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Abstract-Tautomerism of 5-formyl- and 5-acetyl derivatives of pyrimidine-2,4,6-trione, 2-thioxopyri-
midine-4,6-dione, and 4,6-dihidroxy-2-methylthiopyrimidine was studied by NMR, UV, and IR spectroscopy,
as well as by quantum chemistry. An equilibrium mixture ofexo- andendo-enols in the neutral state and the
presence of the same tautomers in monoanions were found. The energies of intramolecular hydrogen bonds
in the gas phase and their changes in going to solutions in water, DMSO, and chloroform werecalculated.
The energies of intra- and intermolecular hydrogen bonds are close to each other. This fact suggests existence
in solutions of two forms: tautomers with intramolecular H bond and H-bonded complexes with the solvents
studied, whose formation involves cleavage of the intramolecular H bond. Characteristics of intermolecular
hydrogen bonds are determined by the relative proton-donor and proton-acceptor powers of polyhydroxypyri-
midines and solvents and are almost independent of the polarity of the medium.

5-Formyl- and 5-acetyl derivatives of polyhydroxy-
pyrimidines can form intramolecular hydrogen bonds,
as well as H-bonded complexes with solvents. As
shown in [2], polyhydroxypyrimidines are prone to
the keto-enol and lactim3lactam tautomerism, but
their 5-formyl and 5-acetyl derivatives feature a new
type of transformations: formation ofexo- and endo-
enol tautomers. It is known that the tautomerism of
hydroxypyrimidine is closely associated with the
possibility of formation of H-bonded complexes [3].
The aim of the present work was to study the tauto-
meric equilibrium in 5-formyl- and 5-acetyl deriva-
tives of polyhydroxypyrimidines by NMR, UV, and
IR spectroscopy in aqueous, chloroform, and DMSO
solutions. This work is a continuation (see [1]) of our
research into solvent effects on polyfunctional com-
pounds whose structure is determined not only by the
competition of their acidic and basic centers, but also
by the possibility of intra- and intermolecular H
bonding. Since the position of the tautomeric equilib-
rium in the polyhydroxypyrimidines studied depends
on both their and solvent properties, we compared
experimental spectral data with quantum-chemical
results for the compounds themselves and their model
complexes with solvents. The informative value of

ÄÄÄÄÄÄÄÄÄÄÄÄ
1 For communication II, see [1].

such a comparative analysis has been demonstrated
in [4].

The objects for study were 5-formylpyrimidine-
2,4,6-trione (A), 5-acetylpyrimidine-2,4,6-trione (B),
5-acetyl-2-thioxopyrimidine-4,6-dione (C), 5-acetyl-
4,6-dihydroxy-2-methylthiopyrimidine (D), and 5-
acetyl-4,6-dihydroxy-3-methyl-2-methylthiopyrimi-
dine (E). The following atom numbering was applied.
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Analysis of published data [5] shows that the
molecules can exist as the following tautomers:endo-
enol I , exo-enol II , polycarbonyl structureIII , and
monoanionsIV 3VII .

Experimental data. 5-Formylbarbituric acid (A),
5-acetylbarbituric acid (B), 5-acetyl-2-thiobarbituric
acid (C), 5-acetyl-4,6-dihydroxy-2-methylthiopyrimi-
dine (D), and 5-acetyl-4,6-dihydroxy-3-methyl-2-
methylthiopyrimidine (E) were synthesized by known
procedures [6]. The NMR spectra of all the com-
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pounds in water, chloroform, and DMSO were ob-
tained by the procedures in [7]. It was shown that1H
and 13C NMR spectroscopies are an effective tool for
studying theendo-enol3exo-enol tautometic equilib-
rium. The contents ofendo-enol I [P(I )] and exo-enol
II [P(II )] were estimated from the observed
chemical shift (dobs) of the tautomeric mixture and the
chemical shifts for pureendo-enol [d(I )] or exo-enol
forms [d(II )], using the following formula [6]:

P(I ) = [dobs 3 d(II )]/[d(I ) 3 d(II )].

Hered(I ) andd(II ) are the chemical shifts expected
for pure tautomersI and II . According to published
data for cyclicb-dicarbonyl compounds, the signal of
the carbonyl C10 atom is atd(I ) 202 ppm, and the
signal of the C10 atom double-bonded with C5 and
bearing a hydroxy group, atd(II ) 168 ppm [7, 8].
Characteristic spectral features of neutral and anionic
forms of polyhydroxypyrimidines we described in [6];
account was also taken of data in [9]. The IR spectra
were obtained for solid samples as described [10].

Table 1 lists NMR and UV spectral data for solu-

tions. The UV spectra of neutral molecules both in
aqueous solutions and in alcohols and dioxane contain
a strong band at 2803300 nm, which points to a strong-
ly conjugated system, lacking in polycarbonyl tauto-
mer III and characteristic of enol formsI and II . The
enol forms, according IR spectral data, remains pre-
vailing in the crystal state, as judged from the observa-
tion of a series of strong bands at 150031640 cm31,
characterstic of conjugated carbonyl groups, a diffuse
band at 250033000 cm31, as well as well-defined
bands at 115031200 cm31, characteristic of H-bonded
hydroxy groups. The1H and 13C NMR spectra reveal
presence of tautomersI and II and lack of structure
III . However, the sharp difference in the signals of
associated proton and C10 in 5-formyl and 5-acetyl
derivatives suggests differentendo/exo-enol ratios in
these derivatives. The contents of tautomersI and II ,
estimated from the NMR spectra, as well as the
tautometic equilibrium constants pKt = 3log [II ]/[ I ]
are listed in Table 2. As seen, the prevailing tautomer
in 5-formylbarbituric acid isexo-enol II , 5-acetyl-
barbituric and 5-acetyl-2-thiobarbituric acids prefer
endo-enol form I (endo/exo-enol ratio ca. 1.7 :1),
while in 2-methylthio derivativesG and E endo/exo-
enol ratio is ca. 7 :1.

In going to monoanions, as seen from data in
Table 1, the UV spectra acquire one more absorption
maximum at 2403260 nm, and the long-wave band in
the spectra of acetyl derivatives gets weaker, while in
the spectra of formyl derivatives, stroger (which gives
further evidence for the existence of different tauto-
mers in the neutral state). According to [11], the short-
wave maximum relates to the electron transition
between molecular orbitals of the overall conjugated
system, and the long-wave maximum, to the electron
transition from theb-dicarbonyl system to the acetyl
carbonyl group.

The 1H and 13C NMR spectra of the anions of
acetyl derivatives, too, correspond to tautomerIV ,
since they contain NH proton signals, and the C4 and
C6 signals coalesce to form a single narrow signal.
The coincidence of the C4 and C6 signals in the NMR
spectra of the monoanions of acetyl derivatives
(Table 1) points to a low multiplicity of the bond
between the acetyl group and the pyrimidine ring. The
same conclusion follows from the fact that the C10

signal is near 200 ppm, i.e. in the region characteristic
of ketone carbonyl signals [7]. At the same time, the
broadened signals of the pyrimidine NH protons
appear to imply involvement of these protons in the
lactim3lactam tautomerism and, consequently,
formation of endo-enol V and exo-enol VI .

Structure of 5-formyl- and 5-acetyl derivatives
in the gas phase.Relation between characteristics of
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Table 1. Spectral characteristics of 5-formylbarbituric acid (A), 5-acetylbarbituric acid (B), 5-acetyl-2-thiobarbituric acid
(C), 5-acetyl-4,6-dihydroxy-2-methylpyrimidine (D), and 5-acetyl-4,6-dihydroxy-3-methyl-2-methylthiopyrimidine (E)
ÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Com-
³

Charge
³ UV spectrum ³ 1H NMR spectrum,d, ppm ³ 13C NMR spectrum,dC, ppm

³ ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄÂÄÄÄÄÄÄ
pond

³ ³lmax, nm³ e ³ solvent ³ H1(3) ³ R12 ³ OH ³ C4 ³ C5 ³ C6 ³ C10

ÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
A ³ 0 ³ 274 ³ 12 000³ CDCl3 ³ 3.32 ³ 8.65 ³ 13.9 ³ 160.3 ³ 98.9 ³ 167.5 ³ 177.4

³ ³ ³ ³ DMSO ³ 3.10 ³ 8.52 ³ 13.2 ³ 160.4a³ 99.5 ³ 163.4a³ 176.4
³ 31 ³ 244 ³ 5600 ³ DMSOb ³ 3.20 ³ 8.45 ³ 3 ³ 164.3 ³ 95.2 ³ 164.3 ³ 186.9
³ ³ 280 ³ 17 000³ ³ ³ ³ ³ ³ ³ ³

B ³ 0 ³ 276 ³ 17900 ³ CDCl3 ³ 3.38 ³ 2.70 ³ 17.2 ³ 160.6 ³ 95.4 ³ 169.1 ³ 1975.6
³ ³ ³ ³ ³ 3.32 ³ ³ ³ ³ ³ ³
³ ³ ³ ³ DMSO ³ 3.20 ³ 2.60 ³ 17.2 ³ 165.2a³ 95.8 ³ 165.2a³ 194.9
³ 31 ³ 250 ³ 9200 ³ DMSOb ³ 3.12 ³ 2.55 ³ 3 ³ 164.9 ³ 95.9 ³ 164.9 ³ 195.0
³ ³ 277 ³ 14 400³ ³ ³ ³ ³ ³ ³ ³

C ³ 0 ³ 306 ³ 25400 ³ DMSO ³ 12.0 ³ 2.46 ³ 17.0 ³ 165.0a³ 96.2 ³ 165.0a³ 195.8
³ 31 ³ 254 ³ 4250 ³ DMSOb ³ 11.0a ³ 2.30 ³ 3 ³ 163.2 ³ 97.3 ³ 163.2 ³ 194.4
³ ³ 299 ³ 17 900³ ³ ³ ³ ³ ³ ³ ³

D ³ 0 ³ 251 ³ 5400 ³ DMSO ³ 12.0 ³ 2.55 ³ 16.0a ³ 174.5a³ 98.2 ³ 174.5 ³ 202.9
³ ³ 303 ³ 17 000³ ³ ³ ³ ³ ³ ³ ³
³ 31 ³ 235 ³ 11 400³ DMSOb ³ 9.7a ³ 2.35 ³ 3 ³ 172.4 ³ 98.4 ³ 172.4 ³ 201.7
³ ³ 296 ³ 10 100³ ³ ³ ³ ³ ³ ³ ³

E ³ 0 ³ 252 ³ 5000 ³ DMSO ³ 3.3 ³ 2.65 ³ 16.0a ³ 172.0 ³ 97.3 ³ 170.6 ³ 203.4
³ ³ 304 ³ 17 500³ ³ ³ ³ ³ ³ ³ ³
³ 31 ³ 296 ³ 10 450³ DMSOb ³ 3.25 ³ 2.35 ³ 3 ³ 169.7 ³ 99.2 ³ 162.6 ³ 197.8

ÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
a Broad signal.b DMSO-d6 + triethylamine.

Table 2. Constants of theendo3exo-enol tautomeric
equilibrium (pKt) and experimental and calculated dissocia-
tion constants (pKa) of tautomersI and II of polyhydroxy-
pyrimidine derivatives
ÄÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÂÄÄÄÄÄÂÄÄÄÄÄ

Com-
³

pKt

³ Content, % ³
pKa

³
pKa(I )

³
pKa(II )³ ÃÄÄÄÄÄÂÄÄÄÄÄ´ ³ ³

pound³ ³ I ³ II ³ ³ ³
ÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÅÄÄÄÄÄÅÄÄÄÄÄ

A ³ 30.51 ³ 23.8 ³ 76.2 ³ 2.35³ 1.73 ³ 2.26
B ³ 0.22 ³ 62.5 ³ 37.5 ³ 4.62³ 4.42 ³ 4.20
C ³ 0.29 ³ 66.0 ³ 34.0 ³ 2.70³ 2.52 ³ 2.23
D ³ 0.84 ³ 87.5 ³ 12.5 ³ 5.50³ 5.44 ³ 4.60
E ³ 0.91 ³ 89.0 ³ 11.0 ³ 6.00³ 5.95 ³ 5.04

ÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÁÄÄÄÄÄÁÄÄÄÄÄ

intramolecular hydrogen bond and position of tauto-
meric equilibrium in hydroxypyrimidines in the
absence of solvents have never been studied [12].
Gas-phase characteristics were obtained by quantum-
chemical calculations. As follows from published
data, semiempirical calculation schemes both provide
reliable results and allow one to span a wide range of
structures and their associates [13]. Like Millefiori
and Millefiori [14], we consider AM1 results for
polyhydroxypyrimidine derivatives fairly fitting

experiment. However, to avoid errors intrinsic in the
AM1 scheme, we also performed PM3 calculations.
The geometries of the structures were fully optimized,
no symmetry constraints were imposed, and local
minima and transition states on the potential energy
surface were identified by analysis of the matrix of
force constants. The calculations were performed
using GAMESS [15]. It was found that, regardless of
the fact that the AM1 and PM3 geometries differ
considerably, the relative energies obtained by these
two methods are mutually consistent.

In accordance with [2, 16], apart fromendo- and
exo-enol structuresI andII , we calculated all possible
tautomers of the compounds studied for the neutral
and anionic states. Table 3 lists the enthalpies of
formation (AM1 and PM3) of tautomersI3VII . It can
be seen that the enthalpies of formation of enol
tautomers are higher than that of keto tautomerIII .
The difference in the enthalpies of formation of
tautomersI and II for all the compounds studied is
much smaller than the respective value for keto
tautomerIII and enolI or II . Consequently, according
to the theoretical criteria for real tautomeric processes
[2], the keto-enol tautomerism in the hydroxypyrimi-
dine fragment of 5-formyl and 5-acetyl derivatives is
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Table 3. Enthalpies of formation of tautomeric structuresI3VII of polyhydroxypyrimidinesA3D, calculated by the AM1
and PM3 methods, kcal/mol
ÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Comp. no.
³ A ³ B ³ C ³ D
ÃÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄ
³ AM1 ³ PM3 ³ AM1 ³ PM3 ³ AM1 ³ PM3 ³ AM1 ³ PM3

ÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄ
I ³ 3134.1 ³ 3157.2 ³ 3139.1 ³ 3163.5 ³ 383.2 ³ 392.1 ³ 380.0 ³ 398.3
II ³ 3139.6 ³ 3158.5 ³ 3145.1 ³ 3165.2 ³ 389.0 ³ 393.8 ³ 381.5 ³ 395.3
III ³ 3129.6 ³ 3150.0 ³ 3137.8 ³ 3159.6 ³ 379.6 ³ 384.5 ³ 372.6 ³ 388.3
IV ³ 3190.7 ³ 3213.0 ³ 3193.8 ³ 3216.2 ³ 3143.4 ³ 3155.0 ³ 3127.0 ³ 3148.6
V ³ 3182.8 ³ 3211.6 ³ 3186.3 ³ 3217.0 ³ 3137.6 ³ 3154.1 ³ 3128.1 ³ 3155.1
VI ³ 3172.3 ³ 3198.9 ³ 3176.1 ³ 3204.7 ³ 3129.3 ³ 3144.2 ³ 3120.1 ³ 3145.7
VII ³ 3169.6 ³ 3195.8 ³ 3175.8 ³ 3202.6 ³ 3127.9 ³ 3142.1 ³ 3120.6 ³ 3144.7

ÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄ

hardly probable. The low probability of the lactim3
lactam tautomerism follows from the fact that the
formation of a dienol with O93H and O113H groups
and dissociated N13H bond raises the energy by
20 kcal/mol and more. The energetically favorable
tautomer of monoanions is tautomerIV containing
C6=O and C10=O bonds and dissociated heteroring
C53H bond. However, the close enthalpies of forma-
tion of enols V, VI and IV point to a considerable
probability of the lactam3lactim tautomerism in
monoanions. The keto-enol equilibrium involving
anion VII is energetically disfavored (Table 3). An
exception is the monoanion of 5-acetyl-4,6-dihydroxy-
2-methylthiopyrimidine (D) whose polycarbonyl struc-
ture IV has a higher enthalpy of formation than enol.
This fact can be considered evidence in favor of a
high probability of the lactim3lactam tautomerism in
the monoanions of polyhydroxypyrimidines: Since
2-methylthio derivatives have no hydrogen atom on
N1, lactam structureIV proves to be less favored than
lactim structuresV andVI . Consequently, the calcula-
tions predict the energetic preference of theendo3exo-
enol equilibrium both in molecules and in mono-
anions, which fully agrees with experimental data.

In keeping with [17], as a measure of the H-bond
energy (EH) in endo-enols we took the difference in
the enthalpies of formation of tautomersVIII and I ,
and in exo-enols, the respective difference for tauto-
mers IX and II . Similarly, the H-bond energies in
monoanions are estimated through the differences in
the enthalpies of formation of tautomersX andV for
endo-, and of tautomersXI and VI , for exo-enols.
Table 4 lists the relative energies ofendo- and exo-
enol tautomers and the energies of the corresponding
H bonds for neutral forms. Table 5 lists the respective
values for monoanions. Analysis of the resulting data
shows that the intramolecular H bonds inendo- and
exo-enols are nonequivalent, but theEintra values for

these tautomers range from 0 to 0.8 kcal/mol in
neutral molecules (except for 2-methylthio derivative
D). In monoanions, the Eintra range is 0.43
12.1 kcal/mol. The H-bond lengths in neutralendo-
enols are, on average, 1.9217A, in exo-enols,
1.9450A, and in monoanions, 1.9172 and 1.8924A,
respectively. Consequently, anions have shortened
internuclear distances between H-bonded atoms,
which is consistent with reduced energies of the struc-
tures and enlargement of their conjugation system [2].
The enthalpies of formation were recounted into the
corresponding dissociation constants to find that
pKa(I ) 3 pKa(II ) for neutral molecules is 0.004 and for
monoanions, 0.007. Consequently, the two tautomers
are close in acidity. Further conclusion is that the
potential energy surfaces of both isolated molecules
and monoanions have local minima both forendo-
andendo-enols. These minima differ from each other,
but, as judged from the calculated energies, geomet-
ries, electron density distributions, and some other
parameters, the difference is inconsiderable. Con-
sequently, the system in hand close in its properties
to systems with very strong, low-barrier hydrogen
bonds [18]. The above findings also provide evidence
showing that the dynamicendo3exo-enol tautomeric
equilibrium really exists [19].

Solvent effects.We experimentally established that
the electronic spectra of nonionized derivatives of
barbituric acids in water, alcohol, and dioxane are
similar. As seen from Table 1, the chemical shifts of
the C10, C5, C2, and NH signals in the NMR spectra
of these compounds in DMSO and chloroform almost
coincide. Consequently, solvents exert no effect on
the position of the tautomeric equilibrium (earlier the
same effect was observed in [7]). Assuming similar
pKt values (for theendo3exo-enol equilibrium) in
different solvents, we estimated, from the pKt values
of the compounds in DMSO and the respective pKa
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Table 4. Differences in the enthalpies of formation (DHt) of endo- (I ) andexo-enols (II ) of polyhydroxypyrimidinesA3D,
energies of their intramolecular H bonds (EintraH), and energies of intermolecular H bonds in solvation complexes (EinterH),
calculated by the AM1 and PM3 methods, kcal/mol
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Compound
³ DHt

a ³ 3EintraH(I ) ³ 3EintraH(II ) ³ 3EinterH(I ) ³ 3EinterH(II )
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄ
³ AM1 ³ PM3 ³ AM1 ³ PM3 ³ AM1 ³ PM3 ³ AM1 ³ PM3 ³ AM1 ³ PM3

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
A ³ 35.5 ³ 31.3 ³ 9.8 ³ 13.8 ³ 9.9 ³ 10.3 ³ 3 ³ 3 ³ 3 ³ 3³ ³ ³ ³ ³ ³ ³ ³ ³ ³

A + 2H2O ³ 34.7 ³ 30.5 ³ 5.9 ³ 10.8 ³ 8.4 ³ 5.3 ³ 13.5 ³ 6.2 ³ 14.3 ³ 6.6³ ³ ³ ³ ³ ³ ³ ³ ³ ³
A + DMSO³ 34.0 ³ 30.7 ³ 1.6 ³ 3.7 ³ 3.6 ³ 3.2 ³ 5.2 ³ 1.9 ³ 6.7 ³ 2.5³ ³ ³ ³ ³ ³ ³ ³ ³ ³
A + CHCl3 ³ 34.9 ³ 31.0 ³ 11.7 ³ 15.4 ³ 11.7 ³ 11.0 ³ 1.9 ³ 1.6 ³ 2.5 ³ 1.9³ ³ ³ ³ ³ ³ ³ ³ ³ ³

B ³ 36.0 ³ 32.1 ³ 10.4 ³ 4.6 ³ 9.7 ³ 9.9 ³ 3 ³ 3 ³ 3 ³ 3³ ³ ³ ³ ³ ³ ³ ³ ³ ³
B + 2 H2O ³ 1.0 ³ 0.5 ³ 5.8 ³ 5.8 ³ 3.4 ³ 6.7 ³ 14.2 ³ 4.8 ³ 7.2 ³ 3.2³ ³ ³ ³ ³ ³ ³ ³ ³ ³
B + DMSO ³ 4.1 ³ 1.3 ³ 2.1 ³ 0.8 ³ 3.5 ³ 3.6 ³ 6.4 ³ 2.4 ³ 4.5 ³ 1.6³ ³ ³ ³ ³ ³ ³ ³ ³ ³
B + CHCl3 ³ 5.7 ³ 1.5 ³ 11.3 ³ 3.2 ³ 10.0 ³ 10.4 ³ 2.5 ³ 2.2 ³ 2.2 ³ 1.6³ ³ ³ ³ ³ ³ ³ ³ ³ ³

C ³ 35.8 ³ 31.7 ³ 10.2 ³ 16.7 ³ 9.4 ³ 9.4 ³ 3 ³ 3 ³ 3 ³ 3³ ³ ³ ³ ³ ³ ³ ³ ³ ³
C + 2 H2O³ 0.9 ³ 0.3 ³ 5.7 ³ 3.8 ³ 2.5 ³ 4.4 ³ 14.2 ³ 4.7 ³ 7.5 ³ 3.3³ ³ ³ ³ ³ ³ ³ ³ ³ ³
C + DMSO³ 4.2 ³ 1.1 ³ 1.6 ³ 0.7 ³ 3.4 ³ 3.0 ³ 6.6 ³ 2.8 ³ 5.0 ³ 2.2³ ³ ³ ³ ³ ³ ³ ³ ³ ³
C + CHCl3 ³ 5.6 ³ 1.4 ³ 11.2 ³ 1.9 ³ 9.6 ³ 9.8 ³ 2.4 ³ 1.9 ³ 2.2 ³ 1.6³ ³ ³ ³ ³ ³ ³ ³ ³ ³

D ³ 31.5 ³ 3.0 ³ 0.7 ³ 6.9 ³ 10.3 ³ 9.2 ³ 3 ³ 3 ³ 3 ³ 3³ ³ ³ ³ ³ ³ ³ ³ ³ ³
D + 2 H2O³ 1.4 ³ 5.5 ³ 1.9 ³ 1.1 ³ 2.5 ³ 5.7 ³ 16.0 ³ 5.7 ³ 13.1 ³ 3.2³ ³ ³ ³ ³ ³ ³ ³ ³ ³
D + DMSO³ 0.3 ³ 5.0 ³ 2.8 ³ 1.1 ³ 5.2 ³ 1.2 ³ 6.8 ³ 4.6 ³ 5.0 ³ 2.6³ ³ ³ ³ ³ ³ ³ ³ ³ ³
D + CHCl3 ³ 0.3 ³ 2.8 ³ 5.3 ³ 4.0 ³ 10.8 ³ 10.7 ³ 4.9 ³ 2.8 ³ 3.7 ³ 3.0
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
a DHt = DfH(II ) 3 DfH(I ).

Table 5. Differences in the enthalpies of formation (DHt) of the monoanions ofendo- (I ) andexo-enols (II ) of polyhydr-
oxypyrimidines A3D, energies of their intramolecular H bonds (EintraH), and energies of intermolecular H bonds in
solvation complexes (EinterH), calculated by the AM1 and PM3 methods, kcal/mol
ÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄ

Compound
³ DHt

a ³ 3EintraH(V) ³ 3EintraH(VI ) ³ 3EinterH(V) ³ 3EinterH(VI )
ÃÄÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÂÄÄÄÄÄÄÅÄÄÄÄÄÄÂÄÄÄÄÄÄ
³ AM1 ³ PM3 ³ AM1 ³ PM3 ³ AM1 ³ PM3 ³ AM1 ³ PM3 ³ AM1 ³ PM3

ÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄÅÄÄÄÄÄÄ
A ³ 10.5 ³ 12.7 ³ 3.5 ³ 5.4 ³ 15.6 ³ 17.7 ³ 3 ³ 3 ³ 3 ³ 3³ ³ ³ ³ ³ ³ ³ ³ ³ ³

A + 2H2O ³ 5.9 ³ 9.6 ³ 2.1 ³ 5.4 ³ 21.0 ³ 23.2 ³ 16.8 ³ 11.6 ³ 21.4 ³ 14.7³ ³ ³ ³ ³ ³ ³ ³ ³ ³
A + DMSO³ 4.5 ³ 8.4 ³ 4.0 ³ 5.6 ³ 15.7 ³ 26.8 ³ 2.6 ³ 6.3 ³ 8.6 ³ 10.6³ ³ ³ ³ ³ ³ ³ ³ ³ ³
A + CHCl3 ³ 8.0 ³ 9.4 ³ 6.4 ³ 3.0 ³ 23.6 ³ 20.3 ³ 5.9 ³ 7.5 ³ 8.4 ³ 10.8³ ³ ³ ³ ³ ³ ³ ³ ³ ³

B ³ 10.2 ³ 12.3 ³ 4.3 ³ 7.2 ³ 15.5 ³ 16.9 ³ 3 ³ 3 ³ 3 ³ 3³ ³ ³ ³ ³ ³ ³ ³ ³ ³
B + 2 H2O ³ 6.2 ³ 12.1 ³ 2.2 ³ 9.2 ³ 11.7 ³ 23.5 ³ 17.4 ³ 13.9 ³ 21.4 ³ 14.1
B + DMSO ³ 4.1 ³ 8.3 ³ 3.6 ³ 7.6 ³ 18.5 ³ 17.3 ³ 2.5 ³ 6.5 ³ 8.6 ³ 10.5
B + CHCl3 ³ 7.8 ³ 7.0 ³ 6.1 ³ 1.9 ³ 4.7 ³ 24.2 ³ 6.2 ³ 5.6 ³ 8.6 ³ 10.9

C ³ 8.3 ³ 9.9 ³ 5.4 ³ 6.2 ³ 5.0 ³ 14.2 ³ 3 ³ 3 ³ 3 ³ 3

C + 2 H2O³ 6.3 ³ 7.7 ³ 8.0 ³ 8.4 ³ 8.2 ³ 23.5 ³ 16.4 ³ 13.4 ³ 18.4 ³ 15.6
C + DMSO³ 2.7 ³ 7.8 ³ 6.6 ³ 2.4 ³ 5.2 ³ 15.6 ³ 2.0 ³ 5.4 ³ 7.6 ³ 7.5
C + CHCl3 ³ 6.4 ³ 10.1 ³ 5.7 ³ 7.6 ³ 4.0 ³ 2.1 ³ 5.6 ³ 4.7 ³ 7.5 ³ 4.5

D ³ 8.0 ³ 9.4 ³ 5.0 ³ 7.1 ³ 11.2 ³ 14.0 ³ 3 ³ 3 ³ 3 ³ 3

D + 2H2O ³ 7.4 ³ 10.9 ³ 2.0 ³ 4.5 ³ 7.0 ³ 11.0 ³ 17.4 ³ 10.2 ³ 18.0 ³ 8.8
D + DMSO³ 7.1 ³ 8.0 ³ 2.6 ³ 4.4 ³ 18.9 ³ 17.5 ³ 6.4 ³ 6.0 ³ 7.3 ³ 7.4
D + CHCl3 ³ 5.9 ³ 7.6 ³ 5.4 ³ 5.6 ³ 13.0 ³ 19.6 ³ 6.2 ³ 7.9 ³ 8.3 ³ 9.7
ÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄÁÄÄÄÄÄÄ
a DHt = DfH(VI ) 3 DfH(V).
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values in H2O [3], pKa(I ) and pKa(II ) for endo-enol I
and exo-enol II . The calculation procedure is des-
cribed in [6]. The resulting pKa(I ) and pKa(II ) values
are given in Table 2. Comparison of the pKa values
with data for 1,3-dimethylbarbituric acid (pKa 2.88),
2-thiobarbituric acid (pKa 2.1), and 4,6-dihydroxy-2-
methylthiopyrimidine (pKa 3.1) shows that the formyl
substituent enhances the acidity of the polyhydroxy-
pyrimidine fragment, while the acetyl substituent
weakens it. As a result, formyl derivatives prefer the
exo-enol form, while acetyl derivatives, theendo-enol
form. Therewith, the properties of the nitrogen con-
taining fragment of the pyrimidine ring are also
affected. For instance, since the acetyl substituent
weakens the acidity of the pyrimidineb-dicarbonyl
system, 2-methylthio derivativeD has no zwitter-ionic
forms, unlike 4,6-dihydroxy-2-methylthiopyrimidine
[6].

Comparative analysis shows that the experimental
(Tables 1, 2) and calculated (Tables 4, 5) lead to
different conclusions concerning the position of the
endo3exo-enol equilibrium. Gas-phase (calculated)
data are known to differ from liquid-phase because of
solvent effects. To gain insight into the solvent effects
on the molecules and monoanions studied, we per-
formed, like in [1], supermolecular calculations of
solvent3solute complexes [20]. For solvents we took
H2O, chloroform, and DMSO, which differ in polarity
and proton-donor and proton-acceptor properties. As
found in [21], derivatives of barbituric acid in these
media form variable-composition associates with
solvent molecules, both via nonbonded interactions
and via H bonding. Our supermolecular calculations
showed that solvent molecules, forming H-bonded
structures, fit intoendo-enols I and V between H3O9

and O11 with cleavage of the intramolecular hydrogen
bonds H...O11 and intoexo-enols II and VI , between
H3O11 and O9 with cleavage of the intramolecular
hydrogen bonds H...O9. Solvent molecules coordinate
with solute molecules or anions via intermolecular H
bonding. The number of solvent molecules required
for calculated data to fit experiment is small (like in
[4]). Calculations of some hydroxypyrimidine com-
plexes with one H2O molecule have been reported
[22]. However, such associates, according to
Jorgensen’s concept [23] of more intricate H interac-
tions in hydration shells of molecules [24] than in the
model one barbituric acid molecule3one H2O mole-
cule, cannot model the effect of water as solvent.
Therefore, like in [25], we performed calculations
with two H2O molecules. The calculation with one
chloroform or DMSO is correct, since the second
solvent molecule here cannot form, for steric reasons,
H bonds between O9 and O11. The superomolecular

calculations were performed by the AM1 and PM3
methods without symmetry constraints and with
identification of local minima and transition states on
the potential energy surface.

As can be seen (Tables 4, 5), in the presence of
solvents the energy gaps between theendo-and exo-
enols change. Thus, in full agreement with experiment,
5-formylbarbituric acid (A) in solutions should prefer
exo-enol form II , while 5-acetyl derivatives,endo-
enol form I . In monoanions, both formyl and acetyl
derivatives should prefer tautomerV.

The energies of intramolecular hydrogen bonds in
the presence of solvents were calculated. It is shown
EintraH in the latter case changes compared with those
for isolated molecules. It can be stated that theEintraH
of both the tautomers of nonionized derivatives
decrease. For aqueous solutions of monoanions,EintraH
increase in theexo-enol of 5-formyl- and 5-acetyl-2-
thiobarbituric acid and decrease in theendo-enols of
all the derivatives. Dimethyl sulfoxide generally
similarly change EintraH. The comparatively low-
polarity chloroform, as a rule, strengthens the hydro-
gen bond (except for the monoanion of theexo-enol).

It is expedient to consider the total energies of H
bonding with solvents, i.e. the energies of intermole-
cular hydrogen bonds (EinterH). TheEinterH values were
calculated as differences between the enthalpies of
formation of the complex involving one molecule of
a barbituric acid derivative and one molecule of a
solvent and the enthalpies of formation of isolated
molecules of the barbituric acid derivatives and
solvent. For instance, the formula for calculating
EinterH for tautomer I is as follows:

EinterH = DfH(complex) 3 DfH(I ) 3 DfH(solvent).

HereDfH(complex) is the enthalpy of formation of
the complex barbituric acid derivative3solvent,DfH(I )
if the enthalpy of formation of tautomerI , and
DfH(solvent) is the enthalpy of formation of two mol
of H2O or one mol of chloroform or DMSO.

Data in Tables 4 and 5 show that, first, both
methods give mutually consistentEinterH values.
Second, the total energy of H bondingEinterH is the
highest for H2O, for DMSO it is lower by a factor 233,
and for chloroform it is even lower. Third,EinterH vary
only slightly for different derivatives and tautomers.
Fourth, in going to monoanions the energy increases
only slightly (134 kcal/mol), and the largest increase
is characteristic of chloroform.

Analysis of solvation energies most commonly
involves their separation into electrostatic and specific
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Fig. 1. Comparison of the total energy of H bonding
EinterH in solvation complexes with (crosses)
H2O, (circles) DMSO, and (squares)CHCl3 and
(133) the electrostatic contribution on the dipole moment
m of solute. Solvent: (1) H2O, (2) DMSO, and (3) CHCl3.

contributions [26]. Figure 1 shows the dependence of
solvation on the dipole moments of solutes. The
curves were plotted in terms of the reactive field
model and Onsager’s formula [27] for solutions of the
compounds studied in water, DMSO, and chloroform.
These curves relate to a[pure] contribution of elec-
trostatic solvation. The points corresponding toEinterH
lie much higher, implying a considerable contribution
of the energies of H bonds into the energies of forma-
tion of solvation complexes. However, the magnitude
of deviation of points from calculated curves (Fig. 1)
includes not only the energy of intermolecular H
bonding, but also, according to [28], changes of this
energy under the action of a polar solvent. The energy
of formation of intermolecular H bond in the gas
phase is associated with proton donation from poly-
hydroxypyrimidine [for instance, in tautomerI , from
O9] and proton acception from solvent. Simultaneous-
ly, all the solvents studied donate their proton, while
polyhydroxypyrimidine accepts it by a neighboring
functional group [in structureI it is O11]. Consequent-
ly, EinterH should depend on the difference in the
deprotonation energy (Edeprot) and the proton affinity
(EH+) of both solute and solvent. In the present work
we calculated bothEdeprot and EH+ and correlated
EinterH with DE calculated by the following formula:

DE = Edeprot(tautomer) 3 EH+(tautomer)

3 Edeprot(solvent) + EH+(solvent).

The resulting correlations are as follows (see also
Fig. 2).

EinterH,
kcal/mol

0

34

38

312

316

3300 3200 3100 0
DE, kcal/mol

1

2

Fig. 2. Dependence of the total energy of H bonding
EinterH in solvation complexes of theDE value
measuring the proton-donor and proton-acceptor proper-
ties of solvents and solutes. Calculation method: (1) PM3
and (2) AM1.

AM1 method

EinterH(I, II ) = 0.0375DE 3 2.21; r 0.943,s 2.3, n 20,

EinterH(V) = 0.0385DE 3 13.29; r 0.961,s 1.5, n 12,

EinterH(VI ) = 0.0340DE 3 15.05;r 0.974,s 1.9, n 12.

PM3 method

EinterH(I, II ) = 0.0092DE 3 1.53; r 0.926,s 3.0, n 20,

EinterH(V) = 0.0125DE 3 8.83; r 0.982,s 1.3, n 12,

EinterH(VI ) = 0.0194DE 3 12.97;r 0.955,s 2.9, n 12.

These correlations show that the solvation of H
bonding, measured bu with solvents is mostly deter-
mined by the proton-donor and proton-acceptor
properties of tautomers and solvents, while the effect
of electrostatic solvation and the polarity of the
medium on EinterH is much weaker.

The above findings led us to conclude that in the
molecules of polydentate 5-formyl and 5-acetyl poly-
hydroxypyrimidine derivatives both in solutions and
the gas phase undergo no other tautomerism than
endo3exo-enol. In monoanions, in addition, the
lactam3lactim tautomerism was also revealed. It was
found that in solutions two types of structures can
coexist: structures involving intramolecular H bonds,
as well as solvation H complexes in which the latter
bonds are cleaved, because the energies of intramo-
lecular H bonds and of solvation intermolecular H
bonding are close to each other. We also established
that in solutions theendo-exo-enol equilibrium in
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5-acetyl derivatives is shifted, compared to the gas
phase, to theendo tautomer.
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