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Studies based on ab initio optimized geometries (at B3LYP/6-311+G** and MP2/6-311+G** levels)
and on experimental structures retrieved from the Cambridge Structural Database (CSD) reveal
that the nucleobases constituting DNA and RNA differ significantly in their aromatic character,
as shown by the geometry-based index of aromaticity HOMA that ranges from 0.466 for thymine
to 0.917 for adenine, based on B3LYP/6-311+G** calculations, and 0.495—0.926, respectively, if
based on the MP2/6-311+G** level. Aromaticity of the bases decreases markedly with an increase
of the number of double-bond C=X (X = N, O) substituents at the rings. H-bonds involving C=0
groups in Watson—Crick pairs cause an increase of the aromatic character of the rings.

Introduction

Aromaticity is a theoretical concept of immense practi-
cal importance and wide use in organic chemistry and
related fields.® According to the database of the Institute
for Science Information in Philadelphia,?® the terms
aromaticity and/or aromatic (properties, character) have
been used in over 60 000 scientific papers as a key word,
in a title, or in the abstracts in the last two dacades.
Although the term aromaticity is neither precisely de-
fined nor has a unique interpretation,* the aromatic
character®~° is most frequently associated with (mostly
planar) cyclic z-electron systems exhibiting the follow-
ing: (i) increased stability, initially described by the low
chemical reactivity of benzene (and related systems), and
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later in a more quantitative way by resonance energy'°-12
[nowadays, the aromatic stabilization energies deter-
mined either theoretically or experimentally (from heats
of formation) by isodesmic'®'* or preferably homodes-
motic!16 schemes of reactions are widely considered (e.g.,
refs 4 and 6) as a much more reliable source of informa-
tion; (ii) averaging of bond lengths to values that are
intermediate between those characterizing typical single
and double bonds;®1718 (iii) z-electron ring current forma-
tion when the molecule is exposed to external magnetic
field, a phenomenon that is associated with an anisotropy
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of magnetic susceptibility, increase of exaltation of the
magnetic susceptibility, and *H NMR chemical shifts;1°-26
and (iv) a non-ground-state property that is associated
with a typical reactivity of these systems in which the
m-electron structure tends to be retained.?” It is best
exemplified by the tendency of aromatic systems to
undergo substitution reactions in contrast to their olefinic
analogues, which react by addition.

The last criterion often has been a subject of heated
dispute.>~7 However, the meaning of the term in organic
synthesis cannot be neglected and hence the compounds
which fulfill all (i)—(iv) criteria are expected to be fully
aromatic.!

Among the aromatic systems, of particular importance,
at least from the point of view of biology and bioactive
systems, are the basic constituents of DNA and RNA:
adenine, cytosine, guanine, thymine, and uracyl. The
electronic properties of nucleobases have been the subject
of numerous studies, e.g., ref 28, as they are of funda-
mental importance for the unique character of these
molecular systems, i.e., for their ability to form H-bonded
pairs and to assemble into s-electron stacks. To the best
of our knowledge, however, the concept of aromaticity,
so seminal in organic chemistry, has not been applied to
nucleobases in a systematic manner, although recently
it has been used in a study on the structure of DNA.?°

The purpose of this report is to investigate how the
basic components of nucleic acids differ in their aromatic
character, what are the main sources of the differences,
to what extent their aromatic character depends on
intramolecular factors, as substituent effects, and finally
to what extent the aromatic character depends on the
intermolecular interactions, most importantly on H-
bonding within canonical Watson—Crick pairs. To do so
we have analyzed the molecular geometries of these bases
retrieved from the CSD* as well as optimized by quan-
tum chemical methods.®! In addition to the canonical
forms, also unusual tautomeric forms as well as nucleo-
bases involved in Watson—Crick pairs were considered.
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Methodology

To study the aromatic character of the bases as well as their
individual fragments (local aromatic character) we have
undertaken two approaches. By use of ab initio calculations
at the DFT B3LYP/6-311+G** level of theory, we have
optimized the geometry of all basic constituents of DNA and
RNA, as well as of some Watson—Crick pairs. All species
corresponded to the minima on the potential energy surface
at the B3LYP /6-311+G** level, with no imaginary frequen-
cies. For comparison we have also optimized the nucleobases
at the MP2/6-311+G** level. They also corresponded to the
minima at the potential energy surface (at the MP2/6-311+G**
level). Unfortunately we were unable to compute the Watson—
Crick pairs at this level of theory due to problems with the
energy convergence and approaching of a system to another
geometric arrangement of lower energy. On the other hand,
the CSD has been searched for relevant X-ray structures. The
geometry-based index of aromaticity HOMAS? was then cal-
culated for the heterocyclic systems and for their fragments
by using the geometry of the experimental and theoretical
models. HOMA is the geometry-based index of aromaticity. It
is defined as follows:

HOMA =1 — a/n Z(dopt— d)? 1)

where n is the number of bonds taken into account, o is a
normalization constant (fixed to give HOMA = 0 for a model
nonaromatic system and HOMA = 1 for the system with all
bonds equal to the optimal value; o equal to 257.7 and 93.52
for CC and CN bonds, respectively), doy: Stands for optimal
bond length (1.388 and 1.334 A for CC and CN bonds,
respectively),®? which is assumed to be realized when full
delocalization of z-electrons occurs, and d; are running bond
lengths in the ring. The aromatic character of many systems
with use of the HOMA model has recently been reported.'?
Typical values are as follows: HOMA for benzene,® naphtha-
lene® and anthracene® is 0.991, 0.811, and 0.718, respectively,
and for pyridine,3* pyrrole,* tiophene,* and furan* HOMA is
0.998, 0.876, 0.891, and 0.298, respectively. For porhyrin*
HOMA = 0.666 whereas for its magnesium salt*® and dianion*®
HOMA = 0.671 and 0.448, respectively. Another aromaticity
index, NICS,3* is a magnetic one that is purely theoretical,
and can only be used for estimation of local aromatic character.
It is defined as a negative value of the absolute magnetic
shielding computed at ring centers. Negative value of NICS
denote aromaticity, positive one denote antiaromaticity. The
NICS was calculated by using the GIAO method at the HF/
6-31+G* level of theory. The choice of the quantitative
definitions of aromaticity was dictated by the general expecta-
tion**3%36 that among many easily accessible quantitative
definitions of aromaticity® these two models give the most
accurate estimates of stabilization energy due to cyclic w-elec-
tron delocalization.®®

Results and Discussion

Ab Initio Geometries. Both MP2/6-311+G** and
B3LYP/6-311+G** based data lead to a similar picture.
The diferences of relative energies between the related
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TABLE 1. Aromaticity Indices HOMA32 and NICS3* for the Whole Systems (total values) and for the Six-Membered (6)
and Five-Membered (5) Fragments Based on B3LYP/6-311+G** Optimized Geometries?

HOMA NICS [NICS(1)]
no. base rel energy N total (6) (5) (6) (5)
1 adenine 0.0 0 0.917 0.976 0.860 -7.2(-7.4) —11.9 (-12.1)
(0.926) (0.965) (0.884) [-8.9 (—9.1)] [-9.8 (—10.0)]
2 adenine +12.4 1 0.762 0.687 0.898 —1.4 (-1.5) —-12.8 (—13.0)
(+12.5) (0.781) (0.705) (0.916) [-3.1(—3.3)] [-10.1 (—10.4)]
3 guanine 0.0 1 0.745 0.682 0.871 -3.1(—3.0) —12.4 (—12.7)
(0.751) (0.664) (0.903) [-3.8 (—=3.7)] [-9.7 (—10.0)]
4 guanine +1.3 0 0.910 0.974 0.839 —6.9 (~7.0) —11.1 (—11.5)
(+0.1) (0.920) (0.960) (0.871) [-7.8 (—8.0)] [-9.2 (—9.5)]
5 guanine +13.4 2 0.665 0.572 0.841 —-1.8(—1.4) —12.7 (—12.8)
(+15.2) (0.664) (0.537) (0.883) [-1.5 (-1.1)] [-9.4 (—=9.5)]
6 cytosine 0.0 1 0.672 0.672 -1.3(—1.4)
(0.698) (0.698) [-3.2 (—3.4)]
7 cytosine +2.2 2 0.506 0.506 —0.6 (—0.6)
(+1.8) (0.531) (0.531) [-1.2 (-1.4)]
8 thymine 0.0 2 0.466 0.466 —1.5(—1.5)
(0.495) (0.495) [-2.2 (—2.5)]
9 thymine +13.1 1 0.703 0.703 —2.7 (-2.9)
(+11.4) (0.724) (0.724) [-4.1(—4.3)]
10 thymine +18.7 1 0.350 0.350 -1.7 (-1.7)
(+16.2) (0.438) (0.438) [-3.6 (—3.7)]
11 uracyl 0.0 2 0.503 0.503 -1.2 (-1.2)
(0.516) (0.516) [-1.9 (—2.2)]
12 uracyl +12.2 1 0.715 0.715 —2.1(-2.2)
(+10.9) (0.727) (0.727) [-3.8 (—3.8)]
13 uracyl +19.4 1 0.411 0.411 -1.1(-1.1)
(+17.1) (0.465) (0.465) [-3.1(—=3.2)]

a NICS(1) stands for the NICS value calculated 1 A above the system plane [in square brackets]. N is the number of C=X (X = O, N)
groups attached to the ring. Relative energies are given in kcal/mol. The values based on the MP2/6-311+G** level are given in parentheses.

isomers at these two levels are usually very small (ca.
1.5 kcal/mol). Also, the NICS and NICS(1) values usually
do not deviate more than 0.2 ppm. The largest discrep-
ancies can be found in the molecular geometries. How-
ever, still the analysis based on the geometry-based
descriptor of the extent of cyclic w-electron delocalization
(HOMA) is consistent in both cases. The most obvious
conclusion from a survey of the results based on ab initio
geometries is that the aromatic character of the nucleo-
bases as complete molecules varies in a wide range
(0.466—0.917 units of HOMA, based on the B3LYP/6-
311+G** level), as shown in Table 1. The MP2/6-
311+G**-based data show similar range: 0.495—0.926.
The data in bold in Table 1 are for the most stable
tautomers. The energies given for all other tautomers
correspond to the lowering of stability relative to the most
stable tautomer. Chart 1 presents the labeling system
and the bond lengths (A) for all optimized nucleobases,
as well as for some tautomers. The ring fragments do
not deviate from planarity in a way to affect signifficantly
the extent of cyclic zz-electron delocalization.®”

An inspection of the most stable tautomers (and those
very close energetically, within 2 kcal/mol) indicates that
aromaticity decreases in a regular way with the increase
of the number of C=X (X = O, N) groups that are
attached to the ring. Figure 1 presents the HOMA values
for the whole molecules plotted against the number of
C=0/C=N groups, n, bonded to the ring system of the
base. The scatter graph contains all 7 data points for the
most stable tautomers in Table 1 (bold entries). Numbers
in parentheses correspond to entry numbers in Table 1.

(37) Bodwell, G. J.; Bridson, J. N.; Cyranski, M. K.; Kennedy, J. W.
J.; Krygowski, T. M.; Mannion, M. R.; Miller, D. O. J. Org. Chem.,
2003, 68, 2089—2098.

It is worth noting that HOMA values for MP2 geometry
differ only sligthly but always in a direction to increase
m-electron delocalization. For most stable conformers (1
and 4) the differences in HOMA estimated form B3LYP
and MP2 are around 0.01. With a decrease of aromaticity
this difference increases and for 7, 11, and 8 it is 0.024.

The local aromatic character changes in an even wider
range, from HOMA = 0.976 (six-membered ring of
adenine) to 0.466 (six-membered ring of thymine), and
follows the same pattern as that for the whole molecules.
The NICS values estimated for the individual rings are
usually determined in two ways: in the center of the ring
(denoted NICS) or one angstrom above the center (de-
noted as NICS(1)). Also these magnetic parameters
exhibit a considerable spread, from NICS(1) = —10.1 for
the five-membered ring of the unstable (AE = 12.4 kcal/
mol) tautomer of adenine (2) to NICS(1) = —1.2 for the
six-membered ring of the slightly less stable (AE = 2.2
kcal/mol) tautomer of cytosine (7). The NICS values
estimated in the plane of the molecules are still more
negative, by ca. 1—2 units. The more negative values of
NICS for the five-membered rings are in line with a
general observation for this index that the magnitude of
NICS depends on the size of the ring.13*

The correlation between the aromatic character, mea-
sured by HOMA, and the number of exocyclic double
bonds (C=0 and C=N) attached to the entire ring system
of the nucleobase is also observed in the individual rings
for which the NICS and HOMA parameters have been
calculated (Table 1). As in the case of the whole mol-
ecules, the deviations from the linear trend for HOMA
are observed only for the unstable tautomers of guanine
(AE = 3.4 kcal/mol), thymine (AE = 18.7 kcal/mol), and
uracyl (AE = 19.4 kcal/mol). In the case of NICS, the
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CHART 1. Molecular Geometries of Adenine, Guanine, Cytosine, Thymine, and Uracyl Optimized atthe
B3LYP/6-311+G** Level of Theory?

NH, _H 0
1.354 N 7 1213
Laan | (1367 (1286) (1217)
i3 1.409 1.385 1.421 1447 1374 1.439 1.438 1.380
(1.339 1.410)1.380 (1415 (iA446)(iA373)N (1.432) Q40137
N 1.308 i L3l HN (L323)
(1326) \(1.329) 1370 '
1.342 1362 (1.373)
(1352 1.366
1381 (1.366) 1377 (1i337857) 1385
Ny (1:373) N (1372 : (1.376)
1334 S~1.336  1.377 1.300 1365 1372 NH, | 300~N~"1.356  1.369
(1.338) (1.340) (1.378) (1.307) " (1370) (1.372) (1.308)  (1.365) (1.370)
1 (adenine) 2 3 (guanine)
H 0 NH
o 1211 3
i, o
. 1.426 .
1326 1401 1.386 e (1.316) (1i4:309)
(1.326) 1.406)(1.382 1303 §
N .
L35 \(1.322) 1.369 1356
(1360) (1.381) (1.362)
1.368 1.387 1.216
(1.382) (1.378) (1.219)
NH, 53N 1332 1372 N™ 13981 1364 1363 07 LSy 1354
(1336)  (1.339) (1.374) (1.401) " (1.376)(1.365) (1.419) (1.358)

6 (cytosine)
H\

N 1.502
1.379 (501
, 1.360
1214
(1218) (1.366)

1.387 1417 1359
(39y N (1380) (agny o (1382) o an N (1362)
8 (thymine)
0

NH 0 3 SNH
(sony 137D (La16) (1359

11 (uracyl) 12

a2 The data optimized at MP2?6-311+G** level are given in parentheses.

trend is preserved but is blurred with larger scatter, and a dearomatizing effect of the exocyclic substituents (or
the deviations are different. Nevertheless, the two nu- of any other chemical links) that are of a double-bond
merical characteristics of aromaticity are consistent, character. A similar effect was used by Beak et al.383°

indicating dependence on the number of exocyclic
C=0(N) bonds.

The variability of the aromatic character of the rings 90 (312)633?'2;8';’;? Bonham, J.; Lee, J. T., Jr. J. Am. Chem. Soc. 1968,
in the bases in question may be interpreted in terms of (39) Beak, P.; Lee, J. T., Jr. J. Org. Chem. 1969, 34, 2125—2128.
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Number of exocyclic C=0/C=N double bonds

FIGURE 1. The dependence of the global aromaticity index
HOMA on the number of C=0 and C=N bonds attached to
the ring systems. The values based on the MP2/6-311+G**
level are given in parentheses.

and by others*°~4? for approximate estimation of the
resonance energy from the difference in energy between
the aromatic 2-methoxypyridine and nonaromatic N-meth-
yl-2-pyridone. Recently this effect has been described in
porphyrine derivatives*® where the partially double CC
bonds (1.394—1.400 A) of the bridges between the pyrrole
rings cause a substantial decrease of their aromatic
character, as measured by the HOMA values ranging
from 0.450 to 0.660, depending on the protonation state
of the pyrrole nitrogen atoms. These values could be
compared with those for the less perturbed pyrrole
derivatives (for instance, single-bonded substituents at
2 and/or 5 positions) characterized by HOMA of 0.907—
0.932. A similar observation was also made for pyrazole
derivatives.*

The analysis of aromaticity of the bases involved in
Watson—Crick pairs (Table 2) leads to a general conclu-
sion that in all cases when the bases contain one
(cytosine, guanine) or two (uracyl, thymine) carbonyl
groups, their aromatic character increases as a conse-
quence of H-bond formation. The double C=0O bonds
become longer resulting in higher aromatic character of
the ring to which the C=O group is attached. The
increase is substantial and ranges from 0.03 to 0.13 units
of HOMA. The largest change is observed for guanine,
both considered as a whole moiety and taking into
account only the six-membered ring. In the case of
adenine forming pairs with thymine or uracyl, its aro-
matic character is practically unchanged. It may be
argued that any Lewis acid capable of similar interaction
as the C=0O groups would lead to analogous conse-
quences. NICS (and also NICS(1)) exhibits a smaller
trend for the CG pair and a rather opposite trend for AT
and AU pairs.

(40) Cook, M. J.; Katritzky, A. R.; Linda, P.; Tack, R. D. Chem.
Commun. 1971, 510-511.
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Soc., Perkin Trans. 2 1973, 1080—1086.

(43) Cyranski, M. K.; Krygowski, T. M.; Wisiorowski, M.; Hommes,
N. J. R. v. E,; Schleyer, P. v. R. Angew. Chem., Int. Ed. 1998, 37, 177—
180.

(44) Krygowski, T. M.; Anulewicz, R.; Cyranski, M. K.; Puchata, A,;
Rasata, D. Tetrahedron 1998, 54, 12295—12300.
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TABLE 2. Aromaticity Indices HOMAS3? and NICS?* for
Watson—Crick Paired Nucleobases (total values) and for
the Six-Membered (6) and Five-Membered (5)
Fragments2

HOMA NICS [NICS(1)]
no. pair base total (6) 5) (6) (5)
14 AT adenine 0.914 0.966 0.867 —6.5 -11.8
[-8.2] [-9.7]
14 AT thymine 0.533 0.533 -15
[-2.3]
15 AU adenine 0.914 0.965 0.867 —6.5 -11.8
[-8.2] [-9.7]
15 AU uracyl 0.566 0.566 -1.2
[-2.0]
16 CG guanine 0.815 0.810 0.853 -35 -11.7

[-41] [-9.2]
16 CG cytosine 0.715 0.715 -1.5
[-3.1]
a NICS(1) stands for the NICS value calculated 1 A above the
system plane (in square brackets).

One of the great adventages of the HOMA model (and
also other geometry-based models) is that it also can be
applied to quantify the z-electron delocalization within
selected fragments of the bases. For this purpose we have
extracted from the ab initio optimized geometries those
fragments, shown in Chart 3, that are involved in
Watson—Crick base pairing. For those fragments the
HOMA index was calculated, both in Watson—Crick
paired states and in isolated forms. In this way a much
more clear picture of the role of base pairing via H-bond
formation is revealed. Chart 3 defines the fragments used
in the analysis, whereas the numerical data are pre-
sented in Table 3.

The above results clearly demonstrate that, with the
exception of adenine, in all other cases base pairing
markedly increases the delocalization (as shown by the
A values), which is an important part of the concept of
aromaticity of -electron systems. The larger changes of
delocalization within base fragments than within the
whole molecules reflect the “resistance” of the other parts
of the z-electron systems of the nucleobases.

Experimental Geometries. The experimentally de-
termined geometries of the five nucleobases have been
retrieved in a search of the Cambridge Structural Data-
base.®® The search excluded metal complexes and proto-
nated forms of the nucleobases and was limited to error-
free, disorder-free, and good-quality crystal structures.
The number of hits was as follows: adenine, 40; uracyl,
35; cytosine, 32; thymine, 22; and guanine, 6. With use
of the experimental bond distances, the HOMA values
were calculated for each case individually. Next, the
HOMA parameters for each nucleobase were determined
as mean values of the individual numbers, and their
standard deviations were calculated as well. A summary
of the results, together with a comparison with the
theoretically derived parameters, is presented in Table
4,

Except for thymine and uracyl, the agreement between
the experimental and theoretically estimated HOMA
values is quite good, but the experimental values are
always higher (except the case of cytosine) and the
agreement is better for the MP2/6-311+G** optimized
systems. The guanine sample is too small for reliable
statistical conclusions. The differences are most signifi-
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CHART 2.
B3LYP/6-311+G** Level of Theory.
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TABLE 3. HOMA Values for #-Electron Fragments
(defined in Chart 3) of Isolated (iso) and H-bond-Paired
(pair) Nucleobases

pair fragment HOMA (iso) HOMA (pair) A

AT A 0.969 0.952 —0.017
AT T 0.347 0.429 0.082
AU A 0.969 0.952 —0.017
AU U 0.402 0.484 0.082
CG G 0.536 0.723 0.187
CG C 0.584 0.662 0.078

TABLE 4. HOMA Values from Experimental and
Theoretically Optimized Molecular Geometries?

base (N) HOMAep SD  HOMAneor A

adenine (40)  0.966  0.016 0.917 (0.926)  0.049 (0.040)
guanine (6) 0.860  0.010 0.745(0.751)  0.115 (0.109)
cytosine (33)  0.640  0.070 0.672(0.698) —0.032 (—0.058)
thymine (22)  0.631  0.050 0.466 (0.495)  0.165 (0.136)
uracyl (35) 0.670  0.050 0.503 (0.516) 0.167 (0.154)

a8 The numbers of experimental entries (n) are given in paren-
theses. The HOMAy, values are mean values calculated for each
set of n structures. SD is the standard deviation of HOMAey.
HOMAheor is calculated for B3LYP/6-311+G** optimized geometry
(and for MP2/6-311+G** in parentheses). A = HOMAgp —
HOMAtheor-

cant for those two bases which have two double-bond
substituents at the ring. Both these substituents decrease
delocalization®®~42 and in consequence the HOMA values.
The differences may have their origin in the fact that the
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experimental structures retrieved from the CSD interact
with each other by intermolecular interactions in the
crystal lattice, and usually they are fragments of larger
molecular systems, or in other words, the nucleobases
have additional substituents. These substituents can be
expected to significantly affect the aromaticity of the
weakly aromatic thymine and uracyl moieties. It is a
known fact that in nonaromatic or antiaromatic systems,
the substituent effect may lead to a substantial increase
of the aromatic character. It was found for example to
increase by almost 1 unit of HOMA for fulvene or by 0.6
for heptafulvene derivatives.?® The above differences and
the large values of the standard deviations for the
experimental HOMA values indicate that aromaticity of
the less aromatic pyrimidine bases (cytosine, thymine,
and uracyl) is sensitive to perturbations such as sub-
stituent effect. This is in line with the observation that
these systems are also sensitive to much weaker pertur-
bations, such as those caused by hydrogen bonding.

Conclusions

On the basis of the geometry model of aromaticity
HOMA and magnetic index NICS we have analyzed the
extent of the cyclic w-electron delocalization that operates
in the nucleobases constituting DNA and RNA. The bases
differ significantly in their aromatic character, as shown
by the HOMA ranges: from 0.466 for thymine to 0.917
for adenine (at the B3LYP/6-311+G** level). Clearly the
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main source of these differences is the number of double-
bond C=X (X = N, O) substituents attached to the six-
membered rings. Most importantly, this factor affects the
cyclic z-electron delocalization of the bases when they
are paired in the Watson—Crick pairs. The H-bonds
involving C=0 groups in the pairs cause an increase of
the cyclic z-electron delocalization, which is clearly
observed by an increased aromatic character of the rings.
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