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Applicability of Resonance Forms in Pyrimidinic Bases. An AIM Study
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The applicability of resonance theory to explain the protonation of pyrimidinic bases was analyzed within the
framework of the atoms in molecules (AIM) theory using B3LYP/6+31G**//B3LYP/6-31G** charge
densities of the neutral and diverse protonated forms of uracil and cytosine. The present study demonstrates
that AIM atomic properties and delocalization indexes do not follow the trends that should be expected
according to the resonance model. The resonance model is only able to predict the stability sequence of
protonated forms and explain the changes exhibited by most of the bond properties upon protonations. Both
the O- and N-protonated forms are found to be better described byHRGind RN-H* forms than by the
classical RO—H and RN —H structures. According to the AIM analysis the electron charge gained by the
proton is mainly provided by the other hydrogens of the molecule.

Introduction flux surfaces forVp(r). The integration of the proper density
functions within these limits provides diverse atomic properties
such as the electron populatioN(Q2), or the total atomic
electron energy&(L2). AIM theory also recovers main elements
of molecular structure in terms of the critical points, of the
electron charge density(r). Prominent among these points is
the bond critical point (BCP), which is located roughly between
two bonded atoms.

Thus, the AIM theory provides very useful tools to analyze
the effects due to any chemical change experienced by a
molecule. It has been used to study the effects produced by
diverse substitution¥}'> conformational effectt31” dimer
yformation,lf”19 bond formation and dissociatiéh, and

Some derivatives of pyrimidinic bases have been found as
potent drugs in the management of cancer. One of the most
interesting is 5-fluoruracil, which has been used in the treatment
of colorectal cancer for the previous 40 yetsso, new oral
fluoropyrimidines appear to be at least as active and with less
toxicity, improved quality of life, and less expers&hus, the
development and rationalization of pyrimidil-based strategies
for the treatment of cancermas promoted the interest on
pyrimidinic compounds.

The applicability of the resonance model to explain the
structure and reactivity of organic compounds has been generall
accepted* and has been proved as a very useful tool in

i —10,21,22
chemistry. Nevertheless, some facts obtained from topological protonatiort: dv has b ied h . f
analysis of charge densities carried out with the atoms in No AIM study has been carried out on the protonation o

molecules (AIM) theory are not keeping in line with the pyrimid_inic bases, despite_ their interest, the s_implicity of the
predictions provided by the resonance model. Thus, Wiberg andtheoretical treatment required, and the potential of such study
Laidig computed the atomic populations of several conforma- to give an insight into the role of resonance forms in these
tions of formic acid, methyl formate, acetic acid, and methyl aromatic heterocycles. Therefore, we have performed AIM
acetate and found them inconsistent with the resonance r‘i"lodel.Calw!at'on,S on the neutral and protongted forms 9f uracil and
The need of the resonance model to explain the hindered rotation®Y{©Sin€ aiming to compare the evolution of atomic and bond
within amides was also questioneglLater, Laidig and Cameron properties _experlenc_ed by these systems upon protonation with
found that the delocalization of charge density from nitrogen € Predictions provided for them by the resonance model.
to sulfur in thioamides was negligibleAlso, it has been recently
found that the resonance model does not describe correctly th
charge distribution in the protonated forms of lirféaand B3LYP/6-3H-+G**//B3LYP/6-31G** full optimizations were
cyclict® aliphatic ethers. carried out for the neutral and protonated forms of urabil (
The AIM theory2 allows the partitioning of a molecule  and cytosineZ) using the Gaussian98 progr&fall optimized
into disjoint subsystems without resorting to hypotheses alien structures were characterized as minima in the frequency
to quantum mechanics. With a few exceptidhsach of these  calculation. The AIM atomic and bond properties were calcu-
subsystems consists of a nucleus, which acts as an attractor fofated using the AIMPA@ and MORPHY5-26programs on those
the trajectories of the gradient of the charge density vector field, charge densities. We observed that the error in the determination
Vp(r), and its associated atomic basin, throughout which these of the interatomic surfaces of the carbonyl carbons, measured
trajectories spread. An ator2, is defined as the union of the by L(Q),!* was substantially reduced when the integrations were
attractor and its associated basin, and is surrounded by zerqerformed considering the existence of second and third

intersections between every integration ray and those interatomic
* To whom correspondence should be addressed. E-mail: mosquera@grfaces.

eComputational Details

uvigo.es. -, . . .
TgDepartamemo Qmica Orgaica. Virial ratios differed from 2 in less than 9.6« 10°S.
* Departamento Qmica Fsica. Integration errors expressed as differences between total proper-

10.1021/jp034451s CCC: $25.00 © 2003 American Chemical Society
Published on Web 06/13/2003



5362 J. Phys. Chem. A, Vol. 107, No. 27, 2003
o) H* o o *“ o o “ o)
MO M
HN._~ HN._~ HN. ~
|

H Ho
OYNJ¢O OYN o
|
HNx - HNJ
v v

Figure 1. Main resonance forms of uracil.

ties and those obtained by summation of properties of the

fragments N — YN(Q) or E — YE(RQ2)] were always smaller
(in absolute value) than 3.6« 102 au and 2.7 kJ/mol,
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respectively. The summations of the integrated values of the Figure 2. Main resonance forms of cytosine.

Laplacian of the charge density in all the atomic fragments

[>L(R)] were always smaller (in absolute value) than 4.6

range as indexes involving hydrogen atod&6,H11),6(C5,-

10728 au. The discrepancies in the additivity of atomic charges H12), oro(N1,H12)).

and energies from their molecular counterparts were found to

For cytosine, the largest(A,B) values correspond to reso-

be accurate enough compared with other works carried out athance forms Vi-XI. However, there are some highvalues

similar theoretical levels.

Results and Discussion

Delocalization in the Neutral Forms. The delocalization
indexesd(A,B), introduced by Bader et &l-2° and defined by
eq 1 from the integration of the density of the Fermi hole on
two atomic basin#\ and B, provide a measure of the number
of electrons shared or exchanged between those ate(fB)
in eq 1 (numerically equal td~(B,A)) is the total Fermi
correlation integrated for basih due to the electron charge in
basinB, andS;(A) denotes the overlap of a pair iof occupied
spin—orbitals over atomA.

0(AB) = |F(AB) + F(B,A)| = ZEZsj(A) S(B (1)
]

that do not correspond to electron delocalizations represented
by any of the traditional resonance forms (i.¢(N3,08), 6-
(C5,N9), or 6(N3,C5)). Also, resonance form XII is not
supported by a higld value. In fact,0(O8,N9) (0.015 au) is
equivalent to the index observed between hydrogens 10 and
11.

Though in strict sense a density of the Fermy hole cannot be
defined within the density functional formalism, the numerical
values obtained fad (A, B) indexes with the Koh#tSham spin
orbitals (Table 1) are very similar to those calculated with HF
wave functions.

The plane of symmetry id and?2 allows the calculation of
o and & delocalization indexes. The values obtained for
delocalization indexes)*(A,B) (Table 1), indicate that (aj
delocalization is substantially smaller than what is generally
expected and in most cases the largest contributiah(A¢B)
corresponds to delocalization, and (b) though the largést

These indexes were successfully employed to provide a (A,B) values correspond to some resonance forms, there are still
quantitative representation of the resonance structures ofd™(A,B) values unrelated to any classic resonance form that

conjugated and aromatic hydrocarbdh&/alues obtained for

these indexes in pyridine have also shown that the inclusion of

exceed those of other resonance structures.
Protonation Processes.Table 2 displays the calculated

an electronegative heteroatom gives rise to substantial modifica-B3LYP/6-31++G** energies for the neutral and diverse
tions in the delocalization of aromatic heterocycles with regard protonated forms of uracillj and cytosine ). Nomenclature

to that presented by aromatic hydrocarbdn¥he number of

of protonation sites is shown in Figure 3. The reliability of the

electronegative heteroatoms in pyrimidinic bases points to computational level here used is supported by a good agreement
expectation of even larger modifications that could override the with experimental proton affinities (P2)(discrepancies are less

qualitative description of delocalization obtained from their
resonance structures. Thus, we have compd(é¢B) indexes
for moleculesl and 2. If electron delocalization is described

than 19 kJ mot?).
Despite the limitations related above for the description of
the electron delocalization, the resonance model still predicts

correctly by the resonance structures (Figures 1 and 2), wecorrectly the preferred sites of protonation. Thus, (a) the most

should only find significant(A,B) values between nonbonded

stable protonated forms for each compound according to our

atoms for those pairs of atoms that bear a charge in one of thoseB3LYP calculations 1f+/1e+, 2c+/2b+) are those that can

resonance structures, namely,N310, N3-08, N1-08, N1-
C5, C6-010, and N+010 for uracil (molecule numbering is
detailed in Figure 3). The correspondin¢A,B) values could

be written with the largest number of resonance structures (forms
I, V, and VI of Figure 1 and forms VII and XtXIV of Figure
2), (b)2d+ is the unique N-protonated species with comparable

be employed to measure, respectively, the weight of the stability to the O-protonated forms, and (c) protonated forms

resonance structuresVI; i.e., form | is represented by(N3,-
010).
Table 1 contains thé(A,B) values larger than 0.02 au that

where it is not possible to write any resonance fota{, 1d+,

2a+, 2et) are destabilized by more than 75 kJ mbol
Good linear relationships betweé&(H) andN(H) are found

correspond to pairs of nonbonded atoms. It can be observedfor N- and O-protonations. Nevertheless, it has to be stressed
that the largesd values inl correspond to the resonance forms that PAs, contrary to what had been found for a set of carbonyl

I—IV. Nevertheless, surprisingly) values related to forms V

groups?? are not linearly correlated with electron population

and VI are even smaller than those corresponding to electronor the electronic energy in the proton basin. This points to the
delocalizations not represented by any of the traditional presence of significantly different electron charge distortions

resonance forms (i.e3(C5,010),0(N1,N3)), or are in the same

in the molecule for the diverse protonations. Whereas for alkyl
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TABLE 1: Total, 6(A,B), and =&, 67(A,B), Delocalization Indexes for Neutral Uracil and Cytosine (in au}

O0(A,B) O0™(A,B)
N1 Cc2 N3 C4 C5 C6 N1 N3 C4 C5 C6
Moleculel
N3 0.132 N3 0.042
C4 0.029 C4 0.021
C5 0.148 0.020 0.083 C5 0.098 0.021
C6 0.020 0.033 0.076 C6 0.024 0.039
08 0.235 0.242 0.027 08 0.096 0.110 0.005 0.026 0.005
010 0.030 0.255 0.131 0.058 010 0.028 0.108 0.043 0.046
H11 0.033 0.053
H12 0.064 0.048
Molecule2

N3 0.135 N3 0.035
C4 0.045 0.029 C4a 0.033
C5 0.157 0.024 0.091 C5 0.104 0.030
C6 0.021 0.062 0.075 C6 0.053 0.037
08 0.241 0.231 0.030 0.031 o8 0.090 0.099 0.018 0.030 0.005
N9 0.024 0.233 0.102 0.029 N9 0.022 0.116 0.038 0.021
H12 0.036 0.052
H13 0.067 0.047

aValues less than 0.02 au and those corresponding to pairs of bonded atoms are not shown.

TABLE 2: Total Energies, E, Vibrational Energy Corrections, ZPVE, Proton Affinities (Experimental Values in Parentheses),
PA, and Main Atomic Properties of the Proton for Diverse Forms of the Compounds Studied Here (Figure %)

molecule E [au] ZPVE [kJ/mol] PA [kJ/mol] N(H) [au] E(H) [au]
1 —414.847 43 229.2

lat+ —415.129 97 260.4 710.5 0.495 —0.4036
1b+ —415.167 55 260.5 809.1 0.341 —0.3173
lct+ —415.169 82 261.5 814.1 0.337 —0.3145
1d+ —415.137 34 258.7 731.6 0.494 —0.4008
let+ —415.180 82 262.4 842.0 0.351 —0.3230
1f+ —415.18559 263.2 853.8 (872.7) 0.342 —0.3190
2 —394.963 29 257.5

2at —395.307 32 288.7 872.0 0.514 —0.4160
2b+ —395.325 86 294.4 915.0 0.366 —0.3342
2ct+ —395.339 78 296.3 949.6 (949.9) 0.343 —0.3175
2d+ —395.339 21 296.0 948.4 0.507 —0.4114
2et —395.287 65 295.3 813.7 0.499 —0.4038

a All properties were calculated from B3LYP/6-3%G**//B3LYP/6-31G** charge densities.

. d e . d e oxygen, @& (Table 3). This reduction results from a larger
\,8 ot/ 10( \,8 / //Hm increase ofr electron population and a substantial reduction of
N 2 o population—both facts completely unexpected according to
. , the resonance model (Tables 4 and 5). Despite the electron
7"'/ 6 i 7"'/ HG Hi2 population reduction, @ far from bearing a positive charge,
a 13 still presents a significantly high negative charge (always higher
) ) . . than —1.1 au), in contrast to the strongly positive charge on
I(:zl)g.ure 3. Protonations and atom numbering in urag)l &nd cytosine the attached proton. This suggests that O-protonated forms are
better described by an-@H™ structure than by the widespread
] ) ) _ O™—H structure? as was recently found in cycfi¢and linear
ketones PA values display an excellent linear correlation with gther89 and in linear ketone® The same trends can be
the charge of the €0 group?-*?even the qualitative sequence  ¢oncluded from the results obtained by Slee and Bader at the
pyrimidinic base cannot be explamed by the atomi clection /5 310" 1evel for diverse carbonyl compourids.
(F:)Karges of the neutral molecule.pThMQOS))EQ.ZlS au) is larger The properties exhlblteq by_ the ~04" bond in all the
thanN(O10) (9.193 au) in uracil, and N3 presents the smallest O-protor!ated for'ms are quite similar to those pregented by the
hydroxylic bond in 1-alkanol¥’ In fact, the largest differences

electron population of the nitrogens in cytosine (8.177 au . ) . .
compared to 8.237 au at N1 and 8.254 au at N9). PAs are also®'€ aS unmeaningful as a 1% displacement in the relative

not correlated with the corresponding values-o¥2p(r) at its position of the BCP and a reduction of 0.014 awp(n). It is
(3,—3) critical points that indicate the protonation sites. also noticeable thal(O) in the O-protonated forms is only
O*—H vs O—H* Structures. According to the AIM around 0.14 au less than that of aalkanol.
description, the proton maintains a very high charge in all the ~ According to the AIM description, only 17%28% of the
protonated species. O-protonation gives rise to lower electron electronic population acquired by the proton is reduced in the
charge donations to the proton (between 0.337 and 0.366 au)O* basin, whereas most of that charge is lost by atoms separated
than N-protonation (between 0.494 and 0.514 au) (Table 2). from the proton by more than two bonds (Table 3). Surprisingly,
All the O-protonations give rise to a slight decrease (never larger the electron population of the neighboring carbonylic carbon,
than 0.101 au) of the electron population of the corresponding C#, increased in all case$.indexes computed for the protonated

(@) [e] Os N ONL
b N3 »—f b~ Y3\4 Hiq
N1 R
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TABLE 3: Absolute Values, N(a), and Variations with Regard to the Neutral Form, AN(a), of the Atomic Electron Population

of the Protonated Aton?

GonZaez Moa and Mosquera

o atom N() N(o0) AN() 5 AN(B) 5 AN(H) 5 AN(v)
lat N1 8.048 8.253 —0.205 0.275 —0.256 —0.307
1b+ 08 9.136 9.215 —0.079 0.020 -0.223 —0.055
1ct 08 9.139 9.215 -0.076 0.020 -0.227 —0.049
1d+ N3 7.996 8.201 —0.205 0.030 -0.233 —0.084
let 010 9.128 9.193 ~0.065 0.185 ~0.230 —0.239
1f+ 010 9.136 9.193 —0.057 0.180 —0.225 —0.240
2at N1 8.266 8.237 0.029 ~0.357 -0.198 0.011
2b+ 08 9.121 9.222 -0.101 0.023 —0.253 —0.033
2ct 08 9.150 9.222 —0.072 0.066 ~0.280 —0.057
2d+ N3 8.217 8.177 0.040 —0.095 —0.293 —0.161
2et N9 8.086 8.254 ~0.168 0.205 —0.313 -0.227

aN°(o) represents the corresponding electron population at the neutral molecule. Values are given for the summations of the variations experienced
by atoms ing to the proton,y AN(S), the remaining hydrogens in the molecu}eAN(H), and the rest of atom$,AN(v). All values in au.

TABLE 4: Variations (au Multiplied by 10 3) in the Total, AN(), and &, AN#(L2), Atomic Electron Population in the
O-Protonated Forms of Uracil®

AN(Q) AN(Q)

atom 1b+ lct+ let 1f+ 1b+ lct let 1f+
C2 20 20 10 1 29 28 7 5
C4 9 31 185 180 4 8 66 66
C5 —51 —49 -75 —47 —93 —82 -5 24
C6 55 31 -109 -129 21 3 —124 —135
H7 —-31 —54 —-50 —-50 -3 —4 —4 —4
H9 —54 —34 -33 —55 -4 -3 -3 —4
H11 —70 —70 —69 —42 -8 -8 -5 -3
H12 —67 -70 —78 —78 -3 —4 -7 -7
N1 15 18 —-13 —-15 —22 —-35 —67 —-73
N3 -10 -11 18 23 —59 —48 —28 -39
(0]:] —79 —76 —70 —73 196 196 —63 —67
010 -73 —69 —65 —57 —66 —59 225 228

a AN(Q) and AN7(Q2) values that should be expected to be negative according to the resonance model are in italics.

TABLE 5: Variations (au Multiplied by 10 3) in the Total,
AN(L), and &, AN7(L2), Atomic Electron Population in the
O-Protonated Forms of Cytosiné

these 0 values represents less than 2% of the electronic
population). Again the traditional resonance mechanism to

explain the protonation leaving a positive charge on the nitrogen

AN(Q) AN7(€) atom is not supported by the topological electron charge
2b+ 2c+ 2b+ 2c+ analysis.

c2 2 —18 36 28 Modification of Atomic and Bond Properties upon Pro-
Cc4 ~13 2 ~19 -15 tonation. It is a well-known fact that both atomic and bond
C5 —61 —58 -92 —83 properties of a neutral molecule are significantly altered by
C6 37 17 —4 -18 protonation. It could be expected that these changes should be
:zo :ﬂ :g? :i :2 important (or at least noticeable) in a wider region of the
H11 —48 —49 _5 _5 molecule when it presents significant delocalizations. Thus,
H12 —69 —68 ~10 -9 protonation on a certain atoArelated by electron delocalization
H13 —69 -72 -4 -4 to another atonB results in modifications of both th&é andB
N1 32 43 -1 —14 atomic properties, i.e., bothi(A) and N(B). When theA,B
mg’ *g 23 :gg :72 delocalization can be represented by a classical resonance form
08 —101 72 208 207 related to the main Lewis structure by the displacement of

double bonds, protonation should also give rise to significant

according to the resonance model are in italics.

forms also indicate that no important delocalization takes place
between the proton and atoms not directly bonded to it. In fact, to resonance forms I, V, and VI; protonatiohb+ and 1c+
none of these values represents more than 2% of the total
electron population of the proton basin, while the summation
of proton autocorrelation index armdH,0%) accounts for more

than 95% of the proton electron population. All these facts
indicate that protonation gives rise to a global modification of
the charge distribution that cannot be reduced to the displace-computedAN(Q?) values (Tables 4 and 5) do not follow the
ment ofr electron pairs located on certain atoms or bonds.

According to the AIM results the nitrogen atom bonded to values for N1 inlb+ and 1ct+ and for N3 inlet+ and 1f+.

the proton keeps, in all cases, a significant negative chargeAlso, we can observe that the most important variations in the
(7.996 in1d+ is the lowestN(N) value).d values between the
proton and atoms not bonded to it are very small (each one ofthe proton is attached) are exhibited by other atoms where no

Changes on Atomic Properties upon O-Protonation.
As was described above, protonatidfis andle+ are related

are related to resonance forms Il and Ill; and protonatiins
and2c+ are related to resonance forms VIl and>41V. Thus,
resonance theory predick(2) reductions on atoms N1, N3,
and C6 forlet+ and 1f+, N1 and N3 forlb+ and1c+, and
N1, N9, C4, and C6 fob+ and 2c+. Surprisingly, AIM

resonance model predictions. Thus, we observe poiiN(&2)

atomic electron population (if we exclude the atom to which



AIM Study of Resonance Forms in Pyrimidinic Bases J. Phys. Chem. A, Vol. 107, No. 27, 2008365

? 2 Q HO ()
AR= 0,054 AR= 0124
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XVI XV XV Ap=-0.007 Ap=0.024

AH=0.027 AH=-0.063

AR=0.048

Figure 4. Main resonance forms @a+ protonated form of cytosine.

AR=-0.053

TABLE 6: Main BCP Properties for the 2a+ Protonated

Form of Cytosine (All Values but € in au) ﬁf;é)é)fﬁ e
AH=-0.052 p=-0.013
bond 16e R 1Co(r¢) AHZ00
N3—C4 3.6 2.602 30.3 H12
C4-N9 25.6 2.530 34.1 Figure 5. Variations experienced by BCP propertieslid- protona-
C4-C5 27.7 2.645 311 tion. All values, bute, in au.
C5-C6 18.7 2.633 311
N9—H10 4.5 1.908 34.2 0.40
N9—H11 4.3 1.910 341
C5-H12 4.9 2.046 28.6 AH(re)
C6-H13 11 2.054 295 0.20 -

charge is located by any resonance form (010, H11, H12, H9,
and C5 inlb+/1ct+; C4, 08, H11, H12, C5, and H7 ihet/ 0.00 -
1f+; H12, H13, and C5 ir2b+/2c+).

We have also integrated separatelgando charge densities

in order to test if variations ofr atomic electron population, -0.20 1

AN*(Q2) (Tables 4 and 5), keep in line with the predictions of

the resonance model, as was previously found in benzene -0.40 : : ép(rc)
derivatives®®341t can be observed that if we exclude.@toms, 015 -010 -0.05 000 005 0.0

AN*(Q2) presents the expected sign (according to the resonance o ) )
model) for all atoms where resonance forms leave charges.’'9ur¢ 8- Plot of variations experienced bhi(rq) vs p(rc) in all

. ; protonations considered in this work. Similar plots can be obtained for
Nevertheless, the absolute value of these variations is reallyg ys o(r ) (2 = 0.94) ance vs p(r.) (thoughr? = 0.61 there is a fairly
small when we compare them with tReN7(Q2) values shown good qualitative relationship).
by other atoms. For instance, i+, AN*(N1) only achieves
—0.022 au, whereaSN*(C5) andAN*(O10) respectively reach
—0.093 and—0.066 au. In cytosine we can also compAn™
(N1) = —0.001 au withAN*(C5) = —0.092 au.

All these results lead us to conclude that the resonance model
does not provide an adequate representation of the electron
charge modifications experienced by uracil and cytosine upon
O-protonation.

Variation of Atomic Properties upon N-Protonation.

Uracil can experience two N-protonationsaf- and 1d+,
Figure 1), 1d+ being the most stable (Table 1). It must be
noticed that the carbon atoms bonded to the nitrogen gain more
electron charge than that taken from the protonated nitrogen
(Table 3). The electron population of the rest of the molecule
is reduced approximately in the same amount obtained by the
proton.

Cytosine can experience three N-protonatio@s:t+, 2d-+,
and2et (Figure 3). The conformer obtained for the first form Figure 7. Variations experienced by(rc) in protonationslb+ and
presents an open chain structure (Figure 4). It displays a verylct. All values in au.
positive charge at C2. Th&indexes for this structure indicate
that, contrary to what could be expected, there is no important X, and XV, due to a delocalization of the positive charge on

electron charge delocalization between O8 and &N (0.008); N3 over N9, N1, and C6, respectively. Nevertheless, we observe
that can be considered negligible compared)(h3,08) = that the electron population of N3 is substantially increased
0.353. On the contrary, important delocalizations are found (0.040 au), that of N1 increases in 0.008 BI(IN9) decreases
between atoms not related by resonance forms,d(€5,N9) very slightly (—0.003 au), and onlyN(C6) decreases substan-
= 0.135. BCP properties @a+ are consistent with an important  tially (—0.033 au). The trend predicted by the resonance model
accumulation of double bonds, with bigvalues for C5-C8, is also not followed byAN"(Q2) values (though we found a large

C4—C5, and C4-N9. This trend is also confirmed by their bond decrease of electro_n population at C6 and slight decreases at
lengths (Table 6). This fact is in line with a combination of N1 and N9,N7(N3) increases 0.244 au).

resonance forms XWXVIII (Figure 8) that, once more, are Changes on BCP Properties upon O-Protonation.
not supported by variations of AIM atomic electron populations.  The most favored protonation of uracilf+, gives rise to
The most stable N-protonated form of cytosirgg+, is significant modifications of the BCP properties. The variations

stabilized (according to the resonance model) by structures VIII, exhibited by the C#010 BCP properties (Figure 5) indicate a
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H10

AR=-0.122

Ae=0.09 AR=0.065
Ap=0.049 Ae=-0.07
AH=-0.165 Ap=-0.023

AR=0.184 AH= 0.075
Ae=-0.04
Ap=-0.081
AH=0.176 AR=-0.131
Ae=0.08
Ap=0.049
AH=-0.149

AR=-0.054
Ae=0.05
Ap=0.022
AH=-0.060

H7
Ae=-0.05
Ap=-0.014
AH=0028

Figure 8. Variations experienced by BCP propertieimt and2c+
protonations. All values, but, in au.

significant reduction in the bond strength (lovgér.) and longer
bond length) and in its covalent character (less neg#tive)).
The reduction experienced By?o(r) (data not shown) is not

GonZaez Moa and Mosquera

delocalization indicated b§(N3,08) that is not represented by
a classical resonance form.

Variation of Bond Properties upon N-Protonation.

We observe irld+ andla+ thatp(r¢) is depleted in all the
N—Ca bonds, whereas it is reinforced im—f bonds and
decreases again, though slightly, fory bonds (Figure 6). That
is, BCP properties display in N-protonated forms (where there
are not any resonance forms) a behavior similar to that found
in O-protonations (where this behavior could be interpreted by
using resonance forms).

For 2d+ the variation ofp(r¢) values experienced by some
bonds can be explained by using the resonance forms VIII, X,
and XV: increase at C4N9, decrease at N3C4, and
negligible variations for N+C6, C5=C6, and C4-C5. On the
contrary, N:-C2, C2=08, and C2-N3 display variations that
cannot be related to any resonance form. However, the
modifications observed in this part of the molecule could be
expected taking into account the large value presented-by
(N3,08) (Table 1).

meaningful because of the previously demonstrated proximity Conclusions

of C=0 BCP to a nodal surface fov2p(r).%®> The variations

experienced by the BCP properties of the remaining bonds .
(Figure 4) can be explained by taking into account the formation

and disappearance of double bonds in resonance for¥i$ |
(Figure 1). Thusp(ro) ande values are reinforced (whil®

andH(r ) are depleted) for single bonds transformed into double
bonds when writing structures that leave a negative charge on

010 (I, V and VI) and are diminished for double bonds

transformed into single bonds in the same structures. The only
bond where the resonance structures produce conflicting trends

is N1-C6. We observe thai(r ;) increases and decreases for
this bond. None of the BCP propertieslaft- differ significantly
from those inlf+.

The variations introduced by protonation on the remaining
BCP properties can be related to those experienced(hy
(Figure 6); thus in what follows we will refer only to the latter.

The evolution of BCP properties in protonatiohs+ and
1ct (Figure 7) is in good agreement with resonance forms |l
and Il (Figure 1). Thusp(r¢) values increase for NAC2 and
C2—N3 and reduce for G208. There are also slight variations

The atomic and bond properties, and the delocalization
indexes, calculated within the framework of the AIM theory
for the neutral and protonated forms of uracil and cytosine have
been used to assess the applicability of resonance forms in order
to analyze chemical properties in pyrimidinic bases. It has been
demonstrated that, whereas the evolution of the bond properties
after protonation can be partially explained by using resonance
forms, the atomic electron populations adddelocalization
indexes are inconsistent with those forms.

As was previously pointed out for other oxygenated com-
pounds, the O-protonated forms of pyrimidinic bases are better
represented by ©H™ structures than by the widely used©H
forms. Thus, (1) the charge gained by the proton is taken from
the rest of the molecule (especially by the other hydrogens),
and (2) the oxygen atom, far from losing the electron population
gained by the proton, can even display larger electron popula-
tions in the protonated form than in the neutral one. Ao,
indexes for the proton and those atoms not directly bonded to
it never represent more than 2% of the total electron population
in the proton basin.

for N1-C6 and N3-C4 that indicate these bonds get weaker,  The above trends can be extended to N-protonations. In these
which can be explained as a consequence of the favoredcases, the nitrogen atoms display always substantially negative
delocalization of the nitrogen lone pair over the oxygen atom. charges in the protonated forms, whereas the hydrogen atoms
In the same direction and with the same interpretation, a Sl|ght bonded to them present an electron population around 0.5 au.
effect is also noticeable in G4010, whereas the remaining
bonds do not experience any significant change. Acknowledgment. Helpful discussions with Prof. C. Tara

The interpretation of the evolution of BCP propertie2t and Prof. A. M. Gréa are deeply acknowledged. We are also
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