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Atomic Fukui indices have been calculated by integration of the polarization justified Fukui functions
over the atomic basins. Resulting indices have been explored in the definition of the atomic and group
affinity indicator and softnesses on the ground of the formal analysis of the polarization effect. These
indicators combine the effect of the atomic charge and atomic Fukui index. They are potentially applica-
ble in testing a sensing effect on a molecule induced by an approaching point agent, nucleophilic (-) or
electrophilic (+), at a distance in the order of v.d. Waals radii. Calculated atomic and group affinity and

Keyw'o'rds:' softness indicators have been proved to be consistent with the well established trends of reactivity for
Fukui indices . .. . ..

Adenine a control group of the five-atom-ring heterocycles (imidazole, oxazole, thiazole). The indices have been
Guanine applied to the set of 5 nucleobases (adenine, guanine, cytosine, thymine, uracyl), whose diverse reactivity
Cytosine towards electrophiles has been recognized as a key factor determining the sensitivity of DNA to cytotoxic
Thymine agents. The pairing effect of the nucleobases bases in the DNA chain and the experimental trends of the
Uracyl site reactivity of these molecules have been properly accounted for by the calculated indicators.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The Fukui indices for bonded atoms have been common repre-
sentation of the local Fukui functions f(r) = (9p(r)/ON),, tailored
for the prospective use in the chemical practice [1-3]. Though
many approaches for calculation of the atomic FF indices have been
proposed since the benchmark paper introducing the idea of the
Fukui function f(r) [4], they have not been given a coherent theo-
retical analysis until the work by Ayers et al. [5,6] These authors
convincingly demonstrated, how the actual atomic FF indices
depend on the arbitrary method of condensing the electron density
to atoms, according to the taste of the inventors. Bultinck et al. [7]
demonstrated the drawbacks of any computational scheme for the
atomic Fukui indices, due to the inevitable assumptions e.g. the
arbitrary atom partitioning method. The recent general discussion
of the Fukui indices given by Ayers et al. [6] has made it quite clear
that “transforming chemical DFT from a descriptive theory to a predic-
tive theory requires developing tools for discerning when the Fukui
function is the relevant reactivity indicator, and when something else
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is.” This present work represents a step in this direction, aiming at
calculation of the atomic Fukui indices based on existing polariza-
tion Fukui functions (PF) and transforming them to the novel reac-
tivity indices within the rigor of conceptual DFT.

The polarization justified Fukui functions have been recently
proposed and tested in this laboratory [8,9]. The underlying con-
cept was to explore the polarization effect of the electron density
in calculation of the Fukui function formulated as the derivative
of the chemical potential u over the external electrostatic potential
v(r), rather than the derivative of the density itself over N (Eq. (1)).
The two approaches are strictly equivalent on the level of the
Conceptual Density Functional Theory [10].

(o _ (9p(m)
0= (5o5), = (o), .
The chemical potential is given as:
_OE[p] _ (OE\ _ 1
n=in (o), =20+ &

I and A stand for the ionization potential and electron affinity,
respectively. The polarization effect on the electron density by
the electric field & is computable through the vector of local polar-
ization a(r):
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Developing a relation between f(r) and a(r) calls for an approx-
imation for the softness kernel s(r,r') = —[op(r)/ov(r)],; two
approaches have been analyzed. For atoms, the local approxima-
tion of Vela and Gazquez [11] produced very promising results
[8,9,12]. For molecules, the original and more advanced nonlocal
relation for s(r,r’) was necessary [13]. The extension of the work
by Garza and Robles [14] and Li and Evans [15] has been proposed
for that purpose. This led to the working relation between the local
polarization vector & (r) and the Fukui function f(r) that serves as
the definition of the polarization justified Fukui function:

a(r) = Kf(r)[r = M| + bp(r) M. — Nr] (4)

The vectors [r - M;N)} and [M, — Nr] are translationally invari-

ant. The result contains two adjustable parameters (K,b), and also
well defined global quantities for the system: the electron dipole

moment M, and its derivative, MM [8]:
M, = / p(r)rdr  and
M(" = (OM./oN), = (01/28), = [ fwrdr (5)

Of necessity, the finite difference approximation to the chemical

potential u is hidden behind M quantity that serves as a global
parameter of the computational scheme. This however, does not
affect the local properties of the resulting f(r) function; this is
exclusively dependent on the local character of the density p(r)
and its derivative a(r) (Eq. (3)), both well defined in every point
in space. This approach relates the Fukui functions obtained by this
method to the gradient expansion method by Chattaraj et al. [16],
including the cusp condition requirement met.

The resulting PF functions have been successfully tested in the
series of preceding works. Characteristic feature of the PF functions
for atoms are very clear regions of negative PF (radial) close to the
nucleus [8]. These regions are considerably smaller for cations; iso-
electronic species show very similar PF radial functions [9]. They
produce reasonable correlation with the global hardness, when

integrated with the electronic hardness kernel 5(r,r) = |r — |
[9]. The consequences of the basic assumptions for the softness
kernel have been verified separately and led to the first modeling
approach for the softness and hardness kernels for an atom [12].
PF calculation for a series of small molecules (LiH, HF, CO, N,
H,CO) demonstrated rough qualitative agreement with the stan-
dard approximation f_(r) = 1/2[p~(r) — p"(r)] at intermediate dis-
tances from the nuclei, and show remarkable negative regions
close to the nuclei [13]. The predictive power of the PF for chem-
istry have been analyzed on the group of five member ring hetero-
cycles: imidazole, oxazole and thiazole, whose diverse reactivity
trends are well recognized [17]. The maps of the PF function in this
planar molecules very properly reflect the differences in the reac-
tivity of the ring atoms, as well as the overall varieties of the ring
systems.

Although producing the PF maps is attractive in computational
studies, the practically oriented chemists require more condensed
information. Producing the atomic PF indices appeared to be the
first necessary next step.

The molecules selected for this study are aromatic heterocycles
characterized by the polarization effect dominated by their 7 elec-
trons. First group are again small isoelectronic rings showing con-
siderable reactivity variety among the ring sites: imidazole,
oxazole and thiazole [17]. Second group of molecules are the nat-
ural nucleobases: adenine, cytosine, guanine, thymine and uracyl.

They are all heterocyclic aromatics, famous for their “affinity at a
distance”: selective pairing property as they show in DNA double
helix.

Each nucleobase ring contains a number of atoms prone to elec-
trophilic attack. Such reactions have great biological significance,
since covalent modification of nucleobases is directly linked with
mutagenicity and carcinogenicity [18,19]. Furthermore, biological
consequences of these processes are often determined by
site-selectivity of the attack.

Several studies on the site reactivity of nucleobases have been
pursued on the ground of the DFT related parameters. The atomic
Fukui indices calculated classically as the difference between
atomic populations in neutral and ionic states (+1, 0, —1) con-
firmed the notable variety in the electron density of the ring atoms
in nucleobases but led to no conclusion [20,21]. Attempts to quan-
tify the properties of atoms by their softness parameters calculated
from the orbitally resolved hardness tensor (ORHT) were in vain
[22]. The study on the electrophilicity parameter changing with
the external electric field demonstrated the essential role of the
polarization effects in these molecules [23]. PF indices presented
in this work open a new perspective in this direction.

2. Methods: from the Fukui indices to the affinity indicators

The present work focuses on the analysis and the prospective
use of the polarization justified Fukui functions condensed to
atoms or molecular fragments by the method introduced by
Bader [24] (AIM): atoms are confined to the mathematically well
defined, non-overlapping regions that reproduce atomic volumes
matching those from experimental refractions [25,26]. The basic
Bader method has been explored at the level described by
Bultinck et al. as FMR (Fragment of Molecular Response approach)
[7], i.e. retaining the atomic basins identified from the density in
neutral molecule, well in accord with the finite field procedure
explored in computations of the density polarization effect, extrap-
olated to zero electric field ¢ — 0.

The basic equation for calculation of the polarizability justified
Fukui functions (Eq. (4)) is readily integrated over individual
atomic basin a-th (AIM, [24]) to give:

oo = K[Mgﬁ; - faMqu +bNg[M, — NM,] (6)

The sum over all atomic basins vanishes; K and b parameters
are global and have to be calculated once, for the whole system
[13], the electron dipole moments for the atomic basins
(M., M) are defined identically as for the whole system (Eq.
(5)). Eq. (6) serves as formal definition of the atomic Fukui index
for an atomic basin a.

The resulting Fukui indices are additive. Known the long-lasting
paradigm of the transferable atomic electron polarizabilities, one
might suppose, that the resulting Fukui indices may be transfer-
able as well. This, however, is not the case. The electron dipole
polarizability is by definition:

o = %Tr'/ o(r)rdr (7)

When this is integrated over an atomic basin, the Fukui index of the
basin will not appear in the result, since [ f(r)rdr = MY (cf. Eq.
(5)). The atomic Fukui indices as defined by Eq. (6) are uniquely
characteristic for atoms in a given molecule. Notably, while the aux-
iliary vector quantities in Eq. (6) (Me,M{"), M., M%) vary upon
transformation of the coordinate system [8], the scalar quantities
(fa;Na, K, b) do not depend on the choice of the origin.

Calculation of the atomic PF indices according to Eq. (6) pro-
vides a potential tool to describe local reactivity of molecular
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system leading to the charge transfer. This is an interaction typical
for the soft-soft combination of the reagents. It has long been
know, however, that in the hard-hard combination, the reaction
is controlled by the electrostatic effects (atomic charges) rather
that by the Fukui function [27,28]. Hence, the novel affinity indica-
tor is needed to combine the electrostatic and electronic effect in
the intermolecular interactions. The polarization nature of the pro-
posed index opens the promising perspective to this point.

The atomic Fukui indices resulted from integration of f(r) over
atomic basin will be used in the DFT formalism, according to the
assumed model process: disturbing the molecular density (hence
changing the chemical potential) by an external electric field. The
proper function minimized upon the change of external potential
for a system of atoms potentially exchanging electrons is the ther-
modynamical potential Q [, v(r)] = E-Nu. To the first order:

dQ"V = —Ndu + / p(r)dv(r)dr 8)

Using du = ndN + [ f(r)ov(r)dr and considering stable number
of electrons in the whole system (N = const.) we get:

42" ~ [ p(r) ~ Nf(e)ovir)de 9)

The second order term in the differential of the thermodynam-
ical potential can also be approached on the similar way:

1{[&*Q ;
do® — = Kdlﬂ) (dw)’ +2duaﬂ/< > ov(r)dr

2
// (5\)3?\1 ) ‘(l“)év(mdr/ar} (10)

This is readily simplified by using standard identities [29-31]:

(48] -1, -
<5v ov(r ) <§€((;))>u =-snr) (10c)

= (I—A)"" is the global softness, s(r) is the local softness and
( ,1') is the softness kernel. The second order term becomes:

do® :% [75(@)2 adu / S(r)ov(rdr— / S(.1)3v(r)v(r)drdr
(11)

Substituting du = [ f(r)ov(r)dr and reducing the last term to
tractable form by the crude local approximation [8] s(r,r) =
s(r)o(r’ —r) leads to the simplified result:

{(/f Dov(r dr) - [swovee Jdr} (12)

The total perturbation of the system due to an external poten-
tial may be decomposed into atomic contributions by combining
Eqgs. (9) and (12). Introducing the atomic Fukui indices f, and pop-
ulations N, by integration of f(r) and p(r) over atomic basins, with
the external potential change at the point atoms approximated by
some average change AV, lead to the simple result:

AQWY + AQP Zf [fo—1(AV)?  (13)

Z[ ~Ng + Nfg] AV, +

To bring the expression closer to chemical practice, the DFT
potential from a charge q at r (v = —q/r) has been replaced by
the standard electrostatic definition of the potential (V = gq/r).
The global change of the thermodynamical potential due to the
external field must still be completed by adding the nuclear inter-
action term AQ, = >",Z,AV, The final result in atomic resolution
reads:

AQ = AQY + AQP + AQ,
S
= [Qu+NfalAVa+ 5> folfe ~ 1)(AVa)® (14)
a a

where Q, = Z, — N,. For a point charge q approaching a molecular
site from a distance of the order of the sum of van Waals radii
(no electron exchange), the interaction energy AQ is approximated
by a sum of atomic contributions. Each atomic contribution is quad-
ratic function of an external electrostatic potential change at a-th
atom, with a maximum (the second term is negative, if only
fa>0). The contribution from an atom a to a nucleophilic or elec-
trophilic type of a reaction will be naturally described by the deriva-
tive dQ/dV, approximated here by the ratio AQ/AV,:

a6 + SFulfa - DAV, (15)

AV,
At infinitely small disturbing potentials this reduces to an indi-
vidual affinity indicator for each atom in a system:

= (Qq+ Nfa)

Ad = = (Qa + Nfa) (16)

lim AQ
AVaAO AV,
Eq. (14) also hints to an approximation for the second derivative of
the thermodynamical potential: d*Q/dV> ~ A*’Q/AV?. This deriva-

tive hides very clear interpretation as a local (atomic) softness
descriptor (Eq. 10c): the diagonal atomic softness kernel [29] s4q:

A’Q AN
A—Vi AVa —Saa =Sfa(f; —1) <0 (17)
Sqaa > 0 is an interesting parameter complementary to the affinity
indicator as it describes the first effect of an approaching external
agent on the electron content at the site attacked - a contact atom
while the system becomes polarized. Combining Eqs. (14), (16) and
(17) gives an attractively simple, albeit crude, approximation for an
atomic contribution to the energy change of a system disturbed by
an interaction with a charge at a distance:

1
AQ, = AAV, — js,w(Ava)2 (18)

The energy change due to the atomic charge/Fukui index effect
is determined mainly by the sign of the A,AV, product as discussed
above. The second term represents the contribution from the
atomic softness; it is definitely stabilizing, the more so, the softer
is the attacked system as a whole (S, cf. Eq. (17)) and the higher
the product f,(f, — 1) with a maximum at f; = 0.5. The total effect
of a charge approaching to a system will be the sum of atomic
contributions:

1
AQ =7 AAVs— 5 su(AVa). (19)
a a

3. Calculations and results

The Fukui functions have been calculated on the basis of Eq. (4),
using the method described in the preceding paper [13]. The elec-
tron density has been calculated by the Gaussian 03 code [32], the
DFT B3LYP method using the aug-cc-pvqz basis set. The local polar-

izability vector & (r) (Eq. (2)) has been calculated by the finite field
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Table 1
Calculated atomic Fukui indices of atoms in the test heterocyclic rings. (For the
number of atoms see Fig. 1.)

Imidazole Oxazole Thiazole

Atom Fukui index Atom Fukui index Atom Fukui index
Cc4 0.1049 Cc4 0.2013 c4 0.1407
c5 0.1021 C5 0.0545 c5 0.1546
N3 0.1216 N3 0.1596 N3 0.2045
c2 0.0731 Cc2 0.0846 c2 0.1207
N1 0.2445 01 0.1569 S1 0.3287
H1 0.0949 - - - -

H2 0.0768 H2 0.0663 H2 0.0165
H4 0.0718 H4 0.0888 H4 0.0179
H5 0.1102 H5 0.1880 H5 0.0164

procedure. Fukui functions have been integrated over the atomic
basins identified by means of the Bader algorithm [33]. Resulting
atomic indices for the entire set of molecules under study have
been shown in Tables 1 and 2. Calculated indices are positive and
are properly normalized to unity. The only meaningful exceptions
are C6 in cytosine, thymine and in uracyl. These atoms are
uniquely located within the -NH-CH-C< entity, the small negative
values of their Fukui index are compensated by the extraordinary
high positive Fukui indices of the vicinal hydrogen, to produce
overall positive Fukui index for the CH group (0.1012, 0.0445 and
0.0713 respectively).

The atomic Fukui indices have been used in calculation of the
atomic affinity indicator A, (Eq. (16)) and the atomic softness kernel
Sqaa (EQ. (17)). The number of electrons in final equations N (Egs.
(13)-(16))is crucial for determining numerical values of the affinity
indicator A,. In these equations N appears to be a parameter intro-
duced by the form of the thermodynamical potential 2 [,
v] = E[v]—Np. Since the polarization effect is considered “from a dis-
tance”, it represents rather small perturbation to AQ. Yet it’s mag-
nitude directly depends on the number of electrons in the system
that are relevant for the actual perturbation, (Nf,AV, in Eq. (14)).
Most naturally, this number must be limited to the electrons asso-
ciated with a particular atom a and responding to a given perturba-
tion AV,. It is the matter of an educated guess of a chemist, what
should be a reasonable choice of N parameter, to warrant the affin-
ity indicator plays a predictive role for various types of systems.

Parr and Yang [10] noted, that their idea is coherent with the
frontier electron concept by K. Fukui, and in fact the Fukui

functions provided by the densities of frontier orbitals
(pHOMO plUMOY are widely considered as very reasonable. This
tends to suggest the HOMO electrons as playing the leading role.
However, the polarization effect is determined by all valence elec-
trons. There is a class of molecules, though, where discerning the
polarizable group of electrons is most natural: the aromatic sys-
tems with their delocalized m-orbitals. In order to investigate the
practical meaning of the proposed affinity indicator, the group of
aromatics has been selected for this present study. The number
of electrons N has been arbitrarily set on the number of
n-electrons within the aromatic ring system.

The atomic affinity indicator is additive, since both atomic
charges and atomic Fukui indices are additive for the AIM. This
allows for calculation of the group indices by simple summation:

Ag = Z(Qa +Nfa) = Q + Nfe (20)

acG

Calculation of the atomic softness kernel for a group required a
two step procedure: first the Fukui indices for a group f¢ = > ,.cf s
then sqc = Sfc(1 — f¢). The interesting case of a group is the mole-
cule as a whole: then f,, = 1 and Q) = 0,Ay = N, sum = 0, the sec-
ond term in Eq. (14) vanishes and the equation reduces to the
trivial NAV, exposing the essence of the polarization approxima-
tion that led to Eq. (14). The choice of N as the number of aromatic
n-electrons becomes rationalized.

The diagrammatic representation of the calculated data has
been proposed. Two informations have been coded in the pre-
sented set of figures: the atomic (group) affinity indicator A is
given by the intensity of a color of atom, while the diameter of
the circle designating an atom has been set proportional to the
Sqa, iN accord with the past discussion of the relation between
the atomic softness and volume [34,35]. The diagrams have been
shown in Figs. 1-3.

Additional two diagrams represent the results for the nucle-
obases set in two complementary pairs in the geometry typical
for the DNA chain, in order to expose the characteristics of the con-
tact atoms within the pair geometry. They are shown in Figs. 4 and 5
for the AT and GC pairs, respectively. The hydrogen bonds bridging
the molecules are clearly reflected by the A parameters calculated
for the isolated molecules in this work. The connecting atoms form
either the (—+ |-) pattern (A-T: N6/H6'/04, N1/H3/N3, G-C:
06/H4/N4), or the (++|—) pattern (G-C: N1/H1/N3, N2/H2'/02),
the weak C2/H2/02 bond in A-T pair also belongs to this group,

Table 2

Calculated atomic Fukui indices of atoms in the purine and pyrimidine nucleobases. (For the number of atoms see Fig. 2 for pyrimidines and Fig. 3 for purines.)
Purines Pyrimidines
Adenine Guanine Uracyl Thymine Cytosine
Atom Fukui index Atom Fukui index Atom Fukui index Atom Fukui index Atom Fukui index
N1 0.0797 N1 0.1726 N1 0.2239 N1 0.1396 N1 0.1610
- - H1 0.0284 H1 0.0887 H1 0.0472 H1 0.0660
c2 0.0451 Cc2 0.0744 c2 -0.0046 c2 0.0271 c2 0.0039
H2 0.0238 N2 0.1631 02 0.0933 02 0.1626 02 0.1201
- - H2 0.0209 N3 0.0237 N3 0.0742 N3 0.1129
- - H2' 0.0228 H3 0.0481 H3 0.0231 - -
N3 0.0814 N3 0.1147 C4 0.0010 Cc4 0.0347 C4 0.0401
C4 0.0103 C4 0.0146 04 0.1006 04 0.1391 N4 0.0558
c5 0.0127 Cc5 0.0440 - - - - H4 0.0288
C6 0.0399 C6 0.0214 - - - - H4' 0.0270
N6 0.0763 06 0.1123 (&) 0.2506 (6] 0.1192 (&) 0.1968
H6 0.0089 - - - - c5' 0.0678 - -
H6’ 0.0132 - - H5 0.1034 H5 0.0430 H5 0.0864
N7 0.1251 N7 0.0641 - - H5' 0.0348
c8 0.1370 Cc8 0.0485 - - H5" 0.0431
H8 0.0490 H8 0.0215 Cc6 -0.1282 Cc6 —0.0640 Cc6 -0.0712
N9 0.2649 N9 0.0642 H6 0.1995 H6 0.1085 H6 0.1724
H9 0.0328 H9 0.0124 - - - - - -
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Fig. 1. Calculated atomic affinity indicators (colored A scale) and softness kernels (sqq, the diameter scale) for the imidazole ring systems: imidazole (Im), oxazole (Ox),
thiazole (Th). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Calculated atomic affinity indicators (colored A scale) and softness kernels (sqq, the diameter scale) for the pyrimidine nucleobases: uracyl (U), thymine (T), cytosine
(C). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

indicating, that the strength of a bond goes parallel to the atomic
reactivity indices of connected atoms (For the thymine O2 atom
the index is very low Ao, = —0.02). The bridging pattern of the
atomic softness in a sequence of bridging atoms confirms the elec-
trostatic nature of the hydrogen bonds (Figs. 4 and 5): the hard and
positive atom trapped in between two softer atoms.

4. Discussion and conclusions

The proposed affinity indicator A, (Eq. (16)) contains a balanced
effect of two factors for each bonded atom: its charge Q, and its
Fukui index f,. Since f, > 0, the result of interaction with a test point
charge is non-symmetric. By approaching an electrophilic
point-agent (AV, > 0), the contribution of an atom to the energy
change of a system as a result of initial contact is stabilizing
(AQ<0), when the site is characterized by the negative A,<0.
This is the case when the atomic charge is negative (Q, < 0), how-
ever, the affinity indicator contains also a polarization effect that
makes the energy gain smaller (the Nf,> 0 term in Eq. (16)); the
Fukui index for an atom in question acts in the opposite direction
than its charge. The balance between the two factors is controlled
by the assumed N parameter.

An external point nucleophile introduces AV, < 0, hence, it will
introduce a stabilizing effect on a system when approaching sites
characterized by a positive charge (Q, > 0), but also when Q, = 0,
if only its Fukui index happens to be considerable high due to
Nf, > 0 component. Both factors (the charge and the Fukui index)

act in the same direction. Site sensitivity to a nucleophile is likely
to be sufficiently reflected by the affinity index A.

The proposed affinity indicator appears to provide a hint of first
preferences to accommodate an electrophile or a nucleophile at a
given molecular site, when applied with necessary caution. The
response of a system even to a test point charge comes from inter-
action of a number of vicinal atoms and consideration of the group
index may be necessary. Also, due to the arbitrary parameter N, the
meaning of the A index may only be considered as a relative mea-
sure possibly useful in ordering the affinity tendency.

The first test for the power of the descriptors proposed in this
work is possible in the set of 3 model member ring heterocycles.
They show common feature as far as the substitution to the carbon
atoms is concerned: C5 and C4 carbons are sensitive to an elec-
trophilic attack, while the nucleophiles go into C2 position exclu-
sively [17].

By the diagram in Fig. 1 the action of a nucleophile on C2 is
understood as the combined effect of its positive A and consider-
ably negative (or lower) A for its nearest ring neighbors (X1 = NH,
0, S; and N3), Table 1. This conclusion is in harmony with the
observations [17]: nucleophilic substitution is easy for Im, less
common for Ox and rare for Th. It may be important to note, that
the site C2 is relatively hard in all these molecules.

Rationalizing the result of an electrophilic attack on the test
heterocycles requires a broader analysis. For the (CH), group as a
whole, the electrophilic substitution is apparently driven by the
high softness of this group (close to the maximum possible value),
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Table 3
Atomic affinity indicators of selected atoms and group in the test heterocyclic rings.
Index 2 X1 N3 (CH),
Imidazole A 1.41 (N1) 0.06 -0.59 3.37
Saa 0.20 0.66 0.31 0.70
Oxazole A 1.90 (01) -0.27 -0.78 421
Saa 0.20 0.35 0.35 0.65
Thiazole A 1.38 (S1) 3.18 -0.15 245
Saa 0.27 0.56 0.41 0.56

Table 4
Atomic affinity indicators of selected atoms in pyrimidine bases.
Index N1 N3 02 04
Uracyl A 0.33 -1.41 -0.61 —-0.55
Saa 0.48 0.06 0.23 0.26
Thymine A -0.46 -0.83 —0.02 -0.23
Saa 0.34 0.20 0.39 0.34
Cytosine A -0.19 -0.54 -0.71 (N4) -1.14
Saa 0.38 0.28 0.30 0.15

Table 5
Atomic affinity indicators of selected atoms in purine bases.
Index N1 N3 N7 (NH) N9 8
Adenine A -0.71 —0.49 -0.11 1.17 2.40
Saa 0.22 0.22 0.33 0.59 0.36
Guanine A (NH) 0.39 —-0.04 —0.45 —0.98 1.61
Saa 0.47 0.34 0.20 0.20 0.15

despite the high values of their A indicators, Table 3. This should be
compared with the indicators for the N3 atom, the site of primary
electrophilic substitution in this set of molecules. It becomes evi-
dent, that the electrophilic attack on N3 is driven by the primary
electrostatic factors represented by A, while in the attack of an
electrophile on the (CH), entity (the double bond) the polarization
term in Eq. (14) plays the decisive role due to the high softness
parameter, very well in line with the property of the w electrons.

The above discussion opens a way to correlate the properties of
nucleobases with the atomic indices introduced in this work (A,
Sqq)- In all the bases there are three types of electronegative het-
eroatoms, namely three- and twofold coordinated nitrogens and
carbonyl oxygen atoms. The first two types illustrate the physical
effects captured by the presented softness parameters. The twofold
coordinated nitrogens donate their 2p, electron to the aromatic
system and retain the lone pair directed away from the ring.
When a point charge approaches this atom the lone pair serves
as an internal degree of freedom, hence the atom’s polarization
response is only local and atomic softness’ of these atoms are
small, Table 4.

Polarization response of the threefold coordinated nitrogens is
dominated by the aromatic 7 electrons and as such spreads across
a larger region. For this reason threefold coordinated nitrogens are
characterized by large softness values. Exceptions from this trend
are the N3 atoms of uracil and thymine placed between two car-
bonyl groups which prevent electron delocalization over the rest
of the ring, Table 4.

Experimental studies for pyrimidine bases show that, despite
large electronegativity of oxygen atoms, various electrophiles
attack these molecules on nitrogens, with preferences towards
N1 [36-39]. While the A values of nitrogen atoms are comparable
to or lower than those of oxygens (Table 4), the N1 atom is dis-
tinctly different with its high softness in all three molecules, which
appears to be the key factor favoring the electrophilic attack.

In the case of adenine, attack on N1 and N7 atoms is observed
experimentally [40-47]. The set of parameters for the nitrogen
atoms collected in Table 5 very well reflects this phenomenon, con-
sidering the introductory hints gained from the analysis of the test
heterocycles. Electrophilic attack on N1 is driven by the electro-
static effect (low negative A value), while the site sensitivity of
N7 atom is due to its considerable softness. The reactivity toward
an electrophile at even softer, but threefold coordinated N9 atom
in adenine is apparently obstructed by the positive A of that atom.
The same effect is confirmed for guanine: atoms N7 and N9 are
indicated as the favorable sites for an electrophilic attack by their
low negative A and combined with moderate softness. In the DNA
structure, the N9 is blocked by the glycoside bond. The twofold
coordinated N7 atom (high negative A) not the twofold coordi-
nated N3 (softer) is known to be the most reactive towards elec-
trophilic attack in DNA molecules.

Only the evident and principal trends of reactivity of the nucle-
obases have been indicated here, in order to test correlations with
the proposed atomic indices, calculated for the most thermody-
namically stable forms of these molecules. The most important sin-
gle factor affecting the results is a variety of forms of these
molecules in various reaction conditions. The effect of tautomeric
conversion in guanine is responsible for the dramatic difference
in the parameters for the 5-member ring atoms in adenine an gua-
nine (Fig. 3): extremely soft group in adenine, rather hard in gua-
nine (keton). This equilibrium is very likely to be responsible for
the known DNA sensitivity to alkylation at guanine N7 (by nitrogen
mustards and cis-platin) and at N1/06 (by chloroethylnitrosoureas,
CENU) [23].

The reactivity of nucleobases emphasizes also the problematic
nature of ambidente organic chemistry [48]. Very often, especially
for thermodynamically controlled reactions, single-reactant reac-
tivity criteria are not sufficient to explain the observed reaction
products. In such cases, specific interactions between reactants,
e.g. hydrogen bonds, or steric factors, are responsible for the
regioselectivity.
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