
J Mol Model (2007) 13: 19–28
DOI 10.1007/s00894-005-0090-y

ORIGINAL PAPER

Vassil B. Delchev . Hans Mikosch

Theoretical study of the intermolecular H-bonding

and intermolecular proton transfer between isocytosine

tautomeric forms and R,S-lactic acid

Received: 17 August 2005 / Accepted: 9 November 2005 / Published online: 19 May 2006
# Springer-Verlag 2006

Abstract Eight H-bonded complexes between isocytosine
(isoC) tautomeric forms and R/S-lactic acid (LA) have been
studied at the B3LYP and HF levels of theory using 6–31+
G(d) basis set. The energy barriers of the intermolecular
proton transfers were also estimated as the results showed
that they are several times lower than those of the intra-
molecular proton transfers of isoC in the gas phase.
Furthermore, the energy barriers of the tautomerizations in
which the carboxylic H-atom takes part are several times
lower than those in which the LA OH group assists the
proton transfer.
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Introduction

One specific role of the DNA bases is connected with their
ability to establish noncovalent H-bonds that are respon-
sible for the encoding and the expression of genetic
information. Guanine is one of the most studied DNA bases
by means of experimental [1–4] and theoretical [5–9]
techniques. It exists in several tautomeric forms [10, 11],
which are in dynamic equilibrium. One very important
fragment from the guanine skeleton is the pyrimidine
residue, which corresponds to isocytosine (isoC). Isocyto-
sine has not been detected in natural DNA and RNA, but its
C-nucleoside has been used successfully as an antileuke-
mia drug [12]. Five possible tautomers of isoC have been
suggested in the work of Gorb et al. [13]. However, only

two of them have been determined as most stable in the gas
phase [13]: the so-called amino oxo- and amino hydroxo-
isoC. In several theoretical works of Gorb et al. [13–16] it
has been shown that the interaction of the DNA bases with
a water molecule is able to change the stability order of
their tautomers (as compared to the isolated molecules). We
expect the same trend to be observed when nucleobases
and isocytosine are bound by intermolecular H-bonds with
other small protic organic molecules, such as for example
lactic acid (LA).

Using the HF/6–31G(d,p) method, Shishkin [17] has
established that isoC has a planar structure. However,
several previously published investigations have revealed
that the amino groups in cytosine, isocytosine and guanine
can adopt a non-planar or so-called pyramidal geometry
[18–21].

There are two principal ways for transformation of the
amino oxo-tautomer into the amino hydroxo-one: intra-
molecular and intermolecular proton transfer, the latter
assisted by protic molecules. It is well known that the first
type of proton transfer passes through high energy barriers
[6, 7, 13, 22, 23], over 200 kJ mol−1, whereas the second
one occurs with a several times lower barrier [7]. So far,
only water molecules have been taken into account to assist
the intermolecular hydrogen transfer in isocytosine [13].
However, it is interesting to know how other protic mol-
ecules, abundant in the living world, support these proton
transformations. Such a molecule is, for example, lactic
acid. The interest in this molecule follows from the fact that
this compound has two enantiomers: R- and S-lactic acid.

The aim of this paper is:

1) To perform a theoretical study at the B3LYP and HF
levels on the possible H-bonded systems between R/S-
lactic acid and isoC in positions appropriate for oxo-
hydroxo tautomerism;

2) to estimate the difference in the energy barriers of the
intermolecular proton transfers assisted by R-LA and
S-LA. As a model, we chose the amino oxo- and amino
hydroxo-tautomers of isoC, which are an explicit
example for oxo-hydroxo tautomerization.

V. B. Delchev (*)
Department Physical Chemistry, University of Plovdiv,
Plovdiv, Bulgaria
e-mail: vdelchev@pu.acad.bg

H. Mikosch
Institute of Chemical Technologies and Analytics,
Technical University Vienna,
Getreidemarkt 9,
A-1060 Wien, Austria



The DFT hybrid functional B3LYP along with the 6–31+
G(d) basis set has shown good accuracy for studying such
processes [24–27] with comparatively low cost in compu-
tation time [28].

Computational details

The calculations were performed at the restricted Hartree–
Fock and DFT levels using the 6–31+G(d) basis set and the
program Gaussian 98 [29]. Both methods were used to
optimize the structures of the supersystems and monomers.
Frequency calculations were performed to prove that the
resulting stationary points correspond to minima. The
mechanisms of the proton transfers were studied using
the geometries of two minima and the QST2 procedure
implemented within GAUSSIAN 98 [29].

The standard free energies, enthalpies, entropy factors,
and equilibrium constants of the complexations were found
using the thermodynamic equations andΔG ¼ ΔH � TΔS
andK ¼ e�ΔG=R [30, 31]. The rate constants of the forward
and reverse reactions of the proton transfers were calculated
by the Eyring equation [31] within the adiabatic approx-
imation (with the transmission coefficient equal to unity).

The bonding energyΔEb and BSSE for each supersystem
(complex) were estimated according to the equations [32–37]

ΔEb ¼ ESS � E
0
isoC þ E

0
LA

� �
and ΔBSSE

¼
Xn
i

Emi � E
0
mi

� �
;

with ESS as the energy of the supersystem; E
0
isoC and E

0
LA are

energies of the monomers (isoC and LA) calculated with so-
called ‘ghost’ orbitals of the other monomer, and Emi are the
energies of the individual monomers frozen in their aggregate
geometries (single-point).

The energy of the isoC-LA interaction (ΔEint) was
calculated as the difference between the energies of the
complex and isolated isoC and LA molecules. The diff-
erence between the energies of the complex and the
deformed configurations of isoC and LA in the complex
(ΔE) was found using the single-point energies of the
monomers in their aggregate configurations.

Results and discussions

Geometry of the structures in the local minima

The theoretical investigation was done with conformational
analysis of R- and S-LA looking for the most stable
conformer in a complexation with isoC. The conforma-
tional flexibility of R- and S-LAwas checked by scan of the
dihedral angles ∠H(1)O(2)C(3)C(9) and ∠H(12)O(11)C(9)
C(3) with a scan range of ±180° and step of 10°. With

respect to the C(α)–C(β) bond the most stable should be
the gauche conformation (Scheme 1).

Both methods used showed that the H atom from the C
(α)–OH group forms a weak intramolecular H-bond with
the carbonyl O atom from the carboxylic function. These
most stable conformations are shown in Fig. 1 (B3LYP/6–
31+G(d)).

The calculations at the B3LYP level predicted that the
rotation of the OH group in R-LA around O(2)C(3) has an
asymmetric curve with no other stable conformers corre-
sponding to minima. There is only one unstable form (R1)
in whose structure H(1) is most distant from O(11). This
conformation is not stable (no energy minimum) because
of structural hindrance between the H(1) atom and the CH3

group. The full rotation (at 360°) of the H(1)O(2) group
occurs with an energy barrier of about 21 kJ mol−1 (22 kJ
mol−1 predicted by HF calculations). The same rotation in
S-LA led to one more minimum corresponding to a
structure (S1), in which the atoms O(11), C(9), C(3) and O
(2) are placed almost in one plane: <O(11)C(9)C(3)O(2)
=176.1°. In the R1 conformer<O(11)C(9)C(3)O(2)=26.3°,
as the repulsion between the electron pairs of the O(11) and
O(2) is large. The full rotation of the H(1)O(2) in S-LA
requires an energy barrier of 27 kJ mol−1 (28 kJ mol−1

predicted by HF calculations). Structures R1 and S1 are
about 19 and 25 kJ mol−1, respectively, less stable than the
conformers depicted in Fig. 1.

The full rotation of the carboxylic OH group requires up
to three times more energy to occur: 68 (R-LA) and 72 kJ
mol−1 (S-LA). The energy barriers obtained by HF method
are 68 and 74 kJ mol−1, respectively. Each curve has three
minima. The deepest minimum corresponds to the most
stable conformer (shown in Fig. 1). The second minimum
is an intermediate structure denoted as R2 (S2 for S-LA).
Its energy is 54 kJ mol−1 (56 kJ mol−1 for S2) higher than
that of the most stable conformer. The third corresponds to
conformer R3 (or S3) having a 62 (72 kJ mol−1 for S3)
higher energy than the most stable conformers.

The dihedral angles H(12)O(11)C(9)C(3) in the most
stable R- and S-LA conformers (Fig. 1) are 177.6 and
176.9°, respectively. These angles are 43.4 and 53.0° in the
R2 and S2 conformers, and 26.3 and 37.0° in the structures
R3 and S3.

All initial structures for geometry optimizations of the
hydrogen-bonded complexes studied here were obtained
by circling one isocytosine tautomer around the most stable
R- or S-lactic acid conformer (Fig. 2). As a result eight,
possible H-bonded supersystems are obtained. They were

Scheme 1 Staggered conformations of R- and L-LA
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fully optimized at both theoretical levels. The B3LYP
geometries are shown in Fig. 2.

Following the H-bond-classification given in [38], the two
H-bonds in the OH–R and OH–R1 supersystems are
“medium” (Y….H 1.6–1.9 Å). However the H-bonds in the
OH–R1 supersystem are 0.206 and 0.129 Å shorter, which
can be explained by the greater affinity of the carboxylic
function to form intermolecular H-bridges. TheHartree–Fock
method predicted quite longer H-bonds, O15….H13=2.006 Å
and N1….H14=2.062 Å for the OH–R supersystem and
O15….H13=1.877 Å and N1….H14=1.875 Å for OH–R1 one.
Obviously the reason is that HF method does not take
electronic correlation into account, whereas the DFT method
more accurately renders an account of the electron density
distribution. A detailed discussion of the pyramidal character
of the amino group in the nucleobases is given in the work of
Chandra, Delchev, van Mourik et al. [39–41].

At first sight, the NH–R complex should be less stable
than the OH-one since one of the H-bonds is longer than
1.9 Å. However, the stability of the complex comes from
the next H-bond, i.e. H13….O12, which is unusually short
for this kind of H-bonding. The same H-bond in the NH–
R1 supersystem is 1.593, 0.207 Å longer. This bond is
strong (Y….H<1.6 Å) [38] and thus determines the high
stability of this supersystem.

One of the bonds in the OH–S (Fig. 2) is weak, whereas
the other is medium. Shorter intermolecular H-bonds were
calculated in the OH–S1 supersystem: H14….N1=1.675 Å
and H13….O15=1.737 Å. Unfortunately, the combination
HF/6–31+G(d) was not able to find a local minimum for
the OH–S supersystem, even when very tight convergence
criteria were applied. The predicted structure gives one
imaginary vibration with a negative vibrational eigenvalue
at −9 cm−1 and very low intensity (0.68 km mol−1).

Fig. 1 Optimized conformers of
aR-, and bS-LA (B3LYP/6–31+
G(d)) in the gas phase

Fig. 2 Optimized structures of the hydrogen-bonded supersystems composed between isocytosine tautomers and R,S-lactic acid (B3LYP)
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One of the H-bonds in the NH–S is very short, whereas
the other is longer than 2 Å. The two intermolecular H-
bonds in the NH–S1 supersystem are 0.151 and 0.256 Å
shorter than in the NH–S one. As expected, the intermo-
lecular H-bonds in the supersystems formed between the
carboxylic function of the R/L-LA and the isoC monomer
are stronger than those formed between the OH group of
R/S-LA and isoC.

In all supersystems, the carboxylic OH group lies in the
vicinity of the NH bonds of the amino group of isoC because
comparatively weak intermolecular H-bonds (∼2.6 Å) are
formed between O(24) and H(14) in the NH forms and
between O(24) and H(11) from the amino group in the OH
forms. These bonds are strong enough to overcome the
repulsion between the carboxylic OH and NH bonds. It
should be mentioned that in the supersystems the LA
conformation is changed relative to its most stable conform-
ations discussed above for free R,S–LA. In the structures of
the complexes the LA conformation is not typical for a free
molecule in the gas phase, but it is the most stable one
according to the intermolecular H-bonds that it forms.

Thermodynamic parameters of complex formations

Gorb et al. [13] have discussed the finding that the HF
calculations predicted a lower energy for the amino
hydroxo-form than for the amino oxo-form of isoC.
However, the more accurate B3LYP method gave the
reversed stability order for these isoC tautomers.

The relative energies and relative zero-point energies of
the complexes studied together with some thermodynamic
parameters of the complexation processes are listed in
Table 1.

The data from Table 1 clearly show that the supersystem
NH–R1 should be the most stable, not only because it is
formed by the shortest H-bond between the monomers. We
think that the high stability of this form may result from the

high stability of the NH monomer of isoC (this will be
discussed below). The remaining supersystems follow this
stability pattern:

OH�R1 < NH� S1 < OH� S1

< NH� S < NH�R < OH�R < OH� S:

The least stable supersystem is composed between the
OH monomer of isoC and S-lactic acid. The complexation
process of OH–S would have the lowest equilibrium
constant (largest, Table 1), which shows that the equilib-
rium between the monomers and the supersystem, in the
gas phase, is shifted toward the monomers, despite the
comparatively high steric (entropy) factor for this com-
plexation process.

Both methods showed that all complex formations are
enthalpically favored (exothermic). They are accompanied
by a considerable heat effect. Similarly to the guanine-
water and guanine-methanol complexes described in [5,
39], the entropy factor TΔSo298 of each complexation is
negative. For the supersystems formed between the OH
group of R/S-LA, it is clear that the absolute value of the
entropy factor is higher than the absolute value of the en-
thalpy. Therefore, the steric effects dominate during the
complexations. However, the complexations between car-
boxylic group and isoC are accompanied by larger energy
(enthalpy) changes than steric (entropy) alterations. These
complexations have a negative variation of the free Gibbs
energy, which means that they are thermodynamically
favored, and the equilibrium is shifted toward the super-
system. On the other hand, the values of the complexations
between the OH group of R/L-LA and isoC are positive.
However, the values are in the uncertainty interval −42 to
+42 kJ mol−1. Therefore, it remains questionable if the
complexations are thermodynamically favored or not.
These findings are in agreement with the thermodynamic
parameters of the supersystems isoC-water [13].

Table 1 Relative energies (ΔE) and relative zero-point energies (ΔE0) of the supersystems, and thermodynamic parameters of the complex
formations (kJ mol−1)

ΔE ΔE0 �Go
298 �Ho

298 T�So298
1 2 1 2 1 2 1 2 1 2

OH–R 44 40 46 40 9 17 −35 −24 −43 −43
NH–R 37 33 39 34 2 7 −41 −33 −43 −39
OH–S 54 51 56 50 19 35 −24 −16 −43 −50
NH–S 36 31 37 32 0 6 −42 −34 −42 −40
OH–R1 11 12 10 12 −24 −9 −70 −52 −46 −43
NH–R1 0a 0b 0c 0d −33 −23 −80 −67 −47 −44
OH–S1 30 30 29 30 −6 9 −51 −34 −45 −42
NH–S1 13 12 12 11 −21 −11 −67 −55 −46 −44

1: B3LYP/6–31+G(d); 2: HF/6–31+G(d)
For each column the energy
a−738.605604;
b−734.363064;
c−738.410255;
d−734.151610 a.u.
was taken as a conventional zero
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As concerns the two methods used in this work, one can
say that DFT predicted lower absolute energies and
thermodynamic parameters of the supersystems compared
to HF. The average difference between predicted energies
from DFT and HF is 11133 kJ mol−1.

In order to understand the interacting forces that hold
together the two monomers in one supersystem better, we
calculated the hydrogen-bonding energies and bonding
parameters (Table 2).

As one can see from Table 2, the NH–R1 supersystem
has the highest bonding energy, followed by the NH–S1
one. As a whole, the bonding energies and the interaction
energies of the supersystems are larger for the complexes
constituted by H-bonding between the carboxylic function
of the R/S-LA and isoC. Among them the complexes of the
NH-type are the most stable systems. Obviously, the com-
plexations with the OH-form of isoC lead to the super-
systems with lower stability.

A clear trend is observed (Table 2): lower stability
(bonding and interaction energy)–higher Δ(BSSEs) and
vice versa. The B3LYP calculations showed (Table 2) that
the most stable isoC monomer frozen in its aggregate
geometry (SP) is found within the NH–S supersystem.
According to the HF method, this monomer is available

within the OH–R supersystem. This fact clearly shows that
the high stability of the NH–R1 supersystem does not come
from the high stability of its constituting monomer.

The large difference between the ΔEint and ΔE shows
that the monomers within the supersystems are with rather
changed configurations (especially LA), far from their
equilibrium geometries (isolated monomers).

Comparing the bonding energies (Table 2) of the super-
systems and the conformational energies of R- and S-LA, it
is seen that the LA molecules can change their conforma-
tion very easily (with respect to H(1)O(2) and H(12)O(11))
to create the most favorable conditions for intermolecular
interaction. The structural analysis of the supersystems
showed that the OH functions are more flexible with
respect to creating of intermolecular H-bonds. However,
the bonding energies are not enough to reach conformers
R2, R3 and S2, S3, whereas they are adequate for reaching
the conformers R1 and S1.

A very good correlation (B3LYP) was found between
the intermolecular H-bonds H(14)….N(1) and the bonding
energies of the OH-supersystems: ΔEb=153.73(H(14)….
N(1))−330.22; r2=0.9778. The correlation between ΔEb

and H(13)….O(15) has a slightly lower correlation co-
efficient: 0.8806.

Table 2 IsoC–LA interaction energies and their components (kJ mol−1)

Emi E’

isoC LA isoC LA

1 2 1 2 1 2 1 2

OH–R 0.62 0.00b 1.63 5.20 0.00e 0.41 1.61 5.41
NH–R 0.02 2.46 6.96 13.76 0.92 3.56 7.41 14.39
OH–S 1.19 0.45 6.89 10.70 0.39 0.00f 6.80 10.82
NH–S 0.00a 2.40 7.00 12.34 0.99 3.58 7.33 12.79
OH–R1 4.18 2.41 0.00c 0.00d 3.48 1.96 0.00g 0.00h

NH–R1 3.44 4.56 10.23 9.50 4.07 5.27 10.77 9.99
OH–S1 4.22 2.35 18.56 19.22 3.66 5.31 18.76 19.19
NH–S1 3.18 4.65 20.83 23.05 3.77 2.04 21.34 23.29

ΔEb ΔEint ΔE Δ(BSSE)
1 2 1 2 1 2 1 2

OH–R −39.99 −26.76 −41.55 −31.88 −46.49 −33.31 6.49 6.55
NH–R −53.67 −45.19 −47.72 −40.19 −58.18 −50.63 4.51 5.44
OH–S −35.16 −20.91 −30.97 −20.52 −41.90 −28.42 6.74 7.50
NH–S −55.15 −45.64 −49.04 −41.71 −59.68 −51.18 4.53 5.54
OH–R1 −74.86 −69.50 −74.55 −59.21 81.42 −57.85 6.56 7.63
NH–R1 −97.21 −75.94 −84.74 73.63 −101.89 −81.90 4.68 5.97
OH–S1 −74.96 −51.52 −55.54 −40.71 −81.18 −59.03 6.22 7.51
NH–S1 −94.98 −77.26 −72.07 61.11 −99.73 −83.54 4.76 6.27

1: B3LYP/6–31+G(d); 2: HF/6–31+G(d)
The absolute energy
a−394.949587;
b−392.630699;
c−343.622408;
d−341.706518;
e−394.950455;
f−392.631826;
g−343.623770;
h−341.708124 a.u.
was taken as a conventional zero
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For the NH-supersystems, very good correlations exist
between ΔEb and H(13)….O(12) and H(14)…..O(15/16):
ΔEb=227.51(H(13)….O(12))−462.93; r2=0.9825; ΔEb=
172.41(H(14)….O(15/16))−403.51; r2=0.9876.

Without the diffuse functions in the basis set, the energies
of the supersystems are increased by about 97 kJ mol−1

according to the B3LYP optimizations and 57 kJ mol−1

according to the HF method. The use of diffuse functions
for the calculations is desirable since the basis set
superposition errors (BSSE) are known to decrease with
basis set size and are reduced by the inclusion of diffuse
functions [42, 43]. The diffuse functions allow orbitals to
occupy a larger region of space. Therefore, basis sets with
diffuse functions are important for systems where electrons

are relatively far from the atomic nucleus [44], as in our
hydrogen-bonded systems with many lone electron pairs.

Vibrational analysis of the supersystems

The calculations at the B3LYP level gave the asymmetric
NH2 stretching vibrations in the NH-and OH-isoC to be at
3678 (3840 cm−1 HF) and 3721 (3967 cm−1 HF) cm−1.
The symmetric vibrations are at 3572 (3809 cm−1 HF) and
3598 (3839 cm−1 HF) cm−1. The characteristic C=O
vibration of the NH–isoC tautomer is calculated at 1772
(1946 cm−1 HF) cm−1 (the same vibration measured
experimentally between KBr discs is at 1620 cm−1 [45]),

Table 3 Harmonic vibrational frequencies (cm−1) and their intensities (km mol−1) for the supersystems in the range over 1500 cm−1 (by the
B3LYP/6–31+G(d) resulted values)

OH–R OH–S NH–R NH–S Exp. [45] Ass

1 2 1 2 1 2 1 2

3716/93 3962/80 3716/63 3965/92 3691/51 3932/98 3694/53 3934/325 – νasNH2

3589/106 3834/85 3594/63 3837/69 3578/68 3815/83 3580/70 3816/83 – νsNH2

3445/1358 3974/955 3453/1413 3992/512 3420/838 3925/464 3424/890 3932/328 3261 νasOH
3343/338 3931/104 3388/48 3930/354 3357/286 3767/207 3361/380 3767/205 2990 νsOH
3154/13 3314/19 3144/26 3293/17 3151/12 3314/16 3148/1 3304/20 – νasCH3

LA

3142/16 3298/26 3127/26 3278/21 3131/20 3285/35 3133/22 3290/38 – νasCH3
LA

3071/14 3230/18 3055/17 3213/18 3061/21 3216/14 3061/19 3218/20 2943 νsCH3
LA

2978/28 3177/29 3118/1 3321/31 3056/18 3244/21 3052/19 3246/16 2833 νCHLA

1828/323 2021/418 1833/320 2028/431 1812/313 2000/414 1815/315 2005/423 1732 νC=OLA

– – – – 1742/773 1908/1123 1740/771 1907/1106 1620 νC=OisoC

1674/500 1820/722 1670/473 1818/718 1681/478 1834/579 1681/479 1833/576 – δNH2, ρH13

1656/65 1803/76 1652/69 1799/79 1635/119 1798/104 1634/115 1797/103 – δNH2, ρH13

1529/382 1625/357 1524/192 1618/337 – – – – – νC–NH2, δi
1518/15 1634/19 1516/12 1635/26 1521/8 1637/7 1520/6 1638/2 – δCH3

LA

1509/7 1628/19 1510/6 1631/44 1519/44 1635/25 1510/10 1629/10 – δCH3
LA

1505/221 1649/187 1503/286 1651/210 1471/267 1580/253 1469/145 1580/47 – νC–OHisoC, ρH13

150/1 397/29 142/6 386/32 177/7 396/44 165/12 394/43 – νi

OH–R1 OH–S1 NH–R1 NH–S1 Exp. [45] Ass
1 2 1 2 1 2 1 2
3722/73 3957/83 3717/72 3954/86 3711/75 3953/97 3710/77 3953/101 – νasNH2

3671/79 4065/103 3751/23 4109/62 3734/56 4101/88 3755/26 4112/60 2990 νOHLA

3601/82 3834/73 3597/83 3833/68 3591/93 3827/116 3589/96 3826/125 – νsNH2

3315/1676 3876/1094 3267/1814 3847/1211 2799/2369 3616/1005 2933/1898 3656/102 3261 νO–H13

3187/25 3380/107 3185/31 3378/27 3190/24 3386/22 3188/27 3384/23 – νC–H8

3144/15 3302/25 3140/13 3298/23 3152/17 3312/22 3142/12 3304/19 – νasCH3
LA

3135/21 3288/35 3117/24 3275/35 3138/21 3296/31 3117/23 3273/37 – νasCH3
LA

3061/16 3217/18 3049/22 3209/27 3067/15 3228/20 3050/22 3209/34 2943 νsCH3
LA

3013/24 3241/16 3038/24 3241/20 2966/36 3166/38 3023/29 3217/23 2833 νCHLA

2625/2769 3602/1391 2730/2441 3640/1236 3244/1344 3690/1144 3238/154 3691/1935 – νO/N–H14

1736/403 1947/513 1744/382 1949/499 1749/988 1945/830 1767/812 1970/798 1732 νC=OLA

1679/481 1825/547 1679/470 1824/552 1685/574 1830/692 1685/567 1830/696 – δNH2

1653/215 1801/244 1652/209 1800/241 1644/97 1770/ 139 1644/ 99 1796/ 135 – δNH2

1625/240 1785/470 1626/280 1786/499 1611/42 1795/123 1612/40 1770/127 – νC4–C5

1584/12 1664/47 1578/19 1662/85 1714/281 1889/846 1722/495 1892/951 1620 ρH14, νC=O
isoC

1520/33 1635/14 1525/63 1635/31 1522/45 1637/1 1528/55 1650/24 – δCH3
LA

153/4 147/1 148/1 140/2 160/12 145/7 159/9 144/6 – νi

1: B3LYP/6–31+G(d); 2: HF/6–31+G(d)
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whereas the OH stretching of the OH–isoC tautomer at
3689 (4061 cm−1 HF) cm−1. NH2-scissoring vibrations of
the NH- and OH-isoC tautomers were calculated at 1681
(1836 cm−1 HF) and 1669 (1820 cm−1 HF) cm−1,
respectively.

As expected, both methods predicted similar vibration
spectra of the lactic acid enantiomers. The H(1)O(2)
stretching vibration is calculated at 3749 (4061 cm−1

HF) cm−1, whereas the carboxyl OH stretching vibration in
the two enantiomers is at 3689 (4043 cm−1) cm−1. Two
bands of the asymmetric stretchings of the CH3 group were
found at 3157 and 3142 (3304 and 3291 cm−1 HF) cm−1.
The same symmetric vibrations are at 3071 (3220 cm−1

HF) cm−1. C(α)H stretchings were calculated at 2969
(3210 cm−1 HF) cm−1. The characteristic ν(C=O) was
found at 1827 cm−1 (1997 cm−1 HF), and measured at
1732 cm−1 in a liquid film [45].

Several characteristic vibrations in the range over
1500 cm−1 together with a few intermolecular stretching
vibrations (νi) are listed in Table 3.

Data from Table 3 (the values are unscaled) clearly show
that the DFT method predicts better values of the harmonic
frequencies, closer to the experimental ones. For example,
if the νasNH2 stretching in the OH–R/S supersystems is

corrected with a scale factor of 0.9613 [44] it reproduces
very well the experimental value with insignificant
difference—only 5 cm−1. The reason for this small dis-
crepancy between theory and experiment is that the exper-
imental frequencies [2] were measured for free guanine in
the gas phase. A larger difference between experimental
and corrected theoretical (scaling factor 0.8929 [44])
frequency of the νasNH2 stretching in the OH–R/S predicts
HF method: about 38 cm−1.

The OH-vibrations are observed within the interval
3300–3800 cm−1 (B3LYP) in the theoretical spectra of all
supersystems. The most characteristic intermolecular
vibrations were calculated in the low-frequency interval
130–160 cm−1 corresponding to the spatial motion of the
monomers along the intermolecular H-bonds.

The H-bonding in the NH–R/S supersystems causes a
shift of the characteristic νC=OisoC vibration (about 30
and 40 cm−1 according to B3LYP and HF calculations,
respectively) towards smaller wave numbers. Conversely,
νC=OLA is not affected by the H-bonding and the bands do
not change their positions drastically in the monomers and
supersystems.

Very large intensities (over 1000 km mol−1) are cal-
culated for vibrations along the intermolecular H-bonds

Fig. 3 Optimized transition
state structures of the of the
intermolecular proton transfers
(B3LYP). *The transition state
resulted by the HF calculations
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(νO–H13 and νO/N–H14) in the supersystems OH/NH–R1/
S1. However, in their vibrational spectra, lower frequencies
of the intermolecular motions were measured compared to
these modes in the supersystems OH/NH–R/S. Thus, the
intermolecular H-exchange between carboxylic group and
isoC should have a lower energy barrier than the H-
exchange including the OH group of R/S–LA.

Intermolecular proton transfers

Knowledge of the inter- and intramolecular proton transfer
mechanisms outlines the picture of the prototropic
processes in the nucleic acid bases and their derivatives.
It is well known that the intramolecular proton transfers in
the DNA bases (and isoC) in the gas phase have quite high
energy barriers [6, 7, 13]. These barriers undergo lowering
if other protic molecules, e.g. water [7, 13], methanol [6]
assist the proton transfer. The mechanism of the tautomeric
equilibria in isoC assisted by water molecule has been
studied in detail [13].

The structures of the transition states corresponding to
intermolecular proton transfer assisted by R,S-lactic acid,
found at the B3LYP/6–31+D(d) level, are shown in Fig. 3.

The transition state TS1 lies along the reaction coordi-
nate connecting the supersystems OH–R and NH–R (OH–
RNH–R). The structure TS2 connects the clusters OH–S

and NH–S (OH–SNH–S). The two transition states are
first-order saddle points since in the vibrational spectrum of
each, one parallel mode was calculated as an imaginary
frequency. These parallel modes describe the intermolec-
ular H-exchange.

Unfortunately, many attempts to optimize the transition
state TS3 at the B3LYP level failed. This is why we must be
satisfied with the transition state given by HF calculations.
The transition states TS3* (HF) and TS4 were found as first
order saddle points on the potential hypersurfaces of the
transformations OH–R1NH–R1 and OH–S1NH–S1.

The calculated energy barriers of the tautomeric con-
versions of isoC assisted by LA are given in Table 4.

Because it is more flexible, the carboxylic H atom is
exchanged easier than the OH hydrogen atom of R/S-LA.
The rate constants in the first case are larger than in the
second. This reflects the energy barriers of the reactions,
which are several times lower in the second case. Moreover,
the transformations OH–R1/S1NH–R1/S1 have negative
entropy factors and larger exothermicity. Comparing the
rate constants and the energy barriers, one can see that the
transformation OH–S1NH–S1 is the most favorable. In
other words, S-LA facilitates to a greater extent the proton
exchange processes in isoC.

As a whole, the energy barriers estimated here are
several times (about four) lower than those found for the

Table 4 Energies of the transition states (ETS in a.u.), energy barriers, thermodynamic parameters, and kinetic data of the intermolecular
proton transfers (kJ mol−1)

OH–R⇄NH–R OH–S⇄NH–S

1 2 1 2

ETS −738.569175 −734.310145 −738.568810 −734.308541
Eforward 51.64 99.18 42.18 92.55
Ereverse 58.60 105.47 61.04 111.72
�Go

298 −7.21 −7.85 −19.81 −26.32
�Ho

298 −6.12 −5.44 −18.13 −15.55
T�So298 1.09 2.41 1.68 10.77

K#
298; forward 6.80×10−8 8.88×10−18 2.06×10−6 4.83×10−15

K#
298; reverse 6.80×10−8 3.00×10−9 6.95×10−10 1.18×10−19

k298; forward 4.22×105 5.51×10−5 1.28×107 3.00×10−2

k298; reverse 0.19×105 0.23×10−5 4.31×103 7.32×10−7

OH–R1⇄NH–R1 OH–S1⇄NH–S1
2 1 2

ETS −734.336765 −738.590286 −734.335564
Eforward 56.62 10.38 41.80
Ereverse 69.03 27.70 60.18
�Go

298 −10.56 −15.51 −16.86
�Ho

298 −12.01 −16.09 −17.96
T�So298 −1.45 −0.58 −1.10
K#
298; forward 1.30×10−11 0.78 1.16×10−6

K#
298; reverse 1.84×10−13 1.49×10−3 1.00×10−9

k298; forward 80.73 4.84×1012 7.20×106

k298; reverse 1.14 9.25×109 7.97×103

1: B3LYP/6–31+G(d); 2: HF/6–31+G(d)
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intramolecular proton transfers in guanine and isoC in the
gas phase [6, 14].

Obviously, the rate constants and the activation equilib-
rium constants are very sensitive to the theoretical method
used. Nevertheless, the forward reactions have higher rate
constants then the reverse ones. Therefore, the NH–
supersystems should be much more favorable than the
OH– ones.

Conclusion

In this paper results are presented for the theoretical study
(B3LYP and HF with the 6–31+G(d) basis set) of the
structural, thermodynamic and vibrational parameters of
eight supersystems composed between R/S-lactic acid and
two most stable tautomeric forms of isocytosine (an
important residue in the guanine skeleton). Proton-transfer
phenomena assisted by molecules of lactic acid were also
studied. Several principal conclusions should be mentioned:

1. According to the thermodynamic data, the NH–R1
supersystem should be the most stable. The OH–S
supersystem is the least stable aggregate with the
largest, and the lowest equilibrium constant of the
complexation reaction.

2. All supersystems formed between the OH group of R/
S-LA have higher entropy factors compared to the
absolute value of the enthalpy. In other words, the
steric effects dominate during all complexations. On
the other hand, the complexations between the car-
boxylic group and isoC are accompanied by larger
energy (enthalpy) changes than steric (entropy) altera-
tions. These complexations have a negative variation
of the free Gibbs energy, which means that they are
thermodynamically favored, and the equilibrium is
shifted towards the supersystem.

3. The bonding analysis showed that the bonding
energies and the interaction energies of the super-
systems are larger for the complexes constituted
between the carboxylic function of the R/S-LA and
isoC. According to these parameters, all complexes of
the NH-type are the most stable. The complexations
with the OH-form of isoC lead to the supersystems
with lower stability.

4. The estimated energy barriers of the tautomeric
conversions showed that the intermolecular H-ex-
change between carboxylic group and isoC has several
times lower energy barriers than the H-exchange
including the OH group of R/S-LA. As a whole, the
energy barriers estimated here are several times lower
than those found for the intramolecular proton transfers
in guanine and isoC in the gas phase [6, 13, 14].
Comparing the rate constants and the energy barriers,
one can see that the transformation OH–S1NH–S1 is
the most favorable. In other words, S-LA facilitates the
proton exchange processes in isoC to a greater extent.
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