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Theoretical estimations at the B3LYP/aug-cc-pVTZ//B3LYP/6-8Kd) level for the 298 K gas-phase acidities
(GPAs) of all the possible deprotonation sites of the most stable tautomers of uracil, thymine, and cytosine
are reported. The gas-phase acidities of the nucleobases estimated by direct calculations and derived from
isodesmic reactions are very similar. For uracil, the GPAs of the N1, N3, C5, and C6 sites are-332,8
345.1+ 2.2, 380.2+ 0.5, and 366.2 0.5 kcal/mol, respectively. For thymine, the GPAs of the N1, N3,
C5—CHjs, and C6 sites are 3345 2.2, 345.7+ 2.2, 376.1+ 2.1, and 367.5: 0.5 kcal/mol, respectively.

For keto cytosine, the GPAs of N1, N4y, N4—H,, C5, and C6 are 3454 2.2, 348.7+ 2.1, 353.5+ 2.1,

379.3+ 0.5, and 371.2+ 0.5 kcal/mol, respectively. Fdransenol cytosine, the GPAs of the hydroxyl
group, N4-Hy,, N4—H,, C5, and C6 are 347.2 2.1, 351.9+ 2.1, 355.4+ 2.1, 386.4+ 0.5, and 393.8

0.5 kcal/mol, respectively. For uracil, thymine, and keto cytosine, N1 is the most acidic site while C5 is the
least acidic one. For enol cytosine, the most acidic site is the hydroxyl group and the least acidic site is C6.
On the basis of these results, uracil and thymine are more acidic than cytosine. The acidities of the keto and
trans-enol cytosine are approximately equal.

Introduction CHART 1: Structures of Uracil, Thymine, Cytosine and

. . . Reference Systems and the Numbering Schemes for
The pyrimidine-based nucleobases uracil, thymine, and cy- pgssible Deprotonation Sites

tosine are important components of nucleic acids. The proto- e o H
nation and deprotonation of these nucleobases are of importance  § . HaCos Q . i Ho g -Ha
in many biological processes and are controlled by both the 5{:}: jftt‘ ’ﬁn sfw
intrinsic acid-base equilibrium properties of the nucleobases ~*~N"o *N"So ¢ ﬁ’go s P on
and their environment. The intrinsic aeibase properties of uracil thymine Keto cytosine trans- anol cytosine
nucleobases can be characterized by their gas-phase acidity and - " .
basicity (or proton affinity) because, in the gas phase, any . FH3 H2 NHz  NH HO o
interference caused by the presence of solvent is eliminated. © © © © © @ @ @
Similar to the situation of aqueous solution, the dioxo form
is the major tautomeric form of thymine and uracil in the gas
phase. However, both keto atrdns-enol forms are important o o
for cytosine in the gas phase, while the keto tautomer is - = T\ 7\ no [l oo
predominant in aqueous solutién® For all these nucleobases, OJ\}O OJ‘.::\*O ? Q HCTNHCH;  HEml—cHs
there are more than one site in the molecule that can be
deprotonated. For uracil and thymine, the possible deprotonation
sites are N1, N3, C6, and C5 (for uracil) and-&5H; (for
thymine). For keto cytosine, the possible deprotonation sites acidic site is N1, followed by N3, with the gas-phase acidities
are N1, N4-H, N4—Hp, C5, and C6, and fotransenol of 328.0 and 344.1 kcal/mol, respectively. For cytosine (keto
cytosine, they are OH, NdHa N4—Hp, C5, and C6. The {50y the most acidic site was reported to be N1, followed by
sFructures and numbering schemes of. possible deprotonat|0nN4_Hb and N4-H,, with gas-phase acidities of 338.9, 345.6,
sites of these nucleqbgges are shown in Chart 1. and 351.5 kcal/mol, respectiveli-Methylformamide (Chart
The gas-phase_amdltleAlﬂ) of nucleobases have not been 1) was used to estimate the accuracy of the AM1 calculations
thoroughly investigated. Cheet al. reported the gas-phase via comparison to experimental results. In the caseNef

acidity of 14.1 eV (325.2 kcal/mol) for adenine, guanine, and . .
thymize 14.2 eV (3(27.5 kcal/mol) f())r uracil, and 12.3 eV (329.8 methylformamide, the gas-phase acidity calculated at the AM1
| ' | level is 366.3 kcal/mol, about-5 kcal/mol higher than the

kcal/mol) for cytosine, as obtained by using negative chemical . .
ionization mass spectromettyThese values correspond to the &Xperimental value of 360.5 2.1 kcal/mol® Beauchampet
most acidic sites of the corresponding nucleobases. Beaucham@'- therefore assumed that the gas-phase acidities of keto cytosine
et al performed AM1 semiempirical molecular orbital calcula- and thymine predicted by AM1 calculations were also about 5
tions on the gas-phase acidities of all nucleobases except forkcal/mol higher than the real valueghe corrected GPA(N1)
uracil8 For thymine, their calculations indicated that the most of thymine and cytosine would be 323 (lower than Cleéal.’s

result by about 2 kcal/md) and 334 kcal/mol (higher than Chen

* Corresponding author. et al’s result by about 4 kcal/md), respectively.

benzene / phenyl anion toluene / benzyl anion aniline / anilide anion phenol / phenoxide anion

1H-pyrrole-2,5-dlone | maleimldate pyrrole / pyrrolide anion N ide I N ide anion
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Zeegers-Huyskenat al.” calculated the deprotonation ener- TABLE 1: Gas-Phase Acidities at 298 K of All Possible
gies of the two NH bonds of uracil by using density functional Deprotonation Sites of Uracil Calculated at the B3LYP/
theory at the B3LYP/6-31G(d.p) and B3LYP/6-81G(d,p) oo )iBLYPIE-SLEG(d) and B3LYP/aug-ce-pvT2ll
levels of theory. At the B3LYP/6-3&t+G(d,p) level of theory, - (d) Levels of Theory

the deprotonation energies of the N1 and N3 sites are 332.8 298 K GPA(kcal/mol)

and 346.2 kcal/mol, respectively. Recently, letel® reported B3LYP/6-31+G(d)//  B3LYP/aug-cc-pVTZ/
experimentally bracketed gas-phase acidities of the N1 4333  deprotonation _ B3LYP/6-31+G(d) B3LYP/6-31+G(d)

4 kcal/mol) and N3 (34#& 4 kcal/mol) sites of uracil, obtained site a b a b

by using Fourier transform ion cyclotron resonance (FT-ICR) N1 3321+ 22 3305 332.8-2.2 334.2
mass spectrometry. They also theoretically estimated the gas- N3 3458+ 2. 3441 34512  346.6
phase acidity of the N1 (329 kcal/mol) and N3 (343 kcal/mol) 329.7+ 4.6 329.1+ 4.6

sites of uracil at the B3LYP/6-312G(d) level of theory. All C5 379.4£05 3776 380205 37938
these values are in reasonably good agreement. However, they €6 364.8£05 3630  366.20.5 365.9
are higher than those obtained by Chenal® Wu et al® 2 GPA values were derived from isodesmic reactidrGPA values

generated the C6anion of 1,3-dimethyluracil in a quadrupole ~ Wwere calculated directly from the enthalpies of neutral uracil, its

ion trap mass spectrometer via collision-activated dissociation conugate base, and a proton at 298°Ryrrole was used as the

(CAD) of precursor carboxylate anions and measured the protOr]reszrentlze moleculé. 1H-Pyrrole-2,5-dione was used as the reference
.. . . molecule.

affinity of that anion (369.9t 3.1 kcal/mol), a value that is

equivalent to the gas-phase acidity of the C6 site of 1,3- The gas-phase acidity (GPA) of molecule HA is defined as

dimethyluracil. This value is consistent with their theoretical the 298 K enthalpy change of the reaction:

calculations carried out at the MP2/6-BG(d,p)//HF/6-3%G-

(d) (367.6 kcal/mol) and B3LYP/6-31G(d,p)//HF/6-3%G(d) HA —H"+ A~ 1)

(366.0 kcal/ mol) levels of theory. It can be assumed that the

GPA(CS8) of 1,3-dimethyluracil is similar to that of uracil. The calculated 298 K enthalpies of HA™, and HA can be
To the best of our knowledge, no higher level theoretical used to directly obtain the GPA via (1).

investigations beyond the AM1 leehave been reported for Another way to estimate GPA is via an isodesmic reaction

the gas-phase acidities of the different deprotonation sites of 2:
pyrimidine bases except for uracil and 1,3-dimethyluradl.

The presence of more than one possible deprotonation site in a HA+R —RH+A" 2
nucleobase molecule makes the experimental measurement of . . .
the gas-phase acidities of all possible sites diffiéulinly the where in RH is a reference molecule whose 298 K GPA is

gas-phase acidities of the most acidic site have been measure$f7oWn and R'is its conjugate base. The GPA of HA can be
for pyrimidine bases, except for uradiand such measurements  derived using the formula

cannot identify which site of the nucleobase is the most aéidic.
The main purpose of this work was to carry out a comprehensive
theoretical investigation on the gas-phase acidities of all acidic
sites of the pyrimidine-based nucleobases uracil, thymine, and

cytosine. Such a theoretical investigation may help the experi- Aniline, benzene, toluene, pyrrole, and phenol, as welkss 1

mental determination of the gas-phase acidities of the nUCIGO'pyrrole-2,5-dione, were chosen as the reference molecules. The

bases. Another purpose of this work was to compare the results . )
. ! ; . . - _~structures of these reference molecules and their conjugate bases
obtained from direct and isodesmic reaction-based calculations

in order to determine whether the utilization of isodesmic 2'° shown in Chart 1. All calculations reported in this work

reaction-based calculations is necessary for this type of com- e © performed using the Guassian98 progtéifine geom-

pounds. Generally speaking, the isodesmic reaction-basedet”es of the isolated dioxo forms of uracil and thymine, keto

T -_andtrans-enol forms of cytosine, and all reference molecules,
methodology helps to cancel the errors caused by limited baS|sas well as the corresponding coniugate bases. were full
set effects in reaction enthalpy calculations. However, the ontimized by usin denpsit fugctionélgtheor at tﬁe BSLYP/y
accuracy of isodesmic reaction-based calculations depends o P y g y y

the accuracy of the known property (gas-phase acidity in Our%-Sl—I—G(d) level. The single point energy calculations were
y property (gas-p yin carried out at the B3LYP/aug-cc-pVTZ level of theory on all
case) of the reference system, and in many cases, suitabl

reference systems are not available. However, for pyrimidine-eBSLYP/GGHG(d) geometries. B3LYP/aug-cc-pVTZ/B3LYP/

. -31+G(d) was the highest affordable level of theory. In both
based nucleobases, suitable reference systems can be found, . . . ;
) - direct and isodesmic reaction-based calculations at the B3LYP/
Therefore, these bases can be used as a testing set. If direct an

. . ) . S . g-31+G(d) level of theory, 298 K enthalpies were estimated as
isodesmic reaction-based calculations give rise to similar results,[he electronic enerav modified by the 298 K enthalov correction
for uracil, thymine, and cytosine, then it might be reasonable ay ed by the APy )

) g - In B3LYP/aug-cc-pVTZ single point calculations, 298 K
to use the direct calculation methodology to estimate the gas-

phase acidities of other nucleobases and their derivatives forenthalpl_es were estimated as the B3LYP/aug-cc-pVTZ level
which no suitable reference systems are available. electronic energy corrected by the B3LYP/6+33(d) level 298

K enthalpy corrections. In direct GPA calculations, the enthalpy
of the proton at 298 K was chosen to be 0.00236 hartree (5/
2RT).

GPA(HA) = GPA(RH)+ AH,q, ©)

HereAHaggis the directly calculated 298 K enthalpy change
of reaction 2.

Computational Methods
In this work, the 298 K gas-phase acidities of all possible Results and Discussions
deprotonation sites of uracil, thymine, and cytosine were 1. Uracil. The theoretically evaluated 298 K gas-phase
evaluated theoretically by using both direct calculations and acidities of different deprotonation sites of uracil are shown in
isodesmic reaction methodologies. Table 1. For the N1 site, pyrrole was chosen as the reference
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molecule with 298 K GPA of 358.6: 2.2 kcal/mol to form its
conjugate base pyrrolide aniéhAt the B3LYP/6-3H-G(d)

level of theory, direct and isodesmic reaction-based calculations

predict GPA(N1) to be 330.5 kcal/mol and 332t12.2 kcal/
mol, respectively. The former is equivalent to the 329 kcal/mol
calculated by Leet al® at the same level of theory at 0 K. At
the B3LYP/aug-cc-pVTZ//B3LYP/6-3tG(d) level of theory,
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TABLE 2: Gas-Phase Acidities at 298 K of All Possible
Deprotonation Sites of Thymine Calculated at the B3LYP/
6-31+G(d)//B3LYP/6-31+G(d) and B3LYP/aug-cc-pVTZ//
B3LYP/6-31+G(d) Levels of Theory

298 K GPA (kcal/mol)

B3LYP/6-31+G(d)// B3LYP/aug-cc-pVTZ//
B3LYP/6-31+G(d) B3LYP/6-31+G(d)

deprotonation

the GPA values predicted by our direct and isodesmic-reaction- site a b a b
based calculations are 334.2 and 3328 2.2 kcal/mol, N1 333.9+ 22 3322 334522 335.9
respectively. The uracil results obtained at this highest level of N3 346.4+ 2. 3447  345.AH2.% 347.1
theory are also very close to the experimental values 333 c5cH g?ggi 421?1 3761 33?%1: 12161” 4759
8 i icti — 3 . . . . . .
kcal/mol) bracketed by Leet al® and the theoretical predictions <o 2663105 3645 367505 3675

(332.8 kcal/mol) obtained by Zeegers-Huyskensal’ at the
B3LYP/6-31++G(d,p) level of theory at 0 K. The GPA(N1)
of 345 kcal/mol estimated by Zeegers-Huyskensl” at the
B3LYP/6-31G(d,p) level of theory is obviously too high and
contradicts the experimental results (3834 kcal/mol)® The
reason for this overestimation of the gas-phase acidity might

be the lack of including diffusion functions into the basis set. _.ijic site. Calculations performed at the B3LYP/6+&3(d)

It is commonly recognized that adding diffusion functions into 4 B3LYP/aug-cc-pVTZ//B3LYP/6-32G(d) levels of theory
the .ba5|s set is essgntlal .fo.r the calculation of anions. On the(using pyrrole/pyrrolide anion as the reference system) predict
basis of our calculations, it is reasonable to assume that 332'SGPA(N1) 0f 333.9+ 2.2 and 334.5 2.2 kcal/mol, respectively.

+ 2.2 keal/mol is a good estimation for the 298 K gas-phase rpggq yalues are about 10 kcal/mol higher than that estimated
acidity of the N1 site of uracil. Therefore, the gas-phase acidity by Beauchampet al. (323 kcal/mol) To compare our results
of uracil of 327.5_ kcal/mol_(l4.2 eV) experimentally estimated | i those calculated by Beaucharapal. we estimated the
by Chenet al> might be slightly low. 298 K gas-phase acidity of the N site Nfmethylformamide
In general, for almost all cases studied in this paper, the resultshy using direct calculations at the B3LYP/6-BG(d) and
obtained by direct and isodesmic reaction-based calculationsg3LYP/aug-cc-pVTZ//B3LYP/6-3+G(d) levels of theory. The
are very similar. Therefore, from now on, only the GPA values corresponding results are 359.6 and 361.7 kcal/mol, respectively,
predicted by isodesmic reaction-based calculations are discussegh excellent agreement with the experimental value of 369.5
unless there is a significant discrepancy between the results2 1 kcal/mol Therefore, our recommended 298 K GPA of the
obtained from direct and isodesmic reaction-based calculations.N1 site is 334.5+ 2.2 kcal/mol. This value is almost 10 kcal/
For the N3 sites of uracil, the pyrrole/pyrrolide anion pair, mol higher than that measured by Chetral. (325.2 kcal/mol}.
and the H-pyrrole-2,5-dione/maleimidate anion pair (with 298 The gas-phase acidity of the N3 site in thymine is predicted
K GPA of 325.1+ 4.6 kcal/mol}! were chosen as the reference to be 346.4+ 2.2 and 345.7+ 2.2 kcal/mol, respectively,
systems. For pyrrole as the reference molecule, the derivedat the B3LYP/6-3%G(d) and B3LYP/aug-cc-pVTZ//B3LYP/
values of GPA(N3) are 345& 2.2 and 345.1 2.2 kcal/mol 6-31+G(d) levels of theory (using pyrrole/pyrrolide anion as
at the B3LYP/6-3%+G(d) and B3LYP/aug-cc-pVTZ//B3LYP/  the reference system). However, iH3pyrrole-2,5-dione is
6-31+G(d) levels of theory, respectively. These data are close tilized as the reference molecule, the gas-phase acidity derived
to the experimental result (34% 4 kcal/mol) reported by Lee  from the isodesmic reaction is significantly lower than that
et al® and theoretical estimation (346.2 kcal/mol, B3LYP/ obtained from direct and the other isodesmic reaction calcula-
6-31++G(d,p) level of theory) made by Zeegers-Huyskehs  tions. There are no experimental results for thymine that help
al.” When H-pyrrole-2,5-dione was used as the reference tg determine which reference system is more suitable. However,
molecule, the GPA values derived from the isodesmic reaction- comparison of computational results to experimental data in the
based calculations are Significantly lower (32&.2‘—6 and 329.1 case of uracil demonstrated tha-ﬁ_:pyrr0|e_2,5_dione is not a
+ 4.6 kcal/mol for B3LYP/6-3%+G(d) and B3LYP/aug-cc-  suitable reference system for gas-phase acidity calculations on
PVTZ//B3LYP/6-31+G(d) calculations, respectively) and devi-  the N3 site in this pyrimidine base. Therefore, we draw the
ate from the value experimentally bracketed by le¢el® conclusion that the pyrrole/pyrrolide anion pair is likely to be
For the C5 site, benzene with the 298 K gas-phase acidity of the better reference system for N3 gas-phase acidity calculations,
401.7 4+ 0.5 kcal/mol was used as the reference moletule. and the best estimation for the GPA(N3) is 345:72.2 kcal/
GPA(CY5) is estimated to be 3794#40.5 and 380.2t 0.5 kcal/ mol.
mol, respectively, at the B3LYP/6-31G(d) and B3LYP/aug- For the C5-CHj site, the toluene/PhGH anion pair with
cC-pVTZ/IB3LYP/6-31-G(d) levels of theory. Benzene was also 298 K GPA of 380.8+ 2.1 kcal/mol was selected as the
utilized as the reference molecule for GPA(C6) calculations. reference systedt. GPA(C5) is estimated to be 375 2.1
The result obtained at the B3LYP/aug-cc-pVTZ//B3LYP/ and 376.1- 2.1 kcal/mol, respectively, at the B3LYP/6-8G-
6-31+G(d) level (366.2+ 0.5 kcal/mol) is close to the recently  (d) and B3LYP/aug-cc-pVTZ//B3LYP/6-38G(d) levels of
calculated values (367.6 kcal/mol at the MP2/6+&(d.p)// theory. For the C6 site, the calculations suggest that reasonable
HF/G-S:H‘G(d) level and 366.0 kcal/mol at the B3LYP/6-BG- 298 K gas_phase acidities are 366:30.5 and 367.5- 0.5
(d,p)//HF/6-31+G(d) level of theory) and the experimentally  kcal/mol, respectively, at the B3LYP/6-35(d)//B3LYP/6-
bracketed value (369.2 3.1 kcal/mol) of GPA(C6) of 1,3-  31+G(d) and B3LYP/aug-cc-pVTZ//B3LYP/6-31G(d) levels
dimethyluracil? In this case, the results appear not to be sensitive of theory, using benzene as the reference molecule. These values
to the choice of the basis set. are very close to that of the C6 site of uracil. For both uracil
2. Thymine. The theoretically evaluated 298 K GPAs of and thymine, C5, C5CHs;, and C6 sites are less acidic than
different sites of thymine are listed in Table 2. N1 is the most N1 and N3, while C5 and C5CHjz are the least acidic sites.

a GPA values were derived from isodesmic reactidrSPA values
were calculated directly from the enthalpies of neutral thymine, its
conjugate base, and a proton at 298¢Ryrrole was used as the
reference moleculé. 1H-Pyrrole-2,5-dione was used as the reference
molecule.
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TABLE 3: Gas-Phase Acidities at 298 K of All Possible anion, the doubly occupiedorbital centered at C6 can interact

Deprotonation Sites of Cytosine Calculated at the B3LYP/ with the lone pair orbital of N1. Such a four-electron interaction
6-31+G(d)//B3LYP/6-31:+G(d) and B3LYP/aug-cc-pVTZ/f is repulsive, which leads to the destabilization of the @ion.

B3LYP/6-31+G(d) Levels of Th . . -
(d) Levels of Theory This type of an interaction is not present for the keto tautomer

298 K GPA(kcal/mol) of cytosine. In addition, it is worthwhile to note that for a given
B3LYP/6-31+G(d)//  B3LYP/aug-cc-pVTZ// deprotonation site, the gas-phase acidity of thens-enol

deprotonation _ B3LYP/6-31+G(d) B3LYP/6-31+G(d) cytosine is always greater than that of the keto cytosine. The

site a b a b reason for this phenomenon is unclear. In general, on the basis
keto cytosine of our calculations, cytosine is less acidic than both uracil and
N4—H, 3477421 3466  348.& 2.1 349.4 thymine.
N4—H, 353.7+ 2.1 352.6 353.5% 2.1 354.2
N1 345.0+2.2 3433  3456:2.2 347.1 ;
C5 377.9£ 0.5 376.2 379.% 0.5 378.9 Conclusions
c6 | cytasi 369.5£05 3677 371205 3708 1. In this work, the 298 K gas-phase acidities of all possible
énol cytosine deprotonation sites of the most stable tautomers of uracil,
miﬂb ggégi ‘;i ggg'? ggéi 31 ggé? thymine, and cytosine were theoretically estimated by using both
OH 3473+ 2.1 341.6 347.22.1 346.2 direct and isodesmic reaction-based calculation methodologies.
C5 385.1+ 0.5 383.4  386.4-0.5 386.0 The results show that, in these gas-phase acidity calculations,
c6 3929+ 05 3911  393.8:05 393.4 the GPA estimated by direct calculations is similar to that

a GPA values were derived from isodesmic reactidrGPA values derived from isodesmic reactions. The B3LYP/aug-cc-pVTZ//
were calculated directly from the enthalpies of neutral cytosine, its B3LYP/6-3H-G(d) appears to be a reliable level for the
conjugate base, and a proton at 298 K. calculation of gas-phase acidities of nucleobases, while the

B3LYP/6-31+-G(d) level gives similar results in all but one case.

3. Cytosine. For cytosine, the reference systems used in 2. For uracil and thymine, the most acidic site is N1, with a
isodesmic reaction-based gas-phase acidity calculations areGPA of about 12 and 11 kcal/mol lower, respectively (B3LYP/
aniline with 298 K GPA of 366.4- 2.1 kcal/mol'! (for the N4 aug-cc-pVTZ//IB3LYP/6-3+G(d) level of theory), than the
site), benzene (for the C5 and C6 sites), pyrrole (for the N1 GPA of N3, the second most acidic site. This result is consistent
site), and phenol with 298 K GPA of 3492 2.1 kcal/mol*! with the experimental results obtained for uracil by legeal®
(for the hydroxyl group). The calculated 298 K gas-phase The C5, C5-CHjs, and C6 sites, on the contrary, are not acidic
acidities of cytosine are listed in Table 3. (C5 and C5-CHg are the least acidic site). As pointed out by

Similar to the situations of uracil and thymine, in the case of Lee et al.? even if the deprotonation can occur at these two
cytosine, both direct and isodesmic reaction-based calculationssites, the corresponding anion may readily isomerize via the
predict very similar gas-phase acidities. The only exception is interaction with another neutral nucleobase molecule. Therefore,
the gas-phase acidity of the hydroxyl group of enol cytosine it might be difficult to observe the deprotonation of these two
predicted at the B3LYP/6-31G(d) level of theory. For this site, ~ Sites via experiments.
the difference between the results obtained from direct and 3. For the keto cytosine, the most acidic site is N1, followed
isodesmic reaction-based calculations is larger than 5 kcal/by N4—Hp and N4-H, C5 and C6 are less acidic, with the
mol. However, at the higher B3LYP/aug-cc-pVTZ//B3LYP/ GPAs being about 34 and 26 kcal/mol higher than that of N1,
6-314-G(d) level of theory, the difference is reduced to about 1 respectively. For th&rans-enol cytosine, the hydroxyl group is
kcal/mol. the most acidic site, followed by N4H, and N4-H,. C5 and

For the keto tautomer, the most acidic site is N1 (345.6  C6 are less acidic. Different from the situations of uracil,
2.2 kcal/mol, B3LYP/aug-cc-pVTZ//B3LYP/6-31G(d) level thymine, and the keto cytosine, C6 is the least acidic site for
of theory) although GPA(N4Hy) is only about 3 kcal/mol the trans-enol cytosine. The possible reason is the repulsive
higher. GPA(N4-H,) is about 5 kcal/mol higher than that of ~ interaction between the doubly occupied E®rbital and the
N4—H, due to the repulsion between the electron lone pairs N1 lone pair orbital in the C6 anion.
centered at N3 and at N4. C6 is about 8 kcal/mol more acidic 4. Among the three pyrimidine-based nucleobases studied,
than C5, and the latter is the most basic site (329@5 kcal/ uracil and thymine are the most acidic bases with the minimum
mol, B3LYP/aug-cc-pVTZ//B3LYP/6-31G(d) level of theory). GPA of 333-335 kcal/mol. The keto anttans-enol cytosine
All our calculated GPA values for cytosine are higher than those are less acidic with the minimum GPA 34847 kcal/mol.
calculated by Beauchamp at the AM1 level of theb&imilar
to the situation of thymine, the excellent agreement between Acknowledgment. This work was partially supported by the
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