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ABSTRACT: Heats of formation, entropies, Gibbs free energies, relative tautomerization energies, dipole moments,
and ionization potentials for the tautomers of 2-thiocytosine, 2,4-dithiouracil and 2,4-dithiothymine and their 1-
methyl analogues were studied by using semiempirical AM1 and PM3 quantum-chemical calculations at the SCF
level both in the gas phase and in aqueous solution, with full geometry optimization. The COSMO solvation model
was employed for aqueous solution calculations. The calculations show that the thiol-amino tautomer of 2-
thiocytosine is the most stable in the gas phase whereas the thione-amino tautomer is the most stable in the aqueou
phase. For 2,4-dithiouracil and 2,4-dithiothymine, dithione tautomers are the most stable in both phases. The results
are in good agreement with available experimental and theoretical results. The entropy effect on the Gibbs free energy
of the thiopyrimidine bases is very small and has practically no significance for the tautomeric equilibria of
thiopyrimidine bases. The enthalpic term is dominant in the determination of the equilibrium constant. Cdpyright
2001 John Wiley & Sons, Ltd.
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INTRODUCTION Although pyrimidine bases (cytosine, uracil and
thymine) have been extensively studi€d?® thiopy-

Pyrimidine bases and their thio derivatives are found in rimidines (thiocytosines, thiouracils and thiothymines)
many biological systems and they are very important have received much less attention. However, 4-thiouracil
from the clinical point of view. For example, 2- has attracted considerably more interest for its photo-

thiocytosine; 2-thiouracif and 4-thiouracii>have been  chemical propertied:22 Although it is well known that

identified in tRNA. Numerous sulphur-substituted py-
rimidines have found applications as clinically useful
drugs®*°1t was noted in many of them that the position
in which sulphur was present was crucial to the biological

the tautomeric equilibria of a number of pyrimidine bases
depend strongly on intermolecular interactions of the
bases® 2% only a few systematic investigations have
been devoted to the tautomerism of thiopyrimidines

activity. For instance, 2-thiouracil, but not 4-thiouracil, experimentallf’=>* and theoretically?>** Previously,
inhibits hyperthyroid activity:* the structural and tautomeric aspects of 2-thiocytosine
The protropic tautomerism of these thiopyrimidine and 2,4-dithiouracil were investigated by semiempirical
bases results from the migration of liable hydrogens from MNDO and MINDO/3 method®*®and by anab initio
the ring nitrogens to exocyclic nitrogen or sulphur atoms, method®™* in the gas phase. However, quantum
hence the thiobases can exist in several tautomeric formschemical calculations on 2,4-dithiothymine and their 1-
A knowledge of the relative stabilities of the various methyl derivatives of thiopyrimidine bases have not been
tautomeric forms of thiopyrimidine molecules and the reported in the literature. Also, there are no theoretical
tautomeric conversion from one tautomeric form to data available on the prediction of tautomerism of these
another is important from the point of view of structural molecules in the aqueous phase.
chemistry. They are also important in relation to the  Previous work on thiopyrimidine bases has only
biological activity of pyrimidine bases and their thio considered the relative stabilities of the tautomers of 2-
derivatives. In addition, knowing how these tautomeriza- thiocytosine and 2,4-dithiouracil with the neglect of the
tion energies change in different environments can shedentropy contributions. However, the analysis of the
light on the influence of solvent effects on molecular entropy effect allows for a better understanding of the
stability. tautomerization process. If several tautomers exist in
comparable concentrations, the entropy contributions are
important parts of the relative Gibbs free energies.
Because the exact equilibrium concentration depends on
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Figure 1. Tautomers of 2-thiocytosine (1-7), 2,4-dithiouracil (8-13) and 2,4-dithiothymine

(14-19) considered in the present work

the Gibbs free energiesof eachtautomer,both entropy
andenthalpyshouldbe consideredor a propercompari-
son of the calculated and experimental tautomeric
stability of the bases.Experimentalinformation about
the relative stability of two tautomeric forms of a
molecule (a«< b) is obtainedfrom the measuremenof
the tautomeric equilibrium constant K, {T). As a
consequencehe Gibbsfree energyof the tautomeriza-
tion AG, fT) canbe estimatedat a giventemperaturer.
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Figure 2. Tautomers of 1-methyl-2-thiocytosine (20-22), 1-
methyl-2,4-dithiouracil (23-25) and 1-methyl-2, 4-dithio-
thymine (26-28) considered in the present work
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In Partl of this series,the resultsof AM1 and PM3
calculationsof tautomersof cytosine,uracil andthymine
andtheir 1-methylanaloguesverereported'? This paper
presentshe correspondingesultsfor the tautomerof 2-
thiocytosine,2,4-dithiouraciland 2,4-dithiothymineand
their 1-methyl analoguesas presentedn Figs 1 and 2.
We alsoreporta molecularorbital study of thiopyrimi-
dinesin an attemptto learn more aboutthe protropic
tautomerismof thesenucleobasesWe also considered
the effectsof the entropyon the equilibrium andreport
the propertiesof thiopyrimidine basessuch as heatsof
formation, entropy, Gibbs free energy,dipole moments
and ionisation potentials. The AM1 and PM3 methods
were used to predict tautomerismof thiopyrimidine
bases.Thesemethodshavenot beenusedpreviouslyto
studytautomerisatiorof thiopyrimidines.

METHOD OF CALCULATION

Theoreticalcalculationsverecarriedout at therestricted
Hartree—Fock(RHF) level using AM1*® and PM3*
semiempirical SCF-MO methods incorporatedin the
MOPAC 7.0 program?® implementedon a Pentiuml|
300MHz computer.In aqueousphasecalculations,the
COSMO (conductor-like screening model) solvation
modef® was used to construct a solvent-accessible
surfaceareabasedon Van der Waalsradii. The relative
permittivity of waterwastakento bee = 78.4. Themodel
incorporatedup to 30 surfacesegmentperatom,andwe
thensetthe parameteréNPPAto 1082andNSPAto 30.
Initial geometry estimatesfor all the structureswere
obtainedfrom a molecular mechanicscalculation (CS
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Table 1. AM1-calculated thermodynamic properties for the tautomers of 2-thiocytosine, 2,4-dithiouracil and 2,4-dithiothymine

and their 1-methyl analogues in the gas phase (e= 1) at 298.15 K

SEMI-EMPIRICAL CALCULATIONS ON THIOPYRIMIDINES

SAGP

AH; AS AGP P M
Tautomer (kcalmol ™) (calmol™* K™% (kcalmol ™) (kcalmol™) (eVv) (D)
1 46.64 83.39 21.78 0.00 8.78 7.64
2 55.36 85.03 30.01 8.23 8.33 3.06
3 56.83 83.24 32.01 10.23 8.47 8.31
4 97.99 86.14 72.31 50.53 7.30 14.70
5 69.57 85.15 44.18 22.40 8.87 4.86
6 62.19 83.73 37.23 15.45 8.82 1.59
7 60.98 82.99 36.24 14.46 9.08 5.33
8 57.69 85.06 32.33 5.46 8.98 3.13
9 58.48 84.30 33.35 6.74 8.81 4.13
10 63.19 85.55 37.68 10.81 8.72 6.80
11 65.56 85.97 39.93 13.06 8.18 6.64
12 62.88 84.96 37.55 10.68 8.65 7.38
13 52.44 85.76 26.87 0.00 8.96 4.70
14 50.46 94.62 22.25 4.74 8.83 3.48
15 51.77 94.12 23.71 6.20 8.74 3.82
16 55.95 94.02 27.92 10.41 8.68 7.10
17 58.61 95.55 30.12 12.61 8.11 6.46
18 56.46 92.26 28.95 11.44 8.60 7.70
19 45.35 93.38 17.51 0.00 8.91 4.85
20 64.94 95.72 36.40 0.00 8.91 7.43
21 75.09 93.73 47.14 10.74 8.69 5.34
22 67.62 92.65 40.00 3.60 9.24 5.57
23 76.93 94.39 48.79 12.65 8.14 8.80
24 69.01 95.01 40.68 4.54 8.47 7.42
25 64.73 95.90 36.14 0.00 8.86 5.31
26 70.01 103.97 39.01 12.34 8.07 8.66
27 62.61 102.57 32.03 5.36 8.43 7.71
28 57.99 105.04 26.67 0.00 8.82 5.36

: From AG; = AH; — TAS.
6AGf = AGf' O AGf(a).

ChemOffice)*”" andwerefollowed by full optimization
of all geometricalvariables.All structureswere opti-

mizedto a gradientnorm of <0.2 in the gasphaseand
0.1-2 in the aqueousphase, using the Eigenvector
Following (EF) methodat the PRECISElevel. In order
to calculatethermodynamigroperties(AHs, AS) of the
tautomers,the gradientnorm was reducedagainto a

valuevery closeto zero.The entropyterm wasobtained
from FORCE-calculationsfor all the possibletautomers
andthe Gibbsfree energief the tautomerizatiorn(AGy)

at298.15K werepredictedby addingthe enthalpic(AHs)

andentropic(—TAS) terms.

RESULTS AND DISCUSSION
Relative stability

The relative stabilities, enthalpies,entropiesand Gibbs
free energiesfor the possibletautomericforms of the
investigatedcompoundsare given in Tables1-4. The
AM1 gas-phasealculationresults(cf. Tablel) indicate
that the thiol-amino form 1 for 2-thiocytosineis more
stablethanthat of the 1H-thione-amindform 2 by about
8 kcalmol ™, andthe 3H-thioneaminoform 3 by about

Copyright0 2001JohnWiley & Sons,Ltd.

10kcalmol™ (1 kcal=4184kJ). The predominanceof
the thiol-amino form is in complete agreementwith
experimentalstudie$’3° and with theoreticalstudies®®
Mezey and co-workeré®*° proposedthat any species
with anenergylargerthan10kcalmol~* abovethe most
stable form would not exist in any appreciablecon-
centration. A correct application of the equation
LnK® = —AG/RTindicatesthatonly tautomerl canexist
in appreciableamountsat room temperatureThe other
tautomerswould posses$o significantconcentratiorat
room temperatureThe effectsof the polar environment
were estimatedby the COSMO solvation model. The
AM1 aqueouphasecalculationdcf. table2) suggesthat
thethione-amindforms 2 and3 aremorestablethanthat
of the thiol-amino form 1 by ~13kcalmol™ . In other
words,thethioneformsaremorestabilizedthanthe thiol
forms. This situationis oppositeto that foundin the gas
phase where the thiol form was the predominant
tautomer.Here the stabilization of the thiol form over
the thione forms in the gas phaseis greater, most
probablydueto electrostatieffects. Table2 alsoclearly
showsthat the 1H-thioneform 2 is more stablethanthe
3H-thioneform 3 by 0.84kcalmol™™. In fact, Brownand
Teite® found that the concentrationof the 1H-thione
form 2 is nearly equalto the concentrationof the 3H-

J. Phys.Org. Chem.2001;14: 171-179



174 P.U. CIVCIR

Table 2. AM1-calculated thermodynamic properties for the tautomers of 2-thiocytosine, 2,4-dithiouracil and 2,4-dithiothymine
and their 1-methyl analogues in the aqueous phase (e = 78.4) at 298.15 K

AGR SAGP P

AHq AS M
Tautomer (kcalmol ™) (calmol™* K™% (kcalmol ™) (kcalmol™) (eVv) (D)
1 29.87 83.00 5.08 13.43 9.29 5.24
2 16.39 82.99 -8.35 0.00 9.84 16.82
3 17.70 84.56 —-7.51 0.84 9.62 19.14
4 18.98 85.01 —6.37 1.98 9.87 26.95
5 48.20 84.04 23.14 31.49 9.28 12.67
6 45.79 83.88 20.78 29.13 9.16 2.95
7 32.49 82.43 7.91 16.26 9.67 10.66
8 38.10 88.50 11.71 9.72 9.40 572
9 32.54 85.76 6.97 4.98 9.52 12.11
10 32.89 85.32 7.45 5.46 9.52 16.79
11 32.30 84.74 7.03 5.04 9.75 21.77
12 29.28 84.32 4.14 2.15 9.71 17.07
13 26.88 83.47 1.99 0.00 9.89 12.06
14 31.56 93.86 3.58 7.52 9.28 5.99
15 27.99 95.37 —-0.44 3.50 9.33 11.27
16 27.81 92.39 0.26 4.20 9.38 16.75
17 27.04 92.64 —0.58 3.36 9.52 17.84
18 34.94 92.80 7.27 11.21 9.56 17.32
19 23.49 91.99 —-3.94 0.00 9.24 5.45
20 18.50 91.24 —8.70 0.00 9.28 17.79
21 53.53 94.99 25.21 33.91 9.17 9.56
22 43.86 94.47 15.69 24.39 9.60 10.55
23 41.48 92.29 13.96 5.10 9.79 22.11
24 40.28 93.87 12.29 3.43 9.66 16.56
25 36.59 93.00 8.86 0.00 9.84 12.57
26 37.40 102.40 6.87 4.92 9.59 21.37
27 33.50 101.51 3.23 1.28 9.57 16.84
28 33.04 104.27 1.95 0.00 9.63 12.28

: FromAG; = AH; — TAS
6AGf = AGf(b) — AGf(a).

thione form 3, the former being more stableby about
4 kcalmol™2. Thisfinding, althoughobservedn solution
whereanumberof effectscouldstabilizeagivenspecies,
also points to 1H-thione-amino 2 as one of the
predominantspeciesof 2-thiocytosine.lt can also be
inferred that the more unstabletautomeric forms are
thosepossessingnimino groupin bothphaseskorthese
speciesthe relative energiesvary between14.46 and
31.49kcalmol™.

Tautomeric equilibrium constantsdepend on two
major external factors: the phase (solid, solution or
vapour) and temperatur€* The position of the tauto-
meric equilibria can be affected by the nature of the
solventand by the concentrationof the solution. The
proportionof anyonetautomermresenin anequilibrium
mixture canchangeaf a changen environmentltersthe
relative stabilities of the tautomersby preferentially
stabilizingoneof them.If oneisomeris morepolarthan
another t will be preferentiallystabilizedin mediawith
high dielectric constantsie.g. it will be more stablein
waterthanin hydrocarborsolvents.Specificinteraction
with the solvent,in particularhydrogenbondingwith the
solventactingasthehydrogendonoror acceptorpr both,
often preferentiallystabilizesonetautomer.

Copyrightd 2001JohnWiley & Sons,Ltd.

Thereis a differencebetweenpredictedvaluesin the
gasphaseand in agueoussolution. Comparisonof the
gas-phaseequilibrium constants with solution-phase
valuesimplies that large changesmay occur on going
from the gas phaseto solution. This result also agrees
with what one can expect from the solvent effects.
Solvent effects have been ascribed to two major
component¥: electrostatic solvent—soluteinteraction
and hydrogenbonding. The hydrogenbonding effects
cannot be estimatedquantitatively from the solvation
model, without further large-scale calculations. The
electrostaticsolvent—soluteffects,however,arereadily
estimatedby a continuum model such as COSMO?®
Application of the COSMO modelleadsto an explana-
tion of the changein order of tautomericstability on
going from the gasphaseto solution. However,sucha
treatment lacks explicit considerationof base—water
hydrogenbondingeffects® thustautomericequilibrium
constantgredictedn waterareconsiderablyessreliable
thanthosepredictedin the gasphase Application of the
COSMO solvation model to 2-thiocytosineyields the
orderof stability 2>3>4>1>7>6>5, while the orderof
stability in the gasphases 1>2>3>7>6>5>4.

For the 2,4-dithiouracil tautomers,the calculations

J. Phys.Org. Chem.2001;14: 171-179



Table 3. PM3-calculated thermodynamic properties for the tautomers of 2-thiocytosine, 2,4-dithiouracil and 2,4-dithiothymine

and their 1-methyl analogues in the gas phase (e=1) at 298.15 K

SEMI-EMPIRICAL CALCULATIONS ON THIOPYRIMIDINES

SAGP

AH; AS AGP P M
Tautomer (kcalmol ™) (calmol™* K™% (kcalmol ™) (kcalmol™) (eVv) (D)
1 37.76 84.22 12.65 0.00 9.09 7.85
2 45.46 83.73 20.49 7.84 8.57 3.18
3 51.38 85.6 25.86 13.21 8.70 8.11
4 57.81 87.09 31.84 19.19 8.84 3.90
5 58.81 84.22 33.70 21.05 8.77 1.23
6 58.38 86.35 32.63 19.98 9.04 5.95
7 65.67 86.66 39.83 27.18 7.5 5.32
8 62.89 86.74 37.03 13.56 9.31 3.87
9 68.15 87.52 42.06 18.59 8.98 4.53
10 70.75 89.68 44.01 20.54 8.91 7.37
11 68.86 87.00 42.92 19.45 8.53 6.98
12 72.76 86.56 46.95 23.48 8.91 8.06
13 49.55 87.46 23.47 0.00 9.28 4.85
14 54.58 96.01 25.95 12.75 9.18 4.23
15 59.56 95.98 30.94 17.74 8.88 4.31
16 62.82 98.83 33.35 20.15 8.81 7.76
17 61.42 94.64 33.20 20.00 8.45 6.90
18 64.94 96.15 36.27 23.07 8.79 8.45
19 41.58 95.20 13.20 0.00 9.24 5.05
20 56.12 94.71 27.88 0.00 8.42 7.69
21 58.20 94.10 30.14 2.26 8.69 4.28
22 59.28 95.05 30.94 3.06 8.91 6.15
23 72.90 96.88 44.02 3.99 8.48 7.53
24 70.69 97.61 41.59 1.56 8.74 8.14
25 69.27 98.07 40.03 0.00 9.20 5.74
26 65.09 105.70 33.58 3.05 8.41 7.47
27 62.93 107.04 31.02 0.49 8.69 8.50
28 61.81 104.92 30.53 0.00 9.15 5.99

: FromAG; = AH; — TAS
6AGf = AGf(b) — AGf(a).

show that the dithione form 13 appeargo be the most
stable in both the gas and aqueous phases. The
predominanceof the dithione form is in complete
agreementvith IR gasmatrix experimentalstudie$®>*
andwith theoreticalstudies®®:394°

For 2,4-dithiothymne, the dithione form 19 is
predictedto be at least 3 kcalmol~* more stablethan
the othertautomerdn both phasesUnfortunately,there
arenoexperimentabr theoreticadatafor thiscompound
with which to compareour calculatedvalues.However,
looking at the good agreemenbetweenour calculated
and reported experimentalrelative stabilities for 2,4-
dithiouracil, our resultsareexpectedo befairly reliable.
As expected,substitutionof 2,4-dithiouracil at the 5-
positionby CH3 doesnot changehe orderof the stability
of the tautomer.

For the 1-methyl derivative of 2-thiocytosine, the
thione-aminadautomer20 predictedto bethe moststable
form in both phaseslin the gasphaseyelative stabilities
for thione-aminaautomer20 and 3H-thione-iminoform
22 arevery close whereasn solutiontheirenergyvalues
are substantiallydifferent (cf. Tables1 and 2). These
resultsillustratethedifferential effectsof apolarmedium
ontherelative stability of tautomersThe AM1 andPM3

Copyrightd 2001JohnWiley & Sons,Ltd.

calculationsfor 1-methyl-2,4-dithiowacil and 1-methyl-
2, 4-dithiothyminetautomersalsoshowthe dominanceof

thedithioneforms 25 and28 bothin thegasphaseandin

solution (cf. Tables1-4). Unfortunately,experimentally
andtheoreticallydeterminedautomerizatiorenergieof

thesecompoundsrenotavailable sowe cannotcompare
our calculatedvalueswith experimentaland theoretical
data.The stablemethyltautomerg20, 25 and28) arethe

sameas the main tautomers(2, 13 and 19). In other
words, substitutionof thiopyrimidine basesat the N—1

positionby CHz doesnot changethe orderof the stability

of the tautomers.

The value of any semiempiricalmethoddependsot
only on the ability of that method to reproduce
experimentabbservationsbut alsoon the particularset
of moleculesusedfor optimizing the parametersSome
attemptsto testthe reliability of semiempiricalquantum
chemicalmethods(AM1, PM3, MNDO and MINDO/3)
for manyorganicmoleculesvereperformedoy Dewaret
al.*® and Stewart** They show that there are some
problemsin the caseof moleculescontaining hetero-
atoms(O, N, S), becauseof the neglectof one-centre
overlapin the INDO approximationon which MINDO/3
is based.Theseproblemsare avoidedin the MNDO
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Table 4. PM3-calculated thermodynamic properties for the tautomers of 2-thiocytosine, 2,4-dithiouracil and 2,4-dithiothymine
and their 1-methyl analogues in the aqueous phase (¢ =78.4) at 298.15 K

SAGP P

AH; AS AGP M
Tautomer (kcalmol ™) (calmol™* K™% (kcalmol ™) (kcalmol™) (eVv) (D)
1 21.64 88.01 —-4.60 11.53 8.93 7.35
2 8.64 83.10 —-16.13 0.00 9.19 18.64
3 9.38 83.62 —15.55 0.58 9.29 22.19
4 13.03 83.80 —11.95 4,18 10.06 27.20
5 38.17 85.51 12.68 28.81 9.01 12.34
6 36.09 85.04 10.74 26.87 9.08 2.73
7 25.99 83.62 1.06 17.19 9.35 11.01
8 33.62 89.05 7.07 6.70 9.71 6.47
9 28.36 84.37 3.21 2.84 9.83 12.42
10 30.75 87.16 4,76 4.39 9.76 17.42
11 29.75 86.18 4.06 3.69 9.89 19.61
12 26.21 85.56 0.70 0.33 9.92 18.25
13 27.06 89.51 0.37 0.00 9.98 13.83
14 25.08 97.42 -3.97 5.95 9.62 6.75
15 21.63 93.8 —6.34 3.58 9.67 11.83
16 23.91 97.25 -5.09 4.83 9.76 17.74
17 21.87 95.23 —6.52 3.40 9.98 21.28
18 26.26 100.03 —3.56 6.36 9.86 18.64
19 18.45 95.17 —-9.92 0.00 9.88 14.11
20 18.50 95.04 -9.84 0.00 9.28 17.79
21 38.05 95.77 9.50 19.34 9.00 9.92
22 30.72 93.37 2.88 12.72 9.35 11.71
23 34.55 96.54 5.77 2.89 10.12 22.66
24 33.56 93.75 5.61 2.73 9.83 17.95
25 32.05 97.85 2.88 0.00 10.03 14.21
26 32.55 104.77 1.31 5.90 9.97 22.01
27 29.49 105.19 -1.87 2.72 9.86 18.25
28 25.75 101.77 —4.59 0.00 9.05 13.31

: FromAG; = AH; — TAS
6AGf = AGf(b) — AGf(a).

method, but at the expenseof other weaknessesin
particularfailure to reproducenydrogenbonds,energies
that are too positive for crowded moleculesand too
negativefor onescontainingfour-memberedings, and
activationenergieghattendto betoolarge. Theseerrors
arelargely correctedin AM1. However,they alsoshow
that the AM1 method performs better than the other
methods(PM3, MNDO and MINDO/3) for six-mem-
berednitrogenheterocyclegpyrimidine, pyridazineand
pyrazine), most probably due to presenceof radial
gaussiansvhich modify the core—corerepulsionterms
and the ability to reproducehydrogenbonds and the
promiseof betterestimatef activationenergies?> Part
of the improvementin AM1 over MNDO is dueto the
fact that a betterminimum wasfound, correspondingn
particularto different orbital exponentswhich have a
largeeffecton activationbarriers,andto theratiosof the
p parameter$or s andp atomicorbitals,which appeato
control the bond angles.According to our results,the
PM3 methodgives the sameorder of stability for the
thiopyrimidinebasesandtheir 1-methylanalogueswWith
respectto the tautomerismin azines,the PM3 method
was found to be comparablein accuracyto AM1.%°
Entropy effects, which are sometimesneglected in

Copyrightd 2001JohnWiley & Sons,Ltd.

guantummechanicalcalculations,also affect the calcu-
lated resultsand areimportantespeciallyin the thione—
thiol tautomerism.Comparisonof our resultswith the
previousMNDO, MINDO/3 and ab initio resultsis of

interest;unfortunatelythe comparisorshouldbe limited

to energies,since enthalpiesand entropieswere not

reported.However,as we canseefrom Tables1-4,the
calculated entropy values are generally small (=100
calmol™). Thisresultsindicatethattheentropyeffecton

the Gibbsfree energyis very smallandthe entropyterm,
thatis, the TASvalue,canbeneglectedor thetautomeric
equilibria of thiopyrimidine bases.Thus, the entalpic
termis dominantin the determinatiorof the equilibrium
constant.

Dipole moments and ionization potentials

The calculated dipole momentsand the first vertical
ionization potentialsof the studiedthiopyrimidine bases
are alsolisted in Tables1-4. The comparisonbetween
experimental and calculated dipole moments gives
additional support for the calculated stabilities of
thiopyrimidine bases.The experimentaldipole moment
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SEMI-EMPIRICAL CALCULATIONS ON THIOPYRIMIDINES
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Table 5. Calculated and experimental dipole moments and ionisation potentials of pyrimidine bases with respect to the most

stable tautomers

i (D) IP (eV)

MINDO/ Ab MINDO/ _
Compound MNDO? 3*  AM1® PMZF initio? Exp® MNDO' 3%  AM1® PM3Z initio" Exp.'
Cytosine 5.63 — 6.32 6.68 7.11 6.0-65 954 9.38 9.28 9.00 894
2-Thiocytosine 673 949 764 785 562 — 852 801 878 9.09 954 —
Uracil 412 452 429 399 479 416 993 945 997 971 11.27 950
2,4-Dithiouracil 529 754 470 485 562 467 980 875 896 928 — —
Thymine 4.12 — 416 397 458 413 9.78 — 9.60 9.44 945 9.18
2,4-Dithiothymine — — 485 505 — — — — 891 924 — —
1-Methylcytosine — — 594 558 6.74 6.0-7.0 — — 9.22 903 — 865
1-Methylthiocytosine  — — 743 769 — — — — 891 842 — —
21-Methyluracil — — 465 437 — — — — 9.70 952 — —
1-Methyidithiouracil — — 531 574 — — — — 8.86 920 — —
1-Methylthymine — — 449 420 483 410 — — 942 936 — —
1-Methyldithiothymine — — 536 599 — — — — 882 915 — —

& Ref. 17 for cytosine,Ref. 41 for 2-thiocytosine Ref. 37 for uracil andthymine, Ref. 36 for 2,4-dithiouracil.

b Ref. 41 for 2-thiocytosine Ref. 35 for uracil and 2,4-dithiouracil.

¢ Ref.42for cytosine uracil, thymineandtheir 1-methylderivativesfrom this work for 2-thiocytosine 2,4-dithiourail, 2,4-dithiothymineandtheir

1-methylderivatives.

d Ref. 18 for cytosine thymine, 1-methylcytosineand 1-methylthymine Ref. 15 for 2-thiocytosine Ref. 41 for uracil, Ref. 40 for 2,4-dithiouracil.
¢ Ref. 18 for cytosineand 1-methylcytosineRef. 57 for uracil, 2,4-dithiourail andthymine.
f Ref. 17 for cytosine,uracil andthymine, Ref. 23 for 2-thiocytosine Ref. 36 for 2,4-dithiouracil.

9 Ref. 23 for 2-thiocytosine Ref. 35 for uracil and2,4-dithiouracil.

" Ref. 20 for cytosineandthymine, Ref. 23 for 2-thiocytosine Ref. 24 for uracil.

' Ref. 19 for cytosine,uracil, thymineand 1-methylcytosine.

is available only for 2,4-dithiouracil®’ The calculated
dipole momentsfor the most stabletautomerof 2-thio-
cytosineby both the AM1 and PM3 methodsare very
different from the MNDO (6.73D) and MINDO/3
predictions (9.49D).%® As previously noted, dipole
momentsare systematicallyoverestimatedon average
by 0.68D, probably owing to atomic chargesand lone
pairsin the MNDO method?®

In the caseof 2,4-dithiouracil,the AM1- and PM3-
calculateddipole momentsfor the moststabletautomer
are4.70and4.85D, respectively.This resultis in good
agreementith the experimentalvalue(4.67D) reported
by SchneiderandHalvestadf’ AM1 and PM3 methods
give better values of dipole momentsthan do other
theoretical methods>>**° such as MNDO (5.29D),
MINDO/3 (7.54D) andab initio (5.62D).

The calculateddipole momentof 2,4-dithiothymineis
4.85D for AM1 and5.05D for PM3. No experimental
andtheoreticaldataareavailablefor the comparisonbut
theresultobtainedfor 2,4-dithiothyminds fairly closeto
thevalueobtainedor 2,4-dithiouracil.Consequentlyour
result is expectedto be reliable, at least semiquan-
titatively.

Thereare no availableexperimentaldipole moments
for 1-methyl-2-thiocytosine, 1-methyl-2,4-dithiourait
and 1-methyl-2,4-dithiotgmine. We cannot compare
the calculateddipole momentsof the title compounds
sinceno experimentabndtheoreticaldipole momentsof
the thiopyrimidineshavebeenreportedin the literature.
However, some indirect supportcan be derived from

Copyright0 2001JohnWiley & Sons,Ltd.

experimentahndtheoreticaldataon the hydroxypyrimi-
dines After havingwell-establishediatafor pyrimidines,
we can make someinferencesabout physico-chemical
properties(dipole momentsor ionization potentials)of
lessknown thiopyrimidines.As canbe seenin Table5,
the dipole momentsof the thiopyrimidinesare greater
thanthoseof thecorrespondingyrimidines.Thetrendof
the changein the dipole momentsfor oxygen-containing
moleculesis similar to the trend of the changein the
dipole moments of the thio analogues.Taking into
accounthefactthatthedipole momentof the C=Sbond
is higherthanthat of the C=0 bondby 1.1 D, thereis
therefore a good correlation between the calculated
dipole momentvaluesof the pyrimidinesand their thio
analogues.

As we canseefrom Tables1—4,the calculateddipole
momenthangeon movingfrom thegasphasge = 1) to
agueoussolution (¢ = 78.4) and the dipole momentsare
sensitiveto the polarity of the medium. The calculated
dipole momentsare substantiallyhigherin a mediumof
high relative permittivity, mainly owing to the major
charge redistribution in the molecule, and also by
changesn the distancedetweerthe chargeseparations.
The magnitudeof the influenceof the solventreaction
field on electronic structure is different in different
tautomers.This may also explain the greatvariation of
the calculateddipole momentsof the tautomers.

Accordingto Koopman’stheoremand the calculated
resultsof the AM1 method,the first vertical ionization
potentialsfor the moststabletautomerf 2-thiocytosine,

J. Phys.Org. Chem.2001;14: 171-179
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2,4-dithiouraciland2,4-dithiothymineare8.78,8.96and
8.91eV, respectively.The calculatedionization poten-
tials of 1-methyl-2-thiocytosine,1-methyl-2,4-dithio-
uracil and 1-methyl-2,4-dithiotlymine are 8.91, 8.86,
8.82eV, respectivelyfor AM1. No experimentaloniza-

tion potentials are available for these compounds.
Unfortunately,the presentresults cannotbe compared
with experimental data. However, there are some
theoretical results and our results are different from

thoseof MNDO>° andMINDO/3 predictions:> asshown
Table 5. Dewar et al.>® have shown, however,that the

MNDO methodsystematicallyoverestimateshe ioniza-

tion energieof the nitrogenlone-pairorbitalsandthata

correctionof 1 eV shouldbe appliedwhenusingMNDO

calculations to assign photoelectronspectra. Results
obtainedby the PM3 methodarenot very differentfrom

those obtained by AM1. The PM3 results for the

investigatedthiopyrimidine basesare also closeto the

abinitio calculations?®-2324

CONCLUSION

Theresultsclearlyindicatethatthiopyrimidinebasesand
their 1-methylanaloguegxistpredominantlyin thethiol-
aminoor dithionetautomericformsin the gasphaseand
the thione-aminoor the dithione tautomericforms in
solution. Theseresultsare in agreemenwith available
experimentakndtheoreticaldata.

Substitutionof 2,4-dithiouracil at the 5-position by
CHs doesnot changethe order of the stability of the
tautomers.

Substitution of thiopyrimidine bases at the N-1
positionby CH; doesnot changethe orderof the stability
of the tautomers.

The results presentedin this paper confirm earlier
observationgboutthe applicability of the AM1 method
to the predictionof therelativestability of six-membered
nitrogenheterocyclictautomers.

AM1 also gives a good representatiorof the charge
distribution in moleculesin termsof calculateddipole
momentsin both phases.

Theinclusionof the solventreactionfield in quantum-
chemical theory is obligatory for accurateresults in
solution.

Use of the COSMO solvation model successfully
explainsthereorderingof therelativetautomericstability
on passingfrom the gasphaseto solution.

The entropy effect on the Gibbs free energyof the
thiopyrimidine basesis very small and is of little
significancefor the tautomericequilibria of thiopyrimi-
dine bases.The enthalpic term is dominant in the
determinatiorof the equilibrium constant.

There is a good correlation between calculated
physico-chemidaproperties(dipole momentsand ioni-
zationpotentials)of pyrimidinesandthiopyrimidines.

Copyright[d 2001JohnWiley & Sons,Ltd.
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