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Ab initio quantum chemical calculations were performed for the neutral and one-electron oxidized
formamidine-formamide model systems in the gas phase and in a water solution. Full geometry optimizations
without any constraints on the planarity of these complexes were carried out at the HF/6-31G* level. For the
neutral dimers, the solvent effects were modeled by explicit inclusion of four, six, and nine water molecules,
which creates the first, intermediate, and second hydration spheres around these dimers. For one-electron
oxidized systems, we have accounted for the effects of the first hydration shell water molecules. Single point
calculations were also performed at the correlated MP2/6-31G*//HF/6-31G* level. The interaction and solvation
energies were corrected for the basis set superposition error. It was shown that the relative stability of the
neutral model formamidineformamide complexes is quite opposite to that of the analogous adeumiaeil

base pairsJ. Phys. Chem. A998 102 6167): the double proton transferred FF2 dimer becomes more
stable than the zwitterionic FF3 dimer. An increase in the number of water molecules from the first to the
second hydration shell results in an overestimated stability for the FF3 zwitterionic structure. For a one-
electron oxidation process, the FPZation—radical dimer is the most stable dimer while the double-proton-
transfer process becomes the least favorable process in both the gas phase and in a water solution.

I. Introduction ab initio investigations, i.e., their complexes with one or several
water molecules and their homogeneous and heterogeneous
dimersé~1! The latter formamidineformamide dimer is an
interesting small model system to mimic the adenrittgymine

base pair owing to a similar H-bonding pattern: both of them
are stabilized by means of two relatively parallel H-bokt.

Stis also a good model to investigate one-electron oxidized
processes since the formamidiffermamide complex is smaller

Theoretical studies of the primary radiation process in DNA
are very important for understanding the phenomena of DNA
damage at a molecular level. One-electron oxidation in DNA
caused by ionizing radiation, oxidizing chemical agents, and
photoirradiation by means of endogenous photosensitizers hav
recently received both theoreticians’ and experimentalists’
considerable attentiolt® Previous studies show that the site h he biologically i deninghvmine b .
of electron trapping in a DNA model system is thymine in than the biologically important adeninéhymine base pair.

Since the formamidineformamide dimer is much smaller

single-stranded DNA and the cytosine base in double-stranded.” " . : .
DNA, while the hole localizes on guanine in both for#ts. in size than the adenirdhymine base pair, there are a few

Furthermore, the distribution of the cation radical formed as a questions concerning the _reliability of u_sing the f_orm_er model
result of such one-electron oxidation is initially a function of system on the large scale in the theoretical investigations. Thus,

the ionization potential of the bases. Subsequent proton-transfetfor example, can one account for the similar specific solvation

reactions between base pairs can alter the relative stabilities ofeffects .Of Tese two distinct systems” structural an_d energetical
the radical sites. Since the pyrimidines (thymine and cytosine) properties? How reliable are the molecular properties calculated

- b . 4 i i ?
have greater electron affinity than the purines (adenine and for th? two |solatgd systems in the gas phase* T9 answer t_hese
guanine), proton transfer from the guanine to the cytosine questions, there is still the need for direct theoretical investiga-

anion—radical gradually shifts the electron to cytosine, which tions.

accounts for the dominance of the cytosine anion in the DNA [N @ recent series of papers an ab initio quantum chemical
spectrun® Base pairing is not found to significantly affect the method at the Hartreg~ock (HF) and the correlated MP2 levels

ionization potential of adenine or thymine in the AT base pair. ©f theory with the 6-31G(d) basis set has been applied to studies
However base pairing lowers guanine’s ionization potential by of the specific solvation effects of DNA base pair interactin¥’

0.54 eV while raising cytosine’s ionization potential by 0.58 Especially it was shown that inclusion of six instead of one,
eV.3 two, or four water molecules has a crucial effect on the geometry

of the standard WatsetCrick (WC) isocytosine-cytosine
(iCC1) base pair. In the case of six water molecules, the WC
iCC1 moiety becomes strongly nonplanar while in the case of
fewer hydration shell water molecules, it deviates only slightly
from the planar conformation adopted in the gas phéaSamilar

t Jackson State University. results are also obtained for four different hydrogen-bonded WC
*Boreskov Institute of Catalysis. iCC complexes involving six water molecul&sMoreover, the
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The formamidine and formamide molecules might be con-
sidered as very simple models of DNA bases, owing to the
similarity of their functional groups to the DNA bases. Previ-
ously these models have been the subject of a large number o
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relative stability order of these and also of the three different Ill. Results and Discussion

WC adenine-uracil (WC AU) complexes changes when one . ) .

considers the full first hydration shell water molecules, and in _ !ll.1. Geometries and Relative Energies for Neutral

both cases the zwitterionic forms become the second most stable>YStems.The structures of the neutral formamidiflermamide
specieg214 model systems considered in the present study are shown in

The present study focuses on the interactions of formamidine Figyres -4, where the numbering of thg §pecific atoms is also
with formamide in the gas phase and in a water solution. defined. All of these structures are stabilized by means of two

Especially, we will compare the structures and properties of relatively parallel H-bonds. Since there is a close similarity in

the main dimer and all the possible complexes formed through}he H-pgndingd ﬁ)attern bet(\;vek:en the mptlj(el fc;)rmamieljne
the double and single proton transfer reactions. In addition, we formamide model system and the Wats@rick AU base pair,

will account for the specific solvation effects on the molecular the same tgrmlnology will b? _used to describe both SVS@F“S-
properties in question. It is achieved by an increase in the In the first dimer, the formamidine molecule acts as both a single
number of solvation water molecules from four (the first proton donor to and proton acceptor from the formamide

hydration shell) through six (the intermediate case) to nine (the molecule (Figure 1a). 'I_'his dimer chpIex i_s denotfed as FFl
first and second hydration shells). Furthermore, the structural PY @nalogy to the canonical Watseg@rick adenine-uracil AU1

b A ) )
and energetical characteristics of this neutral model system will 225€ Paif As in the case of the AU base pair, there is only
be directly compared with the larger analogous adenimacil oneway in \,Nh'Ch protons can b'e rearranged by a double-proton
(AU) base pairs calculated previously at the same level of theory. ransfer while each monomer is kept in its neutral form. The
We expect that such a direct comparison of the molecular minor tautomer of the model complex formed in this way is
properties of the model systems and AU base pairs will reveal deno.tgd "’35 FF2 (F'glge 1b). .Thle last two mo?el fcompflexes
the feasibility of using relatively small formamidiréormamide CO”_Z' eref corre_sdpon tof a S'Pg € prq(tjqn-tranfs er ro_n; orm-
dimers to mimic the H-bonding pattern in AU base pairs. Finally amide to formamidine or from formamidine to formamide via
we will consider the possibility for the formation of different formation of the so-called zwitterionic tautomers denoted as FF3

dimer complexes arising from a one-electron oxidation process @1d FF4. As in the case of an analogues AU4 structure, we
in this model system. We believe that these results obtainedVere unable to localize the FF4 complex on the potential energy

for such a model system can be useful for further systematic Surface (PES), since full optimization of the gas-phase geometry
studies of DNA base pairs. of the FF4 complex led to the formation of a more stable FF1

The paper is organized as follows. Section Il outlines the Et(i)rrr:sprleexdegica?r?sir?ge:gitiz)enis\?vﬁ] giﬁ;?ezbre:n\?ilrzer:ﬁ]hfrﬁ/vere
computational details. Section 1ll.1 presents the geometric 9 y:

structures and relative energies for the studied neutral modelztusctjggsomy for these three formamidiniormamide model
system and AU complexes in the gas phase and in a water y o ) ]
solution. In section 111.2 the basic features of the interaction _'Nne optimized bond distances, bond angles, and the major

and solvation energies are considered. Section 1.3 presents th¢lihedral angles of the studied complexes are collected in Tables
molecular properties for the one-electron oxidized formami- 1—3. Tables 4 and 5 show the energetic characteristics of these

dine—formamide dimer in the gas phase and in a water solution compltjxes obtained at the HF/6-31G* and MP2/6-31G*//HF/
modeled explicitly by four water molecules. Finally, section IV 6-31G* levels of theory. A comparison of the structural

outlines the summary and conclusions. parameters in these H-bonded systems with an analogous AU
base pair in the gas phase shows fairly good agreement between
II. Method the isolated model systems and the AU base pairs. Thus, the

largest discrepancy in the H-bond length amounts to 0.17 A

The ab initio molecular orbital calculations were performed between the FF3 and AU3 structures. The most important
using the Gaussian92 and Gaussian94 program packaigek. difference in geometry is that the N®4 bond distance is
geometry optimizations of all possible neutral and one-electron decreased (strengthened) by ca. 0.18 A when going from the
oxidized formamidine-formamide model systems in the gas FF2 complex to the FF3 structure, while it is increased
phase and in a water cluster were carried out at the HF and(weakened) by ca. 0.05 A when going from the AU2 complex
spin-restricted open-shell HF (ROHF) levels of theory respec- to the AU3 structure. In addition, the NN3 bond distance is
tively using the standard split-valence 6-31G* basis set. The decreased for both pairs when going from the double-proton
ROHF theory has been applied throughout this work for transferred complexes to the zwitterionic structures. As a result,
radical-cation dimers since the UHF calculations show large the relative stability of these isolated minor tautomers involving
spin contamination¥’ The water environment for neutral and  the formamidine-formamide dimers is reversed as compared
one-electron oxidized model systems was modeled by explicit to the AU base pairs. However, there is an interesting irregularity
inclusion of a different number of water molecules attached to in the relative stability of these model complexes and the AU
the polar exocyclic and NH groups of these complexes. We base pairs: one can expect that FF3 should be more stable than
have modeled the solvent effects using a water cluster ratherthe FF2 structure due to the significantly shorter H-bond
than attempting to use a continuous solvent treatment for reasonslistances in the FF3 complex. In fact, it is quite the opposite,
described elsewhef@18.19 and the FF3 structure is ca. 10 (5) kcal/mol less stable than the

The stability order of the model dimers are based on an FF2 structure in the gas phase at the HF/6-31G* (MP2/6-31G*//
evaluation of the total electronic energies. Furthermore, for the HF/6-31G*) levels of theory (see Tables 4 and 5). In the case
different complexes we evaluated the interaction and hydration of AU complexes, the larger stability of the isolated zwitterionic
energies which were corrected for the basis set superpositionAU3 structure over the AU2 complex can be explained by the
error (BSSE) by using the full BoysBernardi counterpoise  shortening (ca. 0.28 A) of the middle NN3 bond distance
correction schemé&. The effects of electron correlation were when going from the AU2 to the AU3 base pair. The reason
accounted for by using the second-order MeliBtesset (MP2) for the lower stability of the FF3 complex over the FF2 structure
perturbation theory with frozen-core approximations and with may be attributed to the notion that the charge separation is
single-point calculations. hardly stabilized in the FF3 zwitterionic structure while the
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TABLE 1: Geometry of the Isolated
Formamidine—Formamide Model Systems and
Adenine—Uracil Base Pairg

bond/angle FF1 AU FF2 AUZ FF3 AUZ

N6—04 3.041 3.080 2.837 2.784 2.658 2.830
N6—H, 1.004 1.000 1.864 1.800 1.050 1.021
0O4—Ha 2.040 2.085 0.974 0.985 1.609 1.809

N6—H,—04 175.2 1729 175.4 176.4 1774 1774
C6—N6—H, 119.5 120.7 125.4 129.3 1214 1223
C4—04—H, 120.9 126.4 112.6 112.6 118.0 117.6

N1—-N3 3.067 3.001 3.103 2.947 2.714 2.669
N1—H, 2.064 1.987 1.006 1.010 1.068 1.070
N3—Hj, 1.009 1.014 2117 1948 1.653 1.599

N1—Hp—N3 172.2 178.4 166.4 169.5 171.6 178.8
H—N6—H,—C6 —156.9 179.8 —176.4 179.8 180.0 179.9

aFor the notation of a specific complexes, see the te&bnd length,
A—B, in angstroms; bond angle,”8—C, and dihedral angle, AB—
C-D, in degrees. For the atom numbering, see FigureRkeference
12.

TABLE 2: Geometry of the Formamidine —Formamide
Model Systems with Four Water Molecules and
Adenine—Uracil Base Pairs with Seven Water Moleculex

bond/angle FF1 AU FF2 AUZ FF3 AUZ

N6—04 3.149 3.013 2732 2785 2772 2.871
N6—H, 1.000 0.998 1.753 1.806 1.022 1.015
04—Ha 2194 2123 0987 0.984 1.753 1.859

N6—H,—04 159.1 166.9 170.8 1729 1749 174.6
C6—N6—H, 118.3 118.8 1258 128.7 119.5 120.9
C4—-04—H, 1143 123.8 1125 1124 119.3 114.7

N1—-N3 3.228 3.020 3.202 2.944 2952 2.734
N1—H, 2.238 2.007 1.003 1.010 1.021 1.048
N3—Hj, 1.003 1.014 2229 1.942 1.935 1.687

N1—H,—N3 168.6 1759 163.2 170.9 1.73.6 176.2

aFor the notation of a specific complexes, see the fe&bnd length,
A—B, in angstroms; bond angle,”8—C, and dihedral angle, AB—
C-D, in degrees. For the atom numbering, see FigureR&ference
12.

TABLE 3: Geometry of the Formamidine —Formamide
Model Systems with Six and Nine Water moleculés

bond/angle FF1-6H,0 FF26H,0 FF36H,0 FF19H,0 FF39H,0

N6—04 3.130 2.793 2.916 3.281 2.848
N6—Ha 1.001 1.815 1.010 1.003 1.014
04—Ha 2.142 0.981 1.932 2.298 1.836
N6—H.—04 169.1 174.8 164.2 166.5 176.6
C6—N6—Ha 119.4 126.9 119.4 114.0 120.9
C4—04—Ha, 117.3 111.3 110.0 111.0 113.9
N1—-N3 3.184 3.090 2.961 3.147 2.993
N1—Hp 2.193 1.007 1.018 2.170 1.016
N3—Hp 1.005 2.119 1.948 1.005 1.991
N1—-Hp—N3 168.6 161.2 173.0 163.7 168.9

H—N6—Hp,—C6 156.0 168.1 —165.1 —134.6 174.7

aFor the notation of a specific complexes, see the fe&bnd length,
A—B, in angstroms; bond angle,”B—C, and dihedral angle, AB—
C-D, in degrees. For the atom numbering, see Figures 3 and 4.

complexes become nonplanar when one considers also the amino

Figure 1. A sketch of some formamidireformamide complexes in groups’ nonplanarity. Note that the nonplanarity is higher for

the gas phase: (a) FF1 structure, (b) FF2 structure, (c) FF3 structure, .« FF1 dimer solvated by four water molecules as compared

and (d) FF4 structure. Numbered atoms correspond to distinct atomic .

sites. H-bond distances are in angstroms. to the FF2 and FF3 complexes with four water molecules
(compare the dihedral angle-HN6—H,—C6, Table 2). The most

presence of the purine and pyrimidine rings in the zwitterionic important tendency in the H-bond distances is that they are
AU3 structure is relatively favorable for such a charge separa- marginally increased for all considered complexes when going
tion. from the gas phase to the hydrated complexes. Also there is
Inclusion of the first hydration shell has a rather strong stronger deviation from linearity for these specific H-bonds in
influence on the H-bond properties and planarity of these all hydrated complexes as compared to the isolated dimers
complexes, as in the case of the AU complexes. All these model (compare the NtH,—N3 and N6-H,—04 angles, Tables 1
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TABLE 4: Total ( E;, au), Relative Ee, kcal/mol), Interaction (Ejy, kcal/mol), and Solvation Esoy, kcal/mol) Energies
Calculated at the HF/6-31G(d) Level of Theory for the Formamidine-Formamide Model Systems and for Adenine-Uracil Base
Pairs in the Gas Phase and in a Water Solution Modeled by Explicit Inclusion of a Different Number of Water Molecules

property phase FF1 AUl FF2 AU2 FF3 AU3
—E gas 318.02674 877.00965 318.00693 876.97841 317.99132 876.98381
—Ee? 0.0 0.0 12.4 19.6 22.2 16.2
—Eint 11.6 10.2 14.3 221 136.8 128.4
—E 4H,0 622.12804 622.08623 622.11092
—Ere?® 0.0 26.2 10.7
—Eint 10.0 14.1 128.5
—Eson 24.5 14.6 38.8
—E 6H,0 774.17905 774.14670 774.16855
= 0.0 20.3 6.6
—Eint 11.1 11.8 124.9
—Eson 26.9 18.9 56.6
—E 7H,O 1409.1919 1409.1602 1409.1776
—Ee? 0.0 23.8 12.9
—Eint 10.0 21.7 126.8
—Eson 45.8 41.0 49.3
—E 9H,0 1002.2523 1002.2495
= 0.0 1.8
—Eint 9.5 125.9
—Eson 31.7 55.8

aThe lowest energy complex is taken as an internal reference in each case.

TABLE 5: Total ( E;, au), Relative Ee, kcal/mol), Interaction (Ein, kcal/mol), and Solvation Esq, kcal/mol) Energies
Calculated at the MP2/6-31G(d)/HF/6-31G(d) Level of Theory for the Formamidine-Formamide Model Systems and for
Adenine—Uracil Base Pairs in the Gas Phase and in a Water Solution Modeled by Explicit Inclusion of a Different Number of
Water Molecules

property phase FF1 AUl FF2 AU2 FF3 AU3
—E gas 318.94256 879.5607 318.92414 879.57022 318.91598 879.57760
—Eref? 0.0 0.0 11.6 16.2 16.7 11.6
—Eint 12.8 12.3 16.1 23.4 141.2 131.6
—E 4H,0 623.80139 623.75726 623.79315
—Ere?® 0.0 27.8 5.2
—Eint 10.8 15.9 131.8
—Eson 26.7 16.9 41.9
—E 6H,0 776.23049 776.19916 776.23344
—Ee? 1.9 215 0.0
—Eint 11.9 13.7 127.8
—Eson 29.3 21.7 60.3
—E 7H,O 1413.1191 1413.0873 1413.1059
—Erel? 0.0 20.0 8.3
—Eint 12.1 23.0 129.4
_Esolv 52.0 47.4 56.1
—E 9H,0 1004.8794 1004.8849
—Erel? 35 0.0
—Eint 10.4 128.8
—Esow 35.8 59.2

aThe lowest energy complex is taken as an internal reference in each case.

and 2). Note also that both the formamidirfermamide dimers Inclusion of the correlation effects at the MP2 level further
and the AU base pairs solvated by the first full hydration shell decreases these values by ca. 5 kcal/mol. By analogy with the
water molecules have displayed a similar tendency in the H-bond AU base pairg? the higher stability of the FF2H,0 structure
properties when going from the main to the rare tautomeric is due to the involvement of more favorable main tautomers as
forms. Thus, both N6O4 and N}N3 bond distances are  compared to the FF8H,0 and FF34H,0 structures.
shortened when going from the FF1 to the FF2 or the FF3 Let us compare the relative stability of the formamidine
complexes solvated by four water molecules or from the AU1 formamide dimers when one increases the number of the
to the AU2 or the AU3 base pairs solvated by seven water surrounding water molecules from four (the first hydration shell)
molecules. through six (the intermediate case) to nine (the first and second
Let us compare the relative stability of these formamieine  hydration shells). The six water molecules have been initially
formamide dimers and the AU base pairs. As is evident from attached to all H atoms, i.e., including the H atoms of theHC
the data of Tables 4 and 5, the inclusion of the first full hydration groups of the formamidine and formamide tautomers. As can
shell water molecules leads to a similar relative stability order be expected, the latter two H atoms of the-I€ groups are
for the considered formamidindormamide dimers and the AU  less attractive for an interaction with the water molecules due
base pairs. Thus, in both cases the zwitterionic structures becomeo their lower acidity. In fact, the additional two water molecules
the second most stable species after the main tautomers in wateprefer to form cyclic H-bonds with the precursor first hydration
solution. These FF3H,0 and AU37H,0 complexes lie only shell water molecules (see Figures4). In the case of nine
10.7 and 12.9 kcal/mol lower at the HF/6-31G* PES compared water molecules, the additional five water molecules were
to the FF14H,0O and AUX7H,O structures, respectively. initially attached to the O or H atoms of the first shell water
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a) b)

Figure 2. The considered formamidirdormamide complexes with four water molecules: (a)-BRLO, (b) FF24H,0, and (c) FF34H,0.
Numbered atoms correspond to distinct atomic sites. H-bond distances are in angstroms.

molecules, creating the second hydration shell around the This can also be expected since the polar environment effectively
formamidine-formamide dimers. An analysis of the data of stabilizes the zwitterionic structure due to strong-ialipole
Tables 4 and 5 shows that the energy difference between theinteractions.

main FF1 and zwitterionic FF3 forms decreases when the 1II.2. Interaction and Hydration Energies for Neutral
number of water molecules increases. Thus, the zwitterionic FF3 Systems.n line with our previous studie’®, 15 the interaction
structure lies only 10.7, 6.6, and 1.8 kcal/mol higher on the energies were estimated as the energy difference between the
PES when the number of the surrounding water molecules complex and the sum of the isolated tautomers for the considered
increases from four through six to nine at the HF/6-31G* level. formamidine-formamide complexes in the gas phase and in a
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3.184

3.130

Figure 3. The considered formamidirdormamide complexes with six water molecules: (a) 8O, (b) FF26H,0, and (c) FF3%H,O. Numbered
atoms correspond to distinct atomic sites. H-bond distances are in angstroms.

water solution and were corrected for the BSSE. For more clarity where the subscript solv stands for the water environment and

the definition of the estimated interaction energies is: A—B represents the dimer complex. In the case of a water
. environment, the first membeEg: a—s)sorv iN €q 1 corresponds

(Eindson = (Erota-slson ~ (Eota)son + (Erotgdson) (1) to a dimer with ghost atoms in the surrounding water molecules
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Figure 4. The considered formamidirdormamide complexes with
nine water molecules: (a) FFIH,O and (b) FF3H,O. Numbered

J. Phys. Chem. A, Vol. 103, No. 41, 19983823

the opposite tautomer. In the case of the isolated dimers, there
is no solv subscript. An analysis of the data listed in Tables 4
and 5 shows that the interaction energy value is highest for the
FF3 complex both in the gas phase and in a water solution.
This is not surprising, since it is due mainly to the igon
elecrostatic interactions, as in the case of the AU3 basé‘pair.

The interaction energy for the isolated FF1 dimer amounts
to 11.6 and 12.8 kcal/mol at the HF/6-31G* and MP2/6-31G*//
HF/6-31G* levels of theory, respectively. These values differ
slightly from the analogous WC AU1 base pair (the difference
is only 1.4 and 0.5 kcal/mol, respectively). The water environ-
ment has very few effects on its interaction energy both at the
HF and MP2 levels of theory. Thus, the interaction energy for
the FF1 complex decreases when the number of surrounding
water molecules increases from 11.6 kcal/mol (for the isolated
dimer) to 9.5 kcal/mol (for the dimer solvated by nine water
molecules). This is qualitatively in line with the analogous AU
base pairs, although the effect of the water environment is
smaller in the latter case of the AU base pairs (only 0.2 kcal/
mol).

The interaction energy is higher for the FF2 dimer than the
FF1 dimer both in the gas phase and in a water environment
(by up to ca. 45 kcal/mol at the HF and MP2 levels of theory).
However, a similar tendency is much more pronounced in the
case of AU base pairs: the interaction energies for the AU2
complex in the gas phase and in a water environment are approx-
imately 2 times higher than those of the AU1 base paithe
reason for this is that both H-bonds become stronger in going
from the isolated and solvated AU1 base pair to the AU2 base
pair. In the case of the isolated FF2 dimer, both H-bonds mutu-
ally compensate each other due to the opposite changes in their
H-bond distances as compared to the FF1 dimer. Only the N6
04 bond is further strengthened in a water environment, while
the changes in the NAIN3 bond distance are relatively small.

The BSSE corrected solvation energies are also calculated
as the energy differences between the complex with the water
molecules and its components the isolated dimer and water
molecules, in the same way as the interaction energies described
above. The definition of the estimated solvation energies is as
follows:

Esonv = Eiot — ((Etot,A—B)soIv + (Etot,sol\)A—B) (2)

In eq 2, Ewr and Eiorso)a—s Stand for the dimer complex
with a water environment and the surrounding water environ-
ment only with ghost atoms of the formamidinormamide
dimer. Ewia-8)sov has the same definition as in eq 1. In line
with the corresponding AU base pairs, the zwitterionic FF3 and
main FF1 dimers have the relatively highest solvation energies
among the considered structures both at the HF and correlated
MP2 levels of theory (Tables 4 and 5).

111.3. One-Electron Oxidized Formamidine —Formamide
Model Systems.The optimized structures of the one-electron
oxidized formamidine-formamide model systems considered
in the present study are shown in Figures 5 and 6, where the
numbering of the specific atoms is also defined. These structures
contain an extra positive charge and can be considered as
cation—radical complexes. According to the above terminology,
the first radical dimer which can be obtained from the precursor

atoms correspond to distinct atomic sites. H-bond distances are inneutral FF1 dimer have been denoted as(PFin accordance

angstroms.

with the experimental and theoretical data on the ionization
potentials of the individual baség,one can expect that one-

while (Ewta) OF (Ewor,s) COrresponds to a first or second tautomer electron oxidation should result in the formation of a positively
with ghost atoms both in the surrounding water molecules and charged adenine (formamidine) fragment as compared to the
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a)

3.747

Figure 5. The considered one-electron oxidized formamidifmamide complexes in the gas phase: (a) PElb) FF2Y, (c) FF3P, and (d)
FF4%. Numbered atoms correspond to distinct atomic sites. H-bond distances are in angstroms.

thymine or uracil (formamide) fragment. Thus, the sum of the N6—04 bond distances for the FF1 and FF2") cation—
atomic charges calculated using Mulliken definition amounts radicals). When going from the isolated to the solvatedPF1
to 0.9e¢ on the formamidine fragment of the one-electron cation—radical dimer, one can find that the N®4 bond is
oxidized formamidine-formamide complex, while the rest of  also further weakened, though it is much stronger than that in
the extra charge is redistributed over the other formamide the neutral FF#4H,O dimer. Similar changes in the geometrical
fragment and over the surrounding water molecules around theparameters of the H-bonds have been observed for the other
dimer complex. For this reason one can assume that the protorsolvated catiorradical dimers, except for the solvated P4
transfer reaction should occur easily from formamidine to cation—radical dimer, for which these H-bonds are slightly
formamide? For these reasons the obtained dimer was denotedstrengthened.

as FF4); however, the neutral parent FF4 dimer does not exist.  Let us compare the relative stability of these catioadical

A dimer complex denoted as FE2can be obtained from the  dimers. According to ref 4, the minimum energy catioadical
FF1™ cation—radical through a double proton-transfer reaction. corresponds to the single proton transferred®raimer in the
These three isolated catiomadical dimers were considered by gas phase at the B3LYP and MP2 levels of theory while the

Bertran et al. at the B3LYP and MP2 levels of thebkjowever, FF1™ cation—radical dimer has only been predicted at the MP2
there is also the possibility for the formation of a catioadical level. We have localized all these catioradical dimers at the

dimer denoted as FE3, which formally can be obtained from  HF/6-31G* level and found that there is another lower energy
the precursor neutral FF3 dimer or from the FFlation— FF3™" cation-radical dimer both in the gas phase and in a water

radical through the H atom abstraction from formamide to solution. Thus, it lies 13.6 and 12.2 kcal/mol lower than the
formamidine. Consequently, the interactions with a water FF4™) dimer on the gas phase PES at the HF/6-31G* and MP2/

environment were studied for all these formamidifiermamide 6-31G*//HF/6-31G* levels of theory, respectively. Accordingly,

cation—radical model systems by explicit inclusion of the first a double proton transferred FF2 cation-radical dimer is

hydration shell of four water molecules. energetically the least favorable among these considered struc-
The optimized bond distances, bond angles, and the majortures.

dihedral angles of the studied catieradical complexes are Inclusion of hydration has a strong effect on the stability order

collected in Table 6. Table 7 shows the energetic characteristicsof these catiorradical dimers. In this case, the RPication—

of these catiorrradical complexes obtained at the HF/6-31G* radical dimer solvated by four water molecules becomes the
and MP2/6-31G*//HF/6-31G* levels of theory. A comparison second most favorable structure after the solvated single proton
of the structural parameters in these H-bonded catradical transferred FF3) cation-radical dimer. Overall, the stability
dimers show that all H-bond distances except for-XB} of order of these structures in a water environment can be expressed
FF1™) and N:N3 of FFZ") become larger as compared to as follows:

analogous neutral dimers in the gas phase. Thus, the)rFd

FF2%) cation-radical dimers can be stabilized through the FF3"-4H,0 > FF1"-4H,0 > FF4"-4H,0 >

strengthening of one of their H-bonds while the other H-bond 4

is substantially weakened (Table 6, compare the-N3 and FFZ “4H,0 (3)
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Figure 6. The considered one-electron oxidized formamidif@mamide complexes with four water molecules: (a) PHH,0O, (b) FFZH-
4H,0, (c) FF3"-4H,0, and (d) FF4).4H,0. Numbered atoms correspond to distinct atomic sites. H-bond distances are in angstroms.

Interaction energies have been estimated in a similar way as It should be emphasized that the one-electron oxidized
described above, taking into account the respective asymptotesation—-radical formamidine-formamide dimers display an
for the formamidine and formamide derivatives, i.e., the close- opposite relative stability order than that predicted for the neutral
shell or open-shell states for the fragments of one-electron model systems in the gas phase. In this case, the hydrogen atom
oxidized cation-radical dimers. The water environment has very abstraction and single proton-transfer reactions become more
few effects on these interaction energies both at the HF/6-31G* feasible compared to the double proton transfer reaction. This
and MP2/6-31G*//HF/6-31G* levels of theory. As usual, at a might be very important since the existence of certain “rare”
correlated level they are larger as compared to the HF predic-tautomeric forms of DNA bases can increase the possibility of
tions. mispairings, leading to spontaneous point mutations. Moreover,
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TABLE 6: Geometry of the Isolated One-Electron Oxidized Formamidine-Formamide Model Systems and Their Complexes

with Four Water Molecules?

Zhanpeisov and Leszczynski

bond/angle FF1H) FF2H) FF3™ FF4™)
N6—04 2.592 (2.789) 4.394 (3.273) 2.948 (3.041) 2.811 (2.754)
N6—Ha 1.064 (1.020) 3.710 (2.437) 1.008 (1.004) 1.831 (1.767)
04-H, 1.536 (1.798) 0.951 (0.953) 1.954 (2.055) 0.980 (0.987)
N6—H.—04 170.6 (163.1) 131.1 (146.3) 168.0 (166.9) 179.3 (179.4)
C6-N6—H, 120.5 (122.4) 94.7 (121.1) 122.3 (121.8) 124.1 (124.3)
C4—04—H, 138.9 (125.8) 111.9 (110.7) 131.2 (114.8) 116.8 (116.2)
N1—-N3 3.747 (4.767) 2.837 (2.916) 3.220 (3.292) 2.995 (2.957)
N1—Hp 2.883 (4.060) 1.038 (1.023) 1.005 (1.002) 1.984 (1.945)
N3—Hp 0.998 (0.996) 1.801 (1.905) 2.227 (2.333) 1.017 (1.019)
N1—Hs—N3 145.3 (130.7) 175. 2 (169.1) 169.1 (160.0) 171.8 (172.1)
H—N6—H,—C6 180.0 (177.0) -131.6 (-131.1) 178.1 (174.0) —180.0 (-179.8)

2 For the notation of a specific complexes, see the teBbnd length, A-B, in angstroms; bond angle,88—C, and dihedral angle, AB—
C-D, in degrees. For the atom numbering, see Figures 5 and 6.

TABLE 7: Total ( E;, au), Relative €, kcal/mol),

Interaction (Ein, kcal/mol), and Solvation Eson, kcal/mol)
Energies Calculated at the HF/6-31G(d) and MP2/6-31G(d)//
HF/6-31G(d) (in parenthesis) Levels of Theory for the
One-Electron Oxidized Formamidine—Formamide Model
Systems in the Gas Phase and in a Water Solution Modeled
by Explicit Inclusion of Four Water Molecules?
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