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ABSTRACT: The prototropic tautomerism of 8-azaadenine (azaade) was studied theoretically by means ofab initio
methods, in both the gas phase and aqueous solution. A number of tautomeric forms were not included in the
calculations after applying a stepwise elimination procedure based on both AM1 and HF/6–31G* energy values. The
tautomers 9H-azaade, 8H-azaade and 7H-azaade survived to this elimination and their optimized geometries and
energies were calculated at the MP2/6–31*//HF/6–31G* level. To include the solvent effects, two self-consistent
reaction field method were used: (1) Onsager’s SCRF with multipolar expansion up to the hexadecapolar term and (2)
the isodensity polarizable continuum method (IPCM). Both methods produce similar results, although the latter
represents better the situation in aqueous solution. The stability order in solution, 8H-> 9H-> 7H-azaade, differs
slightly from that found in the gas phase, implying that in general the electrostatic effects in solution are important,
but the intrinsic stability of these species in the gas phase overcomes the solvent effect. 1998 John Wiley & Sons,
Ltd.
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INTRODUCTION

8-Azapurines [azapurine, azaadenine (azaade) and aza-
guanine] differ from natural purines in that the CH group
of the imidazolic ring has been replaced by a nitrogen
atom. This replacement produces distinct glycosyl
conformations of the corresponding nucleosides as a
result of changes in the possible rotations around this
bond.1 The presence of this nitrogen atom induces
interesting biological activities, e.g. 8-azapurines possess
antipurine, antifungal, antiviral and anticancer proper-
ties.2,3 In this sense, azapurines work either by replacing
adenine or guanine in nucleosides or interfering with
some enzymatic process. The insertion of azapurines in
RNA implies that the appropriate hydrogen bonding
between the azapurine derivative and the pyrimidine base
must be formed.

It is well known that hydrogen bond complex
formation plays an important role in the stabilization of
the double helix structure of nucleic acids.4 Accordingly,
the adenine (A)–thymine (T) pair is stabilized by two
hydrogen bonds, whereas the stabilization of the guanine
(G)–cytosine (C) pair is achieved by three hydrogen

bonds. The recognition of a pyrimidine base by its
complementary purine is determined by the appropriate
hydrogen bond formation, which in turn preserves the
genetic code. There has been some theoretical specula-
tion about the possibility of expanding the genetic code
by inserting non-natural bases in the nucleic acids. In
fact, Piccirilli et al.5 prepared a set of new molecules that
form mutually compatible hydrogen bonding patterns
with each other and yield unstable pairs with the natural
bases.6

In the present work, we studied the prototropic
tautomerism of 8-azaadenine both in the gas phase and
in aqueous solution in an attempt to determine the major
tautomeric forms present in solution for further studies on
pair formation with both natural (thymine, uracil) and
non-natural (2,6-diaminopyrimidine) bases.

COMPUTATIONAL METHODS

The geometry of the various tautomers of 8-azaadenine
were optimized first at the AM1 level of theory7 and their
relative energies determined. Sinceab initio calculations
on molecular systems such as azaadenine are exceedingly
time consuming, all those tautomeric forms with gas-
phase relative energies over 15 kcal molÿ1 were not
considered further forab initio calculations. In fact, AM1
calculations revealed that the tautomeric forms 9H, 8H,
7H- and 3H-azaade possess relative energies in the range
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0–15kcalmolÿ1. In this sense,azaadeninebehavesas
azapurine.8 Sinceit hasbeenfoundthattheAM1 method
doesnot provide a good descriptionof atomic charge
distributionsandenergiesin thiskind of molecule,9–11we
applied another elimination criterion, i.e. all species
possessingrelativeenergieslessthan7 kcalmolÿ1 at the
HF/6–31G*//HF/6–31G*level will survive.In fact, the
ab initio calculationsat this level revealedthat the 9H-,
8H- and 7H- tautomerswould be the only onesto be
consideredfor furthercalculations.Thepresentcaseis in
agreementwith our previous results.8 The ab initio
calculationswerecarriedout usingGaussian94 codes,12

whereastheAM1 calculationswereperformedusingthe
Mopac5.0 programpackage.13

Ab initio geometryoptimization for all amino forms
wasperformedattheHF/6–31G*level.Initial geometries
were taken from the correspondingazapurine and
adenine tautomeric forms.8,14 Frequencycalculations
andIR intensitiespredictedat theequilibriumgeometries
produceall real frequenciesandhenceall structuresare
local minima. For the selectedtautomersof azaadenine,
energies were calculated using various basis sets,
including polarizationeffectson both heavyandhydro-
genatomsanddiffusefunctionsandinclusionof electron
correlation at the MP2 level in the frozen core
approximation. For comparison purposes, we also
applied the BLYP correlatedfunction. The calculated
energies were corrected for zero-point vibrational
energies(unscaled).Scalingthe ZPE correctionby 0.9,
asusual,to accountfor theoverestimationof vibrational
frequenciesat the HF level yielded an almostconstant
value for all speciesstudiedhere and henceit had no
effecton theconclusionsof this study.To obtainthefree
energy changes of tautomerization, enthalpies were
calculatedby adding ZPE and the thermal corrections
(Hÿ Ho) to the relativeenergiescalculatedat the MP2/
6–311��G** level.DG valueswereobtained,asusual,
from DG =DHÿ TDS. Since in azapurine all three
tautomeric forms originated at the triazole ring were
found to havesimilar free energiesin solution(G°soln),

8

we also included the 7H-azaadetautomer.In addition,
this speciespossessesthe largest dipole moment and
henceit maybegreatlystabilizedin aqueoussolution.

The solute–solvent(water) effect was taken into
account by using two self-consistentreaction field
models (SCRF). In SCRF models, the solute charge
distribution immersed in an unstructuredmedium of
dielectric constante will inducean electric field in the
solvent,whichin turninteracts,stabilizingthesolute.The
simplest OnsagerSCRF model considersa spherical
cavity and the solutechargedistribution is truncatedat
the dipole term (l = 1). The cavity radiusis determined
from the electronic wave function following Wong et
al.15 We usedan extensionof the Onsagermethodby
includingothertermsin thechargedistributionexpansion
andwith thecavitystill beingspherical.In fact,Foresman
et al.16 haveshownthat an ellipsoidal cavity doesvery

little to improve the basic method.The solute charge
distribution is describedby a single center multipole
expansion up to the hexadecapoleterm (l = 4), as
implementedin Gaussian94 following Rinaldi and co-
workers’ approach.17 In order to comparethe results
obtainedby the abovemethod,we alsoappliedTomasi
andco-workers’polarizablecontinuummodel (PCM)18

modified by Wiberg and co-workers’.16,19 This method
(IPCM) calculatestheelectricfield analyticallyinsteadof
numericallyandthecavity is defineduponan isosurface
of the total electrondensity calculatedat the level of
theorybeingused.The cavity is deriveduniquely from
theelectronicenvironmentandoneneedsto specifyjust
the isosurfacelevel, i.e. chargedensity to be used to
define the surfaceand that ranks between0.0004 and
0.001e/B3. The solventeffect in IPCM is derivedfrom
theinteractionof thesurfacepotentialswith thedielectric
continuum.This is equivalentto goingto infinite orderin
theelectricmoments.

In both types of SCRF methods, the gas-phase
moleculargeometriesoptimizedat theHF/6–31G*level
were used.In fact, it is well known that the structure
parameterschangevery little ongoingfrom thegasphase
to solutionandhenceonecanexpectnot to producelarge
effectson solvationenergies.11,19a,b,20Thesolvationfree
energies were taken as the difference between the
energiesin solution and in the gas phase.The free
energiesin solution [G°soln] were calculated,as usual,
from the relationshipG°soln=DG°gas� DG°s.

RESULTS AND DISCUSSION

Figure 1 showsthe atom numberingusedin Table 1.
Table 1 lists the gas-phasemost relevant geometric
parametersfor thetautomerscalculatedhere.Thederived
structuralparameterscomparewell with thosereported
for 7-methylazaadenine21 with rms deviations of ca
0.04Å for thebondlengthsand1.2–5.2° for bondangles.
TheaverageN7—N8andN8—N9 distancesfor all three
tautomericformsare1.287and1.304Å , i.e.surprisingly
closeto thecorrespondingbonddistancesin 8H-azaade.
This sametrend is detectedin the AM1 bonddistances
andthe calculatedbondordersrevealthat in 8H-azaade
theremustexistaslightelectrondelocalizationontheN7
— N8 — N9 group.Thegas-phaseab initio calculations
arepresentedin Table2. The energyvaluesarethoseat
the MP2(fc)/6–311��G**//HF/6–31G* level, all rela-
tive valuesare referredto the 9H-azaadevalues,since
thisspeciesappearsto bethemoststable.TheDG values
showthatall speciestendto producethemorestable9H-
azaade.8H-Azaade and 7H-azaade lie at 0.78 and
6.67kcalmolÿ1, respectively.The free energychanges
for thetautomerizationreactionsof 3H- and1H-azaadeat
the HF/6–31G*level to produce9H-azaadeareÿ12.60
and ÿ18.46kcalmolÿ1, respectively,supporting their
earlier exclusion in the ab initio calculations. The
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inclusionof 7H-azaadein thesolutioncalculationcanbe
justifiedby its high dipole moment,which could leadto
strongstabilizationin aqueoussolution.FromTable2 it
can also be inferred that when using second-order
Möller–Plessetelectroncorrelation,therelativeenergies
changevery little on goingfrom the6–31G*basissetto
themoreflexible6–311��G** basisset.In fact, for 8H-
azaade, DG using the latter basis set is just
0.28kcalmolÿ1 smaller than the value obtained with
the 6–31G* basis set, whereas for 7H-azaadeDG

decreasesby 0.73kcalmol.ÿ1 Therefore, despite the
useof thehighly flexible6–311��G** basisset,the9H-
and8H-azaadetautomericforms remainbeing the only
speciespresentin thegasphase.Thiseffecthasalsobeen
observedfor 1,2,3-triazole.22,23 The stabilizationof 9H-
and8H-azaadecanberationalizedin termof thebalance
between lone pair repulsion (which favors the 8H-
tautomer) and the aromaticity (which favors the 9H-
tautomer).Since the separationbetweenthe two most
stabletautomersis just 0.78kcalmolÿ1, theunfavorable
lone pair repulsionand resonanceeffects are approxi-
matelycounterbalanced,allowingbothspeciesto existin
the gas phase.This statementshould be treatedwith
caution,owingto thedisagreementbetweentheMP2and
DFT results.In fact, the energyseparationbetweenthe
8H-and 9H-tautomersat the BLYP/6–311��G** level
is ca 3.32kcalmol.ÿ1 This meansthat theresultsshould
alsobetreatedwith cautionasnosatisfactoryexplanation
for thedifferent DFT andMP2 resultscouldbe found.

The solventeffect on the prototropic tautomerismis
given in Table3, wherethe solvatedenergiesof the iH-
azaade(i = 7,8,9) tautomericspeciesin water (e = 78.5)
are listed. From this table, it can be inferred that the
stability order of the tautomersin aqueoussolution
dependson the method used to simulate the solvent.
Thus,usingtheSCRF(l = 4) methodthestabilityorderis
9H-> 8H-> 7H-azaade,althoughthe energydifference
between 9H-and 8H-azaade is just 0.31kcalmolÿ1,

Table 1. Gas-phase optimized geometries (HF/6±31G*) for the iH-azaade (i = 7, 8, 9) tautomeric formsa

Parameter 7H-Azaade 8H-Azaade 9H-Azaade Exp.b

r(N1—C2) 1.346 1.362 1.334 1.349
r(C2—N3) 1.297 1.288 1.311 1.319
r(N3—C4) 1.337 1.356 1.332 1.354
r(C4—C5) 1.371 1.397 1.373 1.384
r(C5—C6) 1.408 1.431 1.408 1.423
r(C5—N7) 1.359 1.322 1.368 1.367
r(N7—N8) 1.320 1.289 1.252 1.346
r(N8—N9) 1.259 1.308 1.344 1.306
r(Ni—H10)c 0.993 0.995 0.994
r(C2—H11) 1.074 1.075 1.075 0.900
r(C6—N12) 1.363 1.337 1.335 1.325
r(N12—H13) 0.995 0.993 0.994 0.930
r(N12—H14) 0.997 0.993 0.994 0.890
<N1C2N3 128.2 129.7 129.2 129.1
<C2N3C4 112.9 112.5 111.1 117.1
<N3C4C5 124.1 123.6 126.4 124.9
<C4C5C6 118.1 117.7 116.7 118.7
<C4C5N7 103.8 109.0 108.9 104.2
<C5N7N8 109.5 102.3 108.2 109.4
<N7N8N9 110.6 118.2 109.4 109.8
<CNiH10 131.5 129.5
<N3C2H11 117.1 116.7 116.0 114.0
<C5C6N12 123.2 121.6 122.8 125.5
<C6N12H13 118.1 121.3 121.0 124.0
<C6N12H14 114.3 119.0 119.1 118.0

a Bonddistancesin Å andanglesin degrees.
b Experimentaldatafrom Ref. 18.
c i = 7, 8, 9.

Figure 1. Atom numbering of azaadenine tautomers. 8H-
Azaade is shown
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whereasIPCM stabilizes8H-azaadeby 0.36kcalmolÿ1

over9H-azaade,in goodagreementwith thelargerdipole
moment of the former. In both methods 7H-azaade

appearsgreatly destabilizeddespitehaving the largest
dipole moment.This effect is more likely due to the
intrinsic instability of this speciesin the gasphase.We

Table 2. Calculated energiesa,b and dipole moments (m) for the three tautomers of azaadenine in the gas phase

Parameter 9H-Azaade 8H-Azaade 7H-Azaade

E( HF/6–31G*) ÿ480.46569 ÿ480.45437 ÿ480.44701
E( MP2/6–31G*) ÿ481.92491 ÿ481.92331 ÿ481.97337
E( MP2/6–31G**) ÿ481.96102 ÿ481.95933 ÿ481.94956
E( MP2/6–311G**) ÿ482.12772 ÿ482.12632 ÿ482.11676
E( MP2/6–311�G**) ÿ482.14946 ÿ482.14825 ÿ482.13905
E( MP2/6–311��G**) ÿ482.14992 ÿ482.14877 ÿ482.13955
E(BLYP/6–311��G**) ÿ483.32611 ÿ483.32082 ÿ483.31230
ZPE 68.08 68.46 68.04
Hÿ Ho 4.25 4.30 4.14
S 82.62 83.85 81.56
mc 1.05 4.72 6.67

Relativevalues:
DE(HF/6–31G*) 0.00 7.10 11.72
DE(MP2/6–31G*) 0.00 1.00 7.24
DE(MP2/6–31G**) 0.00 1.06 7.19
DE(MP2/6–311G**) 0.00 0.88 6.88
DE(MP2/6–311�G**) 0.00 0.76 6.53
DE(MP2/6–311��G**) 0.00 0.72 6.51
DE(BLYP/6–311��G**) 0.00 3.32 8.67
D(ZPE)d 0.00 0.38 ÿ0.04
DE� D(ZPE)* 0.00 1.10 6.47
D(Hÿ Ho) 0.00 0.05 ÿ0.12
DH 0.00 1.15 6.35
TDS 0.00 0.37 ÿ0.32
DGe 0.00 0.78 6.67

a Basedon HF/6–31G*geometries.
b E in hartree;ZPE,Hÿ H0, DH, DE, TDSandDG in kcalmolÿ1; S in cal molÿ1 Kÿ1.
c MP2/6–31G*values(D).
d Unscaledvalues.
e BasedonDE valuescalculatedat theMP2/6–311��G** level

Table 3. Energiesa of solvated azaadenine tautomers (e = 78.5)

Tautomer SCRF(l = 4)b IPCM

9H-Azaade ÿ480.47955 ÿ480.49353
8H-Azaade ÿ480.46941 ÿ480.48446
7H-Azaade ÿ480.46428 ÿ489.47753

Solvationfree energies(DG°s)
d

9H-Azaade ÿ8.70 ÿ17.46
8H-Azaade ÿ9.44 ÿ18.88
7H-Azaade ÿ10.57 ÿ19.15

Freeenergiesin solution(G°soln)
e

9H-Azaade ÿ8.70 ÿ17.46
8H-Azaade ÿ8.38 ÿ17.82
7H-Azaade ÿ3.17 ÿ11.75

Relativevalues
9H-Azaade 0.00 0.00
8H-Azaade 0.32 ÿ0.36
7H-Azaade 5.53 6.07

a Energiesin hartree.
b SCRF(l = 4) ao = 4.08Å .
c Relativeenergiesin kcalmolÿ1.
d DG°s =DE(solution- gas).
e G°soln=DGgas� DG°s.
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believe that IPCM reproducesthe solventeffect better
than SCRF (l = 4), although in both methodsjust the
electrostaticinteractionsaretakeninto account;in IPCM
the solute charge distribution expansionis implicitly
takento infinite order,whereasin the SCRFmethodthe
seriesis truncatedat the hexadecapoleterm. It is worth
nothingthattheeffectivecavity radiusin SCRF(l = 4) is
ca 33%smallerthanthatusedin theIPCM method.The
smallercavity radiuswould producea strongerreaction
field, althoughthis is not observedin theDG°soln values,
whicharemuchsmallerthanthevaluescalculatedby the
IPCM method.Anyway, both methodspredict that 8H-
and9H-azaademustbepresentin similar concentrations
in aqueoussolution and henceboth must be takeninto
account for further work on pairing with pyrimidine
bases.The SCRF(l = 4) stability order9H-> 8H-> 7H-
azaadediffers from that found for azapurine,where7H-
azapurineis more stable than 8H-azapurine(8).8 It is
worthnotingthatfor thetautomericspeciesof azapurine,
the multipolar expansionwas truncatedat the dipole
(l = 1) term. These results indicate that truncation of
multipolar expansion at an arbitrary level neglects
important contributionsto the electrostaticeffect. 7H-
Azaadeis slightly the bettersolvatedspecies,although
the solvationfree energyof 8H-and9H-azaadeareca 1
and 2 kcalmolÿ1 smaller, respectively. The lowest
stability of 7H-azaadecomesfrom its intrinsic instability
in thegasphase.

CONCLUSIONS

9H-and 8H-azaadetautomersare the most important
speciesand probably are the only ones in aqueous
solution. The inclusion of a solventstabilizesdifferent
species,dependingon the methodusedto simulatethe
solvent.Sincethe solvationenergiesaresimilar for the
two most stabletautomers(lessthan 2 kcalmolÿ1), the
stability in solutionis governedby the intrinsic stability
in thegasphase.

Both the SCRF at l = 4 and the IPCM solvation
methods,produceslightly different results,althoughthe
goodnessof the former may be the result of fortuitous
cancellation of different errors, as pointed out by
Foresmanet al.16 In fact, the smaller solute cavity
calculated for SCRF (l = 4) should produce a larger
reactionfield thantheIPCM method.Sincethis is not the
case,it is probablethat this effect is cancelledby the
truncationof themultipolar expansion.

For futurework on thecalculationof theenergeticsof
azaadeninepairing with somepyrimidine baseanalogs,
the8H-and9H-azaadetautomerswill betheonly onesto
beconsidered.
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