
increases in the series of the solvents CHCl3<PhH<MeNO2<
MeCN<MeCOMe<C5H5N<MeSOMe. This series does not
correlate with a change in the polarity parameter ET of the
solvent,23 which accounts for all types of interactions. Apparently,
this inconsistency results from experimental errors.

In 1971, usingN-methylphenylhydrazone of ethyl pyruvate as
an example, Ahlbrecht46 discovered the hydrazone ± enehydrazine
interconversion as a special case of the imine ± enamine tautomer-
ism. The examination of the characteristic features of the trans-
formation of hydrazone into enehydrazine is of great importance
for the target synthesis of indole derivatives.47 It was assumed that
the hydrazone ± enehydrazine tautomerisation is the rate-deter-
mining step of Fischer indolisation,48 although we do not share
this opinion.36

The results of qualitative and quantitative studies of the
imine ± enamine tautomerism and, in particular, the hydrazone ±
enehydrazine tautomerism, were comprehensively discussed in the
review.49 Shainyan and Mirskova 49 believed that the proton
transfer in these processes occurs through an intermolecular
mechanism. It was also noted that the hydrazone form is more
stable in the absence of conjugation with an electron-withdrawing
substituent.50 In the presence of an electron-withdrawing sub-
stituent in any position, conjugation with this substituent stabil-
ises enehydrazine (due to the predominance of the negative
mesomeric effect), which was confirmed by quantum-chemical
calculations of the tautomerisation of acetophenone hydrazone to
the corresponding enehydrazine.51

In our opinion, the tautomerisation of phenylhydrazones of
some carbonyl compounds 7a ± j into the corresponding ene-
hydrazines 8a ± j proceeds through the formation of cyclic dimers.

To confirm this assumption, the activation enthalpies
(DDH #), heats of reaction (DDH) and tautomeric equilibrium
constants (KT) for the above-considered reaction were calculated
(Table 1).38

The constants KT were calculated by Eqn (3).

KT �
P1
CHP

2
CH�P1

NCP
2
CC ÿ P2

NCP
1
CC�

P1
CCP

2
CC�P1

CHP
2
NH ÿ P2

CHP
1
NH�

. (3)

As can be seen from Table 1, the constants KT for phenyl-
hydrazones 7a ± i have virtually equal values, whereas the constant
for cyclohexanone phenylhydrazone 7j is twice as large as these
values. The electron-withdrawing (NO2) and electron-donating
(Me) substituents in the para position of the benzene ring of both
the hydrazine and carbonyl fragments (compounds 7f ± i) exert
only a slight effect on KT and DDH #, although it is known 52 that
these substituents have a substantial effect on the kinetics of
indolisation. In our opinion, this is evidence that the hydrazone ±
enehydrazine tautomerisation is not a rate-determining step of
Fischer indolisation of arylhydrazones.

IV. Tautomerism in diazoles

Tautomerism in the series of azoles is associated with the mobility
of the hydrogen atom of the amino group.53 In the study,54 it was
demonstrated that the tunnelling proton transfer can occur
through an intermolecular hydrogen bond between the NH
group of one pyrazole molecule and the lone electron pair of the
nitrogen atom of the second molecule. Collective mechanisms
involving dimers (9) and trimers (10) of pyrazole and oligomers of
imidazole 11 were proposed.54
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Table 1. Activation enthalpies (DDH # /kJ mol71) and heats of reaction
(DDH /kJ mol71) for the hydrazone ± enehydrazine tautomerism in phe-
nylhydrazones 7a ± j.

Com- R1 R2 R3 KT DDH # DDH
pound

a H H Ph 0.05 185.2 171.3

b Me H Ph 0.04 150.0 130.4

c Et H Ph 0.04 124.1 92.0

d CO2Et H Ph 0.05 145.5 128.4

e Ph H Ph 0.05 134.2 98.2

f 4-MeC6H4 H Ph 0.05 133.3 97.0

g 4-NO2C6H4 H Ph 0.05 140.0 107.8

h Ph H 4-MeC6H4 0.04 133.8 98.0

i Ph H 4-NO3C6H4 0.05 134.8 98.0

j (CH2)4 Ph 0.09 83.2 46.0
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However, the existence of an oligomeric structure of imidazole
12 seems to be unlikely because the IR spectra have no absorption
bands of theN+Hgroup, whichmust be present in the structure of
12.55 Based on the 1H NMR spectroscopic data,56 it was sug-
gested that solutions of N-derivatives of imidazole contain asso-
ciates as stacks, which are stabilised by interplanar interactions
due to overlapping of the p-electron clouds of the adjacent
molecules. Later on, the possibility of the intermolecular proton
transfer in imidazole and pyrazole proceeding through the tunnel-
ling mechanism was demonstrated by Nesmeyanov et al.57 by 1H
and 13C NMR spectroscopy. However, an intermolecular struc-
ture was not described. In investigations of the proton transfer in
imidazole, preference is given to an intermolecular mechanism.
An intramolecular mechanism is energetically unfavourable,
which was demonstrated by quantum-chemical calculations 58

and 13C NMR spectroscopy.59 Recently, the proton conductivity
in crystalline imidazole was studied by 14N NMR spectroscopy
and the so-called migration and reorientation mechanisms were
proposed for processes occurring in oligomeric chains.60 This
conclusion about the formation of oligomeric chains is in contra-
diction with the results of another study.55 It is difficult to give
preference to a particular investigation. However, it can be
assumed that oligomeric chains can exist in the excited states,
due, among other factors, to the difference in the potentials in
measurements of the proton conductivities of the imidazole
systems. It should be noted that the equilibrium constants depend
substantially on the basis set used in ab initio quantum-chemical
calculations.61

The ability of imidazole derivatives to occur in a particular
tautomeric form depends on many factors. Thus, both the NH
and 3-OH tautomeric forms of 2,4,5-triphenylimidazole 3-oxide
were observed in aqueous solutions, whereas only the latter form
was found in non-polar solvents.62 Quantum-chemical calcula-
tions 63 demonstrated that 4- and 5-nitroimidazoles are equally
stable in the gas phase, whereas the 4-nitro isomer prevails in
solutions. The self-associations of imidazole and 1-, 2-, 4-, and
5-methylimidazoles in aqueous solutions were studied by UV
spectroscopy and it was demonstrated that these compounds are
prone to dimerisation and polymerisation.64

As mentioned above, the intramolecular proton transfer in
imidazole is energetically unfavourable. The intermolecular
H1 ±H3 proton transfer in the dimer is sterically hindered.65

Hence, it was proposed that the tautomerisations of imidazole
might proceed through a two-step mechanism involving the
H1 ±H3 proton transfer.66

This complex process can occur in two steps through the
proton transfer in dimer 13 from position 1 to position 2 to give

H2-tautomer 14 followed by the proton transfer in dimer 15 from
positions 2 to position 3 to form 3H-tautomer 16.

We calculated the activation enthalpies of these steps and the
heat of reaction for 4-fluoroimidazole 13. The activation enthal-
pies of the first and second steps are 170.5 and 116.6 kJ mol71,
respectively. The heat of the overall reaction (DDH) is
750.6 kJ mol71, i.e., the H1 ±H3 tautomeric transformation in
4-fluoroimidazole is an exothermic process. The equilibrium
constants for the first and second steps calculated by Eqn (3) are
2.8761072 and 3.9661072, respectively.

The one-stepH1 ±H3 proton transfer in 4-fluoroimidazole can
also occur in trimer 17.

To obtain a quantitative description of the simultaneous
transfer of three protons, we calculated the energy, electronic
and structural characteristics of these processes in the reaction
coordinate mode (RNH).65 The high activation enthalpy
(DDH #=454.4 kJ mol71) and low heat of reaction
(DDH=3.8 kJ mol71) provide evidence that the tunnelling pro-
ton transfer in the trimer of imidazole can occur. The tautomeric
equilibrium constant (KT=1072) was calculated.

The tautomeric equilibrium for pyrazoles was systematically
studied by Elguero and co-workers.66 ± 68 Spectroscopic studies
demonstrated that 1-substituted 5-hydroxypyrazoles in non-polar
solvents exist predominantly in 4H form 18with a small admixture
of NH form 19. In aqueous solutions, these compounds exist
predominantly in NH form 18 with an admixture of OH form 20.

In early studies, it was assumed that the long-range proton
transfer takes place in pyrazole.66, 69 Later on, the dynamics of the
intermolecular tautomerisation of pyrazole derivatives in the solid
state was studied by NMR spectroscopy and X-ray diffraction
analysis.67 ± 69 It was concluded that these compounds can exist as
cyclic trimers. In the recent review by Japan researchers,34 the
results of subsequent studies performed by Elguero and co-

N
N H

H

N
N

H

N N

H

N
N

N
NH

H

NN

10

NN H HN N HN N HN N HN N

n

11

NN H HN N HN N HN N HN N7 +

12

N

N
H

H

1

2
34

5 N

N H

H
N

N
H

H

N

N

H

F

H
H

F
H

N

N

N

N

H

F

H

13

+
N

N
F

H

H

14

F
H

N

N

H

H

F

H

N

N

15

F

H
N

N

H

+
N

N

FH

H

16

N N

F

H

N

N

H

F
H

F

N

N

17

N N

F

H

N

N
F

H

F

N

N

H

N
N H

R

O

1918

N
N

R

O

H
H

20

N
N

R

HO

998 J A Kereselidze, T Sh Zarqua, T J Kikalishvili, E J Churgulia, M CMakaridze



workers were discussed. In these studies, the dimeric,70 tri-
meric 71 ± 73 and tetrameric 74, 75 mechanisms of proton transfer in
pyrazoles through intermolecular hydrogen bonds were exam-
ined. Based on the results of NMR spectroscopy and X-ray
diffraction analysis, it was concluded that the proton transfer in
the compounds under study can proceed through so-called
collective mechanisms.

V. Tautomerism in pyridines

In the reviews,9, 76 it was reported that 2- (21a) and 4-pyridones
(22a) as well as 2- (23a) and 4-thiopyridones (24a) in aqueous and
polar solvents occur predominantly in the oxo and thioxo forms.

However, the amino rather than imino form is typical of
4-aminopyridine (25a).

Katritzky attributed this difference in the behaviour of these
compounds to stabilisation of ionic intermediates.76

It was demonstrated 77 that stability of tautomeric forms is
associated with low enthalpies. Studies of the effect of the solvent
on the tautomeric equilibrium led to the conclusion that the ratio
between the hydroxy and oxo forms increases linearly as the
polarity of the solvent increases.

In the review,78 the influence of the structural and external
factors, including the possible formation of intra- and intermo-
lecular hydrogen bonds, on the tautomeric equilibrium in pyridine
derivatives was examined by spectroscopic and quantum-chem-
ical methods and by investigating individual tautomers.

The position of the tautomeric equilibrium in pyridine deriv-
atives often depends on the concentration of the solutions used. In
particular, the constant KT for 2-pyridone (21a) decreases by a
factor of 7 upon a 100-fold dilution of a solution in cyclohexane.29

This is attributable to self-association of the molecules. Hence, it
was suggested that 2-pyridone (21a) might occur as a dimer and
4-pyridone (22a) might exist as a chain associate.

With the aim of studying the effect of the nature of substitu-
ents on the tautomeric equilibrium in a-substituted 4-pyridones,
the constants KT were determined by UV spectroscopy. It was
demonstrated that KT depends linearly on the Hammett s-con-
stant of the substituent.79 It was also found that the electron-
donating and electron-withdrawing substituents led to increases
and decreases in logKT, respectively.

An intramolecular mechanism of proton transfer was pro-
posed for the lactam± lactim tautomerism in 2-pyridone (21a).80

The activation barrier calculated by the CNDO/2 quantum-
chemical method is 145 kJ mol71. It should be noted that this
method is of little use for the estimation of the energy indices. The
value calculated by this method is substantially overestimated.
Actually, the activation energy determined in the study on
the tautomeric equilibrium in 6-methoxy-2-pyridone 81

(46 kJ mol71) is three times lower, which casts some doubt on
the energetically unfavourable intramolecular mechanism of pro-
ton transfer proposed in the study.80

Quantum-chemical methods find wide use for studying the
tautomeric equilibria in pyridine derivatives. Thus, the relative
stabilities of tautomers of monosubstituted (OH, SH, NH2)
pyridines were studied by the MNDO method.82 It was noted
that the lactam form is energetically more favourable in all cases,
which is in good agreement with the experimental data. Schlegel et
al.83 calculated the energies of tautomerisation of 2- and 4-pyr-
idones by semiempirical and ab initio quantum-chemical methods.
The calculations by the semiempirical CNDO/2 and MINDO/3
methods gave unreasonable results, whereas the results of ab initio
calculations depend substantially on the basis set used. However,
in some cases, the calculated values are close to the experimental
data. Noteworthy is the study 84 in which the proton transfer in the
lactim ± lactam tautomerism in 2-pyridone (21a) was examined by
ab initiomethods. Three types of proton transfer were considered,
viz., those proceeding by intramolecular and self-association
mechanisms and the proton transfer due to the addition of a
water molecule. The authors of the cited study believed that the
mechanisms, in which the proton transfer occurs either in a dimer
or through the addition of a water molecule, are the most
reasonable. The enthalpies (DH) of tautomerism in 2-, 3- and
4-pyridones were calculated by the semiempirical AM1, MNDO
and PM3 methods.85 The results obtained by different methods
differ substantially from each other and from the experimental
data. A good agreement with experiment was achieved only with
the use of the AM1 method (DH=32.5 and 30.1 kJ mol71). The
influence of the solvents on the tautomeric equilibrium in 2- and
4-pyridones was studied by theAM1method, 86 for which purpose
the dielectric permeability of the solvent was introduced into the
equation for the total energy. The constantKT thus calculated is in
good agreement with experiment. It should be noted that the
calculated and experimental constants KT depend linearly on the
Onsager parameter e71/2 e+1, where e is the dielectric perme-
ability of the solvent.

To obtain a quantitative desciption of the tautomerism
21a? 21b, 22a? 22b, the enthalpies (DH) and orders of the
bonds that are changed (Pij) were calculated by the AM1 and
MNDO quantum-chemical methods.

For 2-substituted pyridines 21a, 23a and 26a, the proton
transfer was calculated with the use of a dimeric mechanism in
the reaction coordinate mode (RNH).87

For the tautomersation of 4-substituted pyridines 22a and
pyridinethiones 24a, the proton transfer through a dimeric mech-
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anism is sterically hindered. In this connection, we proposed a
trimeric mechanism for the proton transfer in compounds 22a and
24a. In the trimeric forms, the pyridine rings are located perpen-
dicular to the plane of the figure, which excludes repulsions
between the hydrogen atoms at positions 2, 3, 5 and 6.

We calculated the equilibrium constants for all types of proton
transfer occurring in the course of this process by Eqn (4). (For
pyridinethiones, the oxygen atom is replaced by the sulfur atom.)

KT �
P1
NHP

2
NH�P1

COP
2
CN ÿ P2

COP
1
CN�

P1
CNP

2
CN�P1

NHP
2
OH ÿ P2

NHP
1
OH�

. (4)

The activation enthalpies (DDH #), heats of reaction (DDH )
and equilibrium constants (KT) for the tautomerisation reactions
under study are given in Table 2. It can be seen that the
4-pyridone ± 4-hydroxypyridine tautomerisation (22a? 22b)
with proton transfer through a trimeric mechanism is character-
ised by a rather high activation enthalpy (446.5 kJ mol71) and
low heat of reaction (9.2 kJ mol71). This indicates that the proton
transfer in this process can proceed through a tunnelling mecha-
nism. The 4-pyridinethione ± 4-thiopyridine transformation
(24a? 24b) is an exothermic process characterised by a substan-
tial heat evolution and a large equilibrium constant. The largest
constant KT was found for the 2-pyridinethione ± 2-thiopyridine
equilibrium (23a? 23b) characterised by small energy indices
DDH # and DDH. It can also be seen from Table 2 that the
tautomeric equilibrium constant is inversely proportional to the
activation enthalpy. The fact that the known dependence persists
in this case provides evidence that the approach used is suitable for
the quantitative description of prototropic tautomerism.

In conclusion, let us mention the study 88 in which the vibra-
tional spectrum of 2-hydroxypyridine in an argon matrix was
studied by Fourier IR spectroscopy and the constant for the
2-pyridone ± 2-hydroxypyridine tautomeric equilibrium
21a? 21b was estimated. This value (0.4) differs substantially

from all known constants KT, which were determined both by
theoretical and experimental methods.

VI. Tautomerism in nucleotide bases

From the very beginning of molecular genetics, it has been
discussed that mutations inDNA replication arise from the ability
of nucleic acid bases to occur in rare tautomeric forms involved in
mutagenesis.89 The keto ± amine tautomers A are the dominant
forms of base pairs (for example, of the adenine ± thymine pair) in
DNA duplexes. However, each base pair can be transformed into
its minor, while still quite stable, enolimine tautomer B.90 LoÈ w-
din 91 attributed the formation of rare tautomeric forms of nucleic
acid bases to the concerted transfer of two protons within the base
pair linked by a hydrogen bond.

If the ratio between the tautomer B and canonical tautomerA
is larger than 1074 ± 1075 and the rare tautomer remains stable
over time necessary for DNA replication, the double proton
transfer may play an important role in spontaneous muta-
tions.92 ± 94 Rapid proton transfer between bases can make a
contribution to the physical properties of DNA, such as duplex
flexibility, protein recognition or stability in DNA replication,
etc.90 The accuracy of the in vitro replication per base pair is
108 ± 1010 (Ref. 95). A possible reason for mismatches in DNA
replication is the formation of hypothetical structures including
thermodynamically unfavourable tautomers of natural bases in
mismatched pairs, such as AC or GT.96 The typical frequency of
mismatches upon the insertion of mismatching bases was esti-
mated at 1074 ± 1076 (see Ref. 96), which is in good agreement
with the experimental values (1076 ± 10710, see Ref. 85).

In spite of importance of tautomerisation in nucleic acid bases,
this process is not characterised experimentally, because studies of
the superfast and reversible proton transfer between specific base
pairs present difficulties.97

The parameters of the tautomeric equilibrium in nucleic acid
bases and dynamics of proton transfer are estimated by numerous
calculation methods.98 ± 101

For example, the internal energies of isolated tautomeric
forms of guanine and cytosine were calculated by an ab initio
quantum-chemical method 102 (DE=84.6 kJ mol71). The
authors of the cited study proposed also the equation for calcu-
lations of the corresponding equilibrium constants. This equation
includes the ratio of the standard state functions of individual
tautomeric forms as the preexponential factor.

Kaa 0 �
fa
fa 0

exp

�
ÿDEaa 0

RT

�
,

where Kaa 0 is the equilibrium constant of the tautomeric conver-
sion a? a 0 ; fa, fa 0 are the standard state functions of the
tautomeric forms a and a 0, respectively, and DEaa 0 is the activa-
tion energy of the tautomeric conversion.

Calculations of isolated tautomeric forms of nucleic acids as
applied to the quantitative description of the proton transfer in
complementary base pairs of DNA do not necessarily provide
adequate results. For example, one can calculate the activation
enthalpy (DDH#) of the simultaneous transfer of two protons in
the cytosine (27a) ± guanine (28a) complementary pair to form
tautomers 27b and 28b (equilibrium processes are better described
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Table 2. Activation enthalpies, heats of reactions and equilibrium con-
stants for tautomerisation of substituted pyridines.

Tautomerisation DDH # DDH 1072 KT

/kJ mol71 /kJ mol71

23a? 23b 44.3 23.4 13.0

24a? 24b 102.0 799.1 5.2

21a? 21b 195.5 29.7 3.8

26a? 26b 196.6 106.6 4.4

22a? 22b 446.5 9.2 1.8
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by the enthalpy difference than by the total energy difference,
which is a standard practice in ab initio calculations).

However, in this case, two tautomeric conversions, viz.,
amine ± imine (27a? 27b) and lactam± lactim (28a? 28b), take
place and their equilibrium constants can have different values
and depend on structural changes in DNA. Consequently, these
constants KT cannot be determined with the use of one thermody-
namic equation, which is, in addition, invariant with respect to the
mechanism of proton transfer.

An intermolecular mechanism was proposes for proton trans-
fer in isolated mono- and dihydrated guanine complexes on the
basis of the results of ab initio quantum-chemical calculations.103

By contrast, an intramolecular mechanism of proton transfer
from the amido group with the activation energy of
150 kJ mol71 was suggested in another study 104 also on the
basis of ab initio quantum-chemical calculations. In our opinion,
the formation of such an intramolecular hydrogen bond is
impossible from the viewpoint of geometry, although the energy
barrier is rather low.

We calculated the activation enthalpies, heats of reaction and
constants of the amine ± imine (KAI

T ) and lactam ± lactim (KLL
T )

tautomeric equilibria in the cytosine ± guanine pair for different
lengths of the triad group corresponding to the intermolecular
hydrogen bond (RNHN or RNHO) by the semiempirical AM1
method in the reaction coordinate mode RNH. The equilibrium
constants were calculated by Eqns (5) and (6).

KAI
T �

P1
NHP

2
NH�P1

CNP
2
CN ÿ P2

CNP
1
CN�

P1
CNP

2
CN�P2

HNP
1
NH ÿ P1

HNP
2
NH�

, (5)

KLL
T �

PNH1P
2
NH�P1

COP
2
CN ÿ P2

COP
1
CN�

P1
CNP

2
CN�P1

NHP
2
OH ÿ P2

NHP
1
OH�

. (6)

Based on the calculated data, we construct the plot of DH vs.
RNH for RNHN=2.8 �A, which is an energy curve with two
minima. The first minimum or term corresponds to the amine
and lactam tautomeric forms, and the second term corresponds to
the imine and lactim tautomeric forms. The results of complete
calculations are given in Table 3. It can be seen that DDH #

decreases linearly with decreasing RNHN (RNHO). An excellent
correlation (r=0.99) achieved in this case indicates that this
approach is adequate for the quantitative description of proton
exchange between the nucleotides under study. The dependence of
K AI

T (K LL
T ) onRNHN is a hyperbolic curve, which indicates that the

equilibrium constant is inversely proportional to the length of the
triad describing an intermolecular hydrogen bond.

According to the opinion that the mutation frequencyNm can
be determined from the product of the concentrations of rare
tautomeric forms of nucleotides,90, 92 this parameter can be
calculated by Eqn (7)

Nm=K AI
T K LL

T , (7)

because the constants K AI
T and K LL

T give the ratios between the
imine and amine or lactim and lactam forms, respectively.

For some R, the mutation frequencies calculated by this
equation (see Table 3) are substantially higher than the exper-
imental values reported in the study.96 However, it is known that
experimental data obtained in studies of rapid processes proceed-
ing at low concentrations of the compounds are sometimes of low
accuracy.

The influence of the solvent on the tautomeric equilibrium of
nucleotide bases can be manifested in a deformation of the
solvation cavity of the cytosine ± guanine dimer, in particular, in
a change in the length of the triad corresponding to an intermo-
lecular hydrogen bond [RNHN (RNHO)]. As can be seen from
Table 3, a decrease in the length of the triad group in the dimer
leads to a decrease in DDH # resulting in an increase in K AI

T and
K LL

T and, consequently, in an increase in Nm. However, the
tautomeric equilibrium constant is inversely proportional to the
polarity parameter ET. Consequently, a nucleotide dimer is
extended along the intermolecular hydrogen bond in a more
polar solvent, whereas this dimer might be contracted in a less
polar solvent. Hence, it can be concluded that more polar solvents
decrease the spontaneous mutation frequency, whereas this fre-
quency increases in less polar solvents. Since water serves as the
solvent inmutation processes inDNA, this approach tomodelling
the influence of the solvent on the tautomeric equilibrium (see
Section II) cannot be applied in the case under consideration.
However, this approach may be useful for the qualitative descrip-
tion of scientifically created conditions.

In addition to prototropic tautomerism in DNA, prototropic
rearrangements proceeding directly in nucleic acid bases deserve
notice. Thus, the amine ± imine equilibrium (27a? 27c) in cyto-
sine was considered.105, 106

It is not difficult to understand that the H1?H3 proton
transfer can proceed only through an intermolecular mechanism.
In our opinion, this process involves two steps.
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Table 3. Activation enthalpies (DDH # /kJ mol71), heats of reaction (DDH
/kJ mol71), amine ± imine (K AI

T ) and lactam ± lactim (K LL
T ) equilibium

constants and mutation frequencies (Nm) depending on RNHN (RNHO) of
the proton exchange in the cytosine ± guanine pair.

RNHN (RNHO) DDH # DDH K AI
T K LL

T Nm

3.00 282.6 65.6 1.51 2.16 0.33

2.95 274.6 75.2 1.90 3.00 0.57

2.90 238.7 75.2 2.19 3.38 0.74

2.85 211.5 64.2 2.34 4.28 1.00

2.80 183.1 66.9 3.15 4.83 1.52

2.75 157.6 58.5 3.35 5.50 1.84

2.70 140.9 66.0 4.17 6.70 2.79
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The first step represents the keto ± enol (lactam± lactim)
tautomerisation in compound 27a with the proton transfer from
the amino group to the carbonyl group through a dimeric
mechanism. The second step involves the enol ± ketone (lactim ±
lactam) tautomerisation in tautomer 27d with the proton transfer
from the hydroxy group to the imine N(3) atom. The activation
enthalpies (DDH #) of the first and second steps are 157.8 and
107.8 kJ mol71 , respectively. The total enthalpy of the overall
process (DDH #) is 168 kJ mol71. The heat of reaction (DDH) is
75.0 kJ mol71. Consequently, the 1H? 3Hproton transfer is an
exothermic process. The rotation of tautomer 27c about the
C(2)7C(5) axis by 180 8 gives rise to an isomer of cytosine, viz.,
2-oxo-6-aminopyrimidine (27e). Hence, this transformation can
be formally considered as the 1,3-shift of the amino group and a
new type of a molecular rearrangement.

VII. Conclusion

It is often assumed that the proton transfer as well as other
molecular rearrangements involved in prototropic tautomerisa-
tion proceed through an intramolecularmechanism. The results of
modern studies show that this mechanism of proton transfer is
sometimes both energetically and geometrically unfavourable.
From this viewpoint, the so-called collective (dimeric, trimeric,
tetrameric or oligomeric) mechanism seems to be more reason-
able. The mechanism involving dimers works well in the case of
the proton transfer to the ortho position. For the proton transfer
to the para position, trimeric models are more adequate from the
viewpoint of geometry. By contrast, a two-step proton transfer is
more suitable for the description of tautomerism in compounds
containing functional groups in the meta positions (as was
accepted, for example, for imidazole).

The quantitative description of the prototropic equilibrium by
purely chemical methods presents certain difficulties,107 because
the experimental parameters, which are necessary for calculating
the equilibrium constants, are sometimes impossible to determine
with a high degree of accuracy for compounds present at low
concentrations. In this connection, the representation of KT as a
function of the orders of the bonds, which are cleaved and formed
in the course of proton transfer, can be used for estimating the
reliability of experimental data.

It should be noted that the approach proposed to modelling
the influence of the solvent on the prototropic equilibrium is, to a
certain extent, formal. However, the KT ±ET correlation taking
into account the polarity parameter of the solvent may be of
practical use.
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