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The optimized geometries, energies, harmonic vibrational frequencies and natural charges of the uracil-hydrogen
peroxide (U-HP) complexes are computed using density functional theory (B3LYP) combined with the
6-31++G(d,p) basis set. Four stable structures are found on the potential energy surface. In three of these
structures labeled A, B, and C, one of the OH bonds of HP accepts the NH acidic proton while donating a
proton to the carbonyl oxygen of U, forming a six-membered ring. In structure D, the CH bond of U acts as

a proton donor, forming with the two O atoms of HP, a seven-membered ring. For all the structures, complex
formation results in an elongation of the NH, CH, and OH bonds, and a red-shift of the corresponding stretching
vibrations. For complexes A, B, and C, the binding energies span a rangegofo —37 kJ mof?, the most

stable complex being formed at the carbonyl site of U characterized by the lowest proton affinity and at the
NH bond having the largest acidity. In these complexes, the charge transfer taking place from U to HP is
moderate and ranges between 0.013 and 0.019 e. In complex D, the binding en2ggy kJ mot?) is

larger than that expected from the acidity of the CH bond and the charge transfer of 0.030 e is larger than in
the three other complexes. These features can be accounted for by a more favorable linear arrangement of the
hydrogen bonds in the seven-membered ring. Comparison of the geometrical and vibrational data for the four
stable U-H,0O complexes demonstrates thaiOHis a better proton acceptor and HP a better proton donor, in
agreement with the experimental gas-phase proton affinities and deprotonation enthapies of both molecules.
These conclusions are consistent with the relations between the elongations of the NH and OH bonds and the
shifts of the corresponding stretching vibrations.

Introduction 6-31++G(d,p) level. The results are compared with those
) _ . obtained at the same level for the-bi,O complexe$a® As

As discussed in a recent wdrkiydrogen peroxide (HP) has  ¢hown by experimental gas-phase datgOH a better proton
proven of considerable interest in several biochemical pathways-acceptor than HP, and HP is a better proton donor thedH
HP generates highly reactive radicals, which may damage |t seemed interesting to us to discuss to what extent the basicity/
biomolecules, including DNA. Different modified DNA bases acidity of these two amphoteric molecules influences the
have been identified, and it has been proven that the biOIOQicaIgeometrical, energetical, and vibrational parameters of their
effect of HP is modified by hydrogen bond formati®n. complexes.

The above considerations justify the interest of studying all
the nucleobasesHP adducts. Up to now, only the adenine ~ Computational Methods

HP interaction has been the subject of experiménsaid The structure of the BHP complexes were fully optimized
theoretical investigationsThe HP dimer has been investigated by the density three-parameter hybrid model (DFT/B3LYP)
theoretically?24Pbut despite their interest, very few studies have using the 6-3++G(d,p) basis set. It has been shé@hthat
been conducted on HP complexed with proton-donor or proton- peT and MP2 levels of theory give similar results as far as the
acceptor molecules. It must be mentioned, however, that recenlyeometrical and vibrational features are concerned. It has also
theoretical calculations have been carried out on HP complexedpeen demonstrated that B3LYP/6-8+G(d,p) method is a very
with water} hydrogen halided] and ured* reliable method for predicting the acidities of nucleob&s@s.
Because of the simple structure of uracil (U), which has several assumed conformations of these complexes, four
only two basic and two acidic sites available for hydrogen bond structures proved to be stationary points (all real frequencies)
formation, the theoretical analysis of its interaction with one or on the potential energy surface. The harmonic frequencies and
several water molecules has received a great deal of attentioninfrared intensities were calculated at the same level of theory.
during the past yeafs.In this report, our objective is to  The U-HP binding energy was calculated as the difference of
systematically analyze the interaction between U and HP. the energy of the complex and the sum of the energies of the
The optimized structures, binding energies, vibrational separated monomers. The counterpoise procedure of Boys and
spectra, and charge redistribution are calculated at the B3LYP/Bernardi® was app“ed to correct for the basis set Superposition
error (BSSE), similar to our earlier studig®P The zero-point
* Corresponding author. E-mail: therese.zeegers@chem.kuleuven.ac.bevibrational energy correction (ZPE) has also been included.
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Figure 1. B3LYP/6-314++G(d,p) optimized structures for the, B, C, andD complexes between U and HP (distances in A).

TABLE 1: Results of B3LYP/6-31++G(d,p) Geometry Optimization (Length in A, Angles in Deg) for Free U and the U-HP
Complexes A, B, C, and D

free U complexA complexB complexC complexD
N1-C2 1.3935 1.3827 1.3852 1.3964 1.3918
C2—-N3 1.3841 1.3756 1.3744 1.3858 1.3874
N3—-C4 1.4121 1.4157 1.4146 1.3998 1.4004
C6—N1 1.3767 1.3754 1.3789 1.3726 1.3758
C4—-C5 1.4594 1.4572 1.4610 1.4530 1.4530
C5=C6 1.3518 1.3527 1.3503 1.3533 1.3530
C2=07 1.2201 1.2339 1.2329 1.2181 1.2189
C4=08 1.2226 1.2200 1.2208 1.2356 1.2334
N1H11 1.0105 1.0205 1.0105 1.0108 1.0108
N3—H12 1.0141 1.0143 1.0225 1.0231 1.0144
C5—-H9 1.0811 1.0811 1.0812 1.0808 1.0823
free HP compleXA complexB complexC complexD
014-015 1.4568 1.4562 1.4566 1.4565 1.4573
014-H13 0.9712 0.9895 0.9860 0.9890 0.9871
015-H16 0.9712 0.9708 0.9705 0.9705 0.9700
[JH13014015H16 119.3 —112.2 117.1 115.2 111.7
intermolecular parameters
complexA complexB complexC complexD
O7---H13 1.831 O7--H13 1.848 08-H13 1.814 08-H13 1.803
0014H1307 150.3 [0O014H1307 150.6 J014H1308 152.4 [J014H1308 173.6
0O14--H11 2.045 0O14-H12 2.149 H12--014 2.110 0O15-H9 2.363
0ON1H11014 141.1 [ON3H12014 138.4 ON3H12014 139.1 [JC5H9015 144.3
0O7H13014 H11 9.3 [JO7H13014 H12 9.3 0J0O8H13014 H12 9.7 [JO8H13015 H9 27.6

The charges on individual atoms and orbital occupancies werebeing involved in the interaction (Figure 1). All other possible
obtained by using the natural bond population schefhall arrangements and other ring structures (of 12 total) are unstable,
calculations were performed with the Gaussian 98 pack&ge. having one or two imaginary frequencies. Selected optimized

To make an unequivocal comparison of the frequency shifts geometrical parameters are listed in Table 1. In structAes
of the corresponding modes in U and HP monomers and in their B, and C, one O atom of HP and one=€D group of U are
complexes, it was necessary to perform a rigorous normal acting as proton acceptors and one of the NH bond of U as
coordinate analysis for the investigated molecules. The non- proton donor, leading to a six-membered ring. In comglex

redudant set of 30 internal coordinates for U and 42 internal the C5H9 bond is a proton donor. We note that in this structure,
coordinates for the BHP has been derived, as recommended poth O atoms of HP are involved in the interaction, giving a

by Fogarasi and Pulay.The potential energy distribution (PED)  seven-membered ring.
has been calculated for all the molecules, according to the

procedure described in our earlier papkrs., We begin with analyzing the hydrogen bond parameters. In

complexed, B, andC, the intermolecular (GO---H distances
ranging from 1.814 to 1.848 A are markedly shorter than the
(N)H:+-O ones which comprise between 2.045 and 2.149 A.
a. Molecular Structure and Binding Energies. The opti- The OH--O angles ranging from ca. 150 to I5&re larger by
mized structureA—D are cyclic, with two hydrogen bonds ca. 10 than the NH:-O ones. As indicated by the values of

Results and Discussion
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TABLE 2: B3LYP/6-31++G(d,p) Binding Energies (kJ
mol~1), Including BSSE (EBSSH and ZPE (EBSSE<FB
Corrections for the Four Structures of the U-HP Complexes

complexA  complexB  complexC  complexD
EBSSE —43.9 —34.2 —37.3 —36.2
EBSSEZPE —37.0 —28.1 —31.0 —29.7

the O7(8)H13014H11(12) dihedral angles, which are equal to
ca. ¢, the OH13 bond of HP is sligthly out-of-plane of the U
molecule. Comple® shows a contrasting behavior. The value
of the dihedral angle O8H13015H9, which takes the value of
27.6, shows that the departure from the planar arrangment is
markedly larger for this complex. The €§O---H distance,
equal to 1.803 A, is slightly shorter than in the other structures
and in contrast with them, the GHO bond is nearly linear, as
the OH--O angle is 173.8 The (C)H:-O distance of 2.363 A

is the longest one among all the intermolecular hydrogen bonds

strength of the CH-O hydrogen bonds as compared with the
NH---O and OH--O ones. It is is worth mentioning that larger
(C)H---O distances have also been predicted in several open
complexes?® Owing to the intrinsic differences in the GHO
and CH--O distances, the seven-membered ring is preferred
over the six-membered one. In this structure, the accessibility
of the O15 atom of HP is larger than that in a six-membered
ring.
Complex formation results in an elongation of the NH
bonds by 0.0080.010 A @, B, andC) and a smaller elongation
of the CH bond by ca. 0.001AD). In all the complexes, the
C=0-+- bond is elongated by 0.0£D.014 A, the free &0
bond being sligthly contracted by-2 mA. The variations of
the distances in the U ring are small, the largest perturbations
being observed for the €N bonds involved in the formation
of the six-membered ring. Complex formation also induces an
elongation of the 014H13 bond of HP, between 0.015 and 0.018
A, and a decrease of the H13014015H16 dihedral angle.
Table 2 reports the binding energieSyg) of the U-HP
complexes including the BSSE and ZPE corrections. We must

Wysokirski et al.

at the hydrogen atom by the rest of the U moledtléhe DPE
value calculated in this way is ca. 1580 kJ miglthus larger
than the DPE of the NH bonds of U by ca. 13090 kJ mot™.

The large binding energy calculated fdmprobably results from

a more linear arrangement of the ©HD and CH--O hydrogen
bonds in the seven-ring structure. This conclusion is in good
agreement with earlier data on complexes of uracil derivatives
showing that the correlations between hydrogen bond strength
and acidity/basicity of the interacting groups depend on
intermolecular and dihedral angl¥sThe comparison with
U—H,0 complexes that will be discussed in the last section of
this paper is in good agreement with this interpretation.

b. Vibrational Spectra. The vibrational spectrum of U has
been the subject of numerous pap€r§he frequencies and
intensities of isolated U have been recently calculated at the
MP2/6-31G(d) or MP2/D95V levéic18dor by B3LYP calcula-

; , 4 'tions5t59.18¢ The vibrational spectrum of free U and the
evidenced by the present calculations. This reflects the weaker P

comparison with the experimental spectra is not the main scope
of the present work. It is, however, worth mentioning that the
frequencies calculated at the B3LYP/6-311G (d,p) levetf
differ by 10-20 cnm?! from the ones calculated in the present
work (no PED was reported in ref 5f). It must be also noticed
that the frequencies calculated by the B3LYP/6-31G(d) method
differ by ca. 40 cm? for the »(C=0) vibrations and that other
assignments are presented for th@H) vibrations® Com-
parison with experimental data on free U reveals that the scaling
factors of the frequencies are between 0.952 and 0.978 for the
in-plane modes and 0.980 for the out-of-plane mdeso
experimental data are available for the vibrational spectra of
the complexes. As can be anticipated from the-H3O
complexes? the scaling factors will probably be lower for the
U—HP complexes owing to the increase of anharmonicity
resulting from complex formation.

Table 3 reports the frequencies, intensities, and PED of
selected vibrational modes in isolated U and in the foaHP
complexes. TheC6H,vC=C, U ring modes9C6H andyC6H
vibrations undergo small perturbations upon complex formation

notice that the BSSE corrections are small and comprise betweerfi"d are not discussed hereafter. The same remark also holds

0.6 (complexA) and 1.5 (complexD) kJ molL. The results
indicate that the binding energies are relatively large, ranging
from —28.1 to —37.0 kJ mofl. We have shown in previous
works that the binding energies in the complexes formed
between U2 uracil derivatived? thymineé® and water depend
more on the acidity of the proton donor than on the basicity of

for the yC2=0 and yC4=0 vibrations, which are strongly
mixed with other modes. Inspection of the results of Table 3
shows that complex formation results in a marked change of
the nature of the vibrational modes.

We start with discussing the modes involving the NH groups.
The vNH vibrations in free U are purely localized modes but,

the proton acceptor. The highest binding energies are predictedn contrast, they are coupled with th¢014H13) vibration in

when water interacts with the O atom of the=O group
characterized by the smallest proton affinity (PA) and at the
NH site characterized by the lowest deprotonation energy (DPE).
The same qualitative trend is found for the present complexes.
The most stable compleX is formed at the NH bond having
the highest acidity (DPE 1391 kJ mof?) and at the O atom
characterized by the lowest PA (PA at the N1 side815 kJ
mol™1). StructuresB and C involve the less acidic NH bond
(DPE= 1447 kJ mot?). The different binding energies in these
two complexes can be accounted for by the smaller PA of the
O atoms (PA(O7) at the N1 side 820 kJ mot?, PA(O8) at
the N3 side= 849 kJ mot?).

Our calculations demonstrate that the binding energy in
complexD (—29.7 kJ mot?) is slightly larger than in complex
B (—28.1 kJ mot?). This result was rather unexpected in view
of the smaller acidity of the C5H bond. No experimental or
theoretical data for the DPE of the C5H bond of U are available.

complexesA, B, andC. ThevN1H vibration is red-shifted by
160 cntt in complexA and thevN3H vibration by 146 and
135 cn! in complexesB and C, respectively. Shifts of the
same order of magnitude, ranging from 115 to 183 timve
been computed for the adenine-HP complex&be intensity
changes resulting from complex formation of théNH)
vibrations are worth discussing. Table 3 indicates that the
infrared intensity of theN1H vibration markedly increases from
109 km mof? in the free U molecule to 932 km mdl in
complexA and that the infrared intensity of th&I3H vibration
increases from 69 to 880 km ndlin complexC. In both cases,
the NH and OH bonds are involved in out-of-phase stretching
v(NH...)—v(014H13) mode. This large increase of the infrared
intensity parallels a large decrease of the Raman intensity. The
scattering activity of theN1H vibration decreases indeed from
98 to 58 A amulin complexA, and that of the’N3H vibration
from 73 to 8 & amu! in complexC. In contrast with these

The DPE of this bond can nevertheless be estimated from theresults, the infrared intensity in compl8xis almost unchanged
correlation between DPE and the electrostatic potential created(53 km moit) when compared to that in free U. In this case,
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TABLE 3: Vibrational Frequencies (cm™1), Infrared Intensities (km mol ~1, First Value in Square Brackets), Raman Scattering
Activities (A4 Amu~1, Second Value in Square Brackets) and Potential Energy Distribution (PED, %) for Isolated U and HP

and for the Complexes A, B, C, and D

free U complexA complexB complexC complexD assignmerit®
3648 3488 3648 3646 3645 (78l1H — 21 vO14H)A, (L00vN;H)*
[109, 98] [932, 58] [112, 95] [111, 106] [112, 103]
3607 3605 3461 3472 3604 (68I3H — 37vO14H)C
[69, 73] [69, 73] [53, 208] [880, 8] [74, 69] (88N3H + 17 vOy4H)8B, (100vN3H)*
3263 3263 3263 3266 3252 98 :H
[1, 106] [1, 115] [1,117] [1, 106] [29, 118]
1808 1765 1767 1813 1812 (4T,=0 —14vC,=0)", (55vC,=0 +12 ON3H)E,
[640, 29] [1246, 8] [1068, 5] [710, 26] [738, 26] (A,=0)*
1775 1783 1784 1739 1740 (6€,=0 + 15vC,=0)"8, (68 vC,~0O)*
[790, 63] [316, 79] [392, 79] [820, 68] [926, 67]
1502 1521 1498 1513 1508 3B H + 25vCeN;
[97,12] [44, 31] [65, 13] [102, 13] [109, 15]
1385 1393 1439 1442 1387 (60N3H + 13vC,~=0)B:C
[38, 15] [12,17] [25, 10] [9, 13] [32,12] (40N3H + 12vCyN3 + 12 5C6H + 10 SC5HY
811 815 815 807 836 46CsH + 37 yC~=0 + 12 yCeH
[56, 0] [47, 0] [93, 0] [45, 2] [72,0]
677 671 800 819 682 (6@N3H + 37 yC,~0 + 18 yCsH)C, (86 yN3H)*
[86, 1] [30, 1] [70, 1] [169, 2] [82,1]
562 765 569 582 579 (68N1H +17 yC;=0)", (90 yN;H)*
[46, 0] [132, 2] [62, 0] [62, 0] [49, 0]
free hp
3769 3771 3775 3778 3775 10Q;sH
[11, 102] [43, 119] [38, 109] [38, 113] [31, 109]
3768 3428 3511 3425 3474 (7D1H + 21 vN;H)A, (83vOrH — 17wN3H)B
[60, 33] [146, 254] [745, 29] [97, 248] [887, 211] (6®14H + 37 ¥N3H)C, (100vOyH)*
1445 1485 1487 1492 1526 P
[0, 8] [45, 8] [42, 9] [53, 11] [28, 3]
1301 1346 1338 1341 1337 9MP
[96, 2] [84, 6] [96, 4] [89, 5] [61, 6]
945 951 950 950 943 980,4015
[1, 18] [10, 17] [5, 18] [7, 18] [3, 13]
374 251 224 232 250 90HP
[222, 1] [133, 1] [117,1] [120, 1] [154, 1]
intermolecular modes
202 196 205 198 (520-+-H13 + 357 HB ring): (O;)*B; (Og)°©
[6, 1] [2,1] [3, 1] [4, 1] (56v0g*+*H13 + 15 0C5H)°
131 112 117 79 (54014 +*H + 327 HB ring): (H11)"; (H12)B°
[17, 1] [6, 1] [7,0] [4,0] (84v0Oy5:++Ho)P

aOnly the vibrations contributing to at least 10% to the PED are included. When PED elements of the corresponding mode are similar for
several molecules, the average percent contribution is shown. Different PEDs are explicitly indicated in parentheses for each complexeat the isolat
molecule. X= the remaining molecules (complexas B, C, or D or isolated U or HP)? v = stretching,d = in-plane deformationy = out-of-
plane deformationy = torsional,z(HB ring) = torsional vibration of the hydrogen bond ring. The minus sign denotes the out-of-phase stretching

vibration.

the mode at 3461 cm, whose Raman intensity increases from
73 to 208 A amur! corresponds to the in-phase stretching mode
»(N3H...) (83)+ »(O14H13) (17). In the same complex, the
mode at 3511 cm' involving the mixing ofv(O14H13) (83)
andv(N3H) (—17) is characterized by an extremely high infrared
intensity (745 km moi?), indicating that some intensity is
borrowed from the’/N3H to thevO14H13 stretching vibrations.

A similar effect is found for the/(NH...) vibration, which is
usually very sensitive to the molecular interactions. In complex
B, this vibration is shifted to higher frequencies by more than
100 cntl. Its intensity, however, is slightly smaller than that
in free U.

In isolated U, the main components of #Hil1H andoN3H
vibrations are predicted at 1502 and 1385 ¢nrespectively.
Both components, which are also strongly mixed in the
complexes, are blue-shifted.

In isolated U, thevC5H vibration is predicted with a very
weak infrared intensity (1 km mot) at 3263 crm. In complex
D, where the C5H bond is involved in complex formation, the
vC5H vibration is red-shifted by 11 cr. Its infrared intensity
increases up to 29 km mdl This shift parallels a small
elongation of the C5H bond. This clearly indicates that the

C5H-+-O hydrogen bond involving an 3gybridized C atom
can be categorized as a conventional hydrogen bond in contrast
with the “blue-shifting” C(sp)H-+-O hydrogen bonds where the
intensity of thevCH vibration decreases upon complex forma-
tion.1> The main component of theC5H vibration is calculated

at 811 cntlin free U. In complexD, the corresponding mode
is shifted to 836 cml.

ThevC2=0 andvC4=0 vibrations in free U may be coupled
creating in-phase and out-of-phase vibratishRecent theoreti-
cal calculation®¥ have, however, shown that the high-frequency
mode at 1808 cmt has a predominantC2=0 character, and
that the low-frequency one at 1775 chpredominantly involves
thevC4=0 vibration. In agreement with these data, our calcu-
lations do not indicate any coupling between the two
C=0 stretches. The(C2=0) vibration is sligthly mixed (less
than 10%) with thevC2N3 and oN1H vibrations and the
vC4=0 vibration is coupled with theC4C5 anddN3H ones.
Interestingly, complex formation iA andB results in a mixing
of the twovC=0 stretches. This is consistent with the fact that
in both complexes, the(C2=0) vibration is shifted to lower
frequencies by ca. 40 cmy while the frequency of the
v(C4=0) vibration increases by ca. 10 ctq We must also
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TABLE 4: Natural Atomic Charges (e) Calculated at the
B3LYP/6-31++G(d,p) Level for Free U and HP and the
Four U—HP Complexes

calculated between 112 and 131 ¢nfor complexes, B, and
C. ThevO15--H9 vibration is predicted at 79 crhin complex
D. Our results indicate that larger intermolecular frequencies

atom freeU freeHP A B C D are roughly associated with shorter intermolecular distances, the
N1 —0.643 —0.641 —0.635 —0.638 —0.638 shortest ones being the O7(8H13 ones and the longest
C2 0.811 0.821 0.821 0.812 0.811 distance being the O15H9 one.
gi 7%‘2391 70(')(.36724 70'(%531570'8.755470'606.257 c. NBO Analysis. Full NBO analysis, which is more reliable
c5 ~0.388 —0.386 —0.378 —0.387 —0.391 than the Mulliken oné? has revealed interesting details on the
c6 0.040 0.047 0.036 0.051 0.049 electron density transfer in these systems. The charge transfer
07 —0.625 —0.665 —0.665 —0.613 —0.618 can be defined as the sum of atomic charges on complexed U.
SS _3'_333 _06§;711 _065.%1_0'8.32571_0'%?.’291 Table 4 contains the natural atomic charges for free U, free
H10 0.248 0251 0249 0250 0251 HP, and the four bHP complexes. Our results demonstrate
H11 0.456 0.469 0.458 0457 0.458 that most of the atoms of U loose electronic charge, resulting
H12 0.461 0463 0475 0475 0464 jn amoderate charge transfer from U to HP ranging from 0.013
H13 0493 0518 0515 0514 0511 450030 e. As in numerous hydrogen bonds, complex formation
014 —0.493 —0.534 —0.526 —0.529 —0.515 . ; 2
015 0493 —0.492 —0495 —0496 —0.522 results in an increase of the polarity of the=O... group, the C
H16 0.493 0495 0492 0492 0496 atom loosing 0.0160.013 e and the O atom gaining 0.040 e.
charge transfér 0.013 0.014 0.019 0.030 In contrast, the O atom of the nonbondee=Q group loses

0.004-0.012e, indicating decreasing electronic delocalization
in these groups. This is as expected from the small decrease of
the G=0 distances and the increase of the infrared frequencies
of the C=0 stretches which have been discussed in secdons
andb. It must be further noticed that the occupancy of the

a Charge transfer taking place from U to HP.

TABLE 5: Selected Data (Lengths and Elongations in A,
Angles in Deg, Energies in kJ mot?, Frequency Shifts in
cm?1) for the U—H,O Complexes A, B, C, and D

parametey A® B® ct D a*C=0 antibonding orbital increases by 0.638.041 e in the
ArNH... 0.0128 0.0115 0.0121 bonded G0 groups but decreases slightly, from 0.004 to 0.009
ArC=0... 0.0121 0.0114 0.0116 e in the nonbonded €0 groups’® From these data, an
ér?OévaH (1)-8411?4 8-8%28 S'gzlfo 1993 anticooperative effect of the nonbondee=O group can be

(8)+-Hu ) : : : anticipated. Our calculations show further that the hydrogen

(N)(C)H-+-Oy 1.927 1.988 1.968 2.383 X
0O7(8)H.Ou 142 6 1416 1440 157 atom of the NH proton donor group loses 0.618014 e, with
00 N(C)HOw 144.3 142.6 143.0 131 the charge on the N atom remaining almost unchanged. This
Ens -32.8 —24.5 -26.7 -17.5 may be due to electronic delocalization in the HNQ... group.
AvNH... —222 —192 —207 In contrast, in complexD, the polarity of the C5H9 group
AvC=0... —24 —27 —28 —25 ; o ;
AvOuH _193 _150 _197 increases, the C atom gaining 0.003 e and the H5 atom loosing
AVN“,ZL.".V“' —222 —192 —207 0.021 e. These data demonstrate that the variations of the charges
AvC=0... —24 —27 —28 _o5d on both atoms of the proton donor group are larger in the weaker
AvOyHy... —193 —150 —192 C5H9--0 hydrogen bond. This can be accounted for by the

fact that the C5 atom is singly bonded to the C4 and C6 carbon
atoms, restricting the delocalization in this part of the U
molecule. It is also worth mentioning that in compl&x
complex formation results in a small increase of 0.006 e of the
occupation of the*C5H9 antibonding orbital. The increase in
occupancy of the*NH orbital is much larger, 0.01:80.022 e,

a0wHw and Q, refer to OH or H involved in hydrogen bond
formation.? From ref 5b.° From ref 5g (B3LYP/6-31++G(d) calcula-
tions). TheEyg value calculated at the MP2/DZIRvel is very similar
and equal to-17.9 kJ mot*.5 9 From ref 5f.

notice that inA, the infrared intensity of the mode at 1765Tm
I(;ergt? ET; r:ntﬂe)%g?t T}’gg’%;?g 1%Utkr$1f raf:)e;sl)e \\:&E:sﬁolg 'S" which is directly correlated to the larger bond weakening.

. : - In the HP molecule, complex formation results in marked
predominantly an in-phase vibration. The reverse holds for the . L ;
scattering activities of these two modes, which are equal to 79 increase of the polarity of the O14H13 bond, with the 014 atom

and 8 & amu'l, respectively. Complexe€ and D show a gaining 0.033-0.041 e and the H13 atom loosing 0.64B025e.

contrasting behavior; the preferred interaction site is the C The marked increase of the occupancy ofdf@14H13 orbital,

O4 bond and the corresponding stretching vibration decreases""hich ranges between 0.042 and 0.035 e, parallels the large

by ca. 35 cm, the ¥(C=02) vibration being blue-shifted by red-shift and infrared intensity increase of th€®©14H13
ca 5cml vibration.

Marked perturbations are also noticed for the vibrational ~We may also notice that the amount of charge transfer is not
modes of HP. TheO14H13 vibrations are red-shifted by 257 correlated to the binding energies. The largest charge-transfer
340 cm?, and in complexe® andD, they are characterized ~Value of 0.030 e is predicted in compldx. This can be
by a strong infrared intensity enhancement. This in good accounted for by the fact that the charge transfer is spread over
agreement with the above discussion. Tdig,0, vibration both O14 and O15 atoms, which gain 0.021 and 0.029 e,
undergoes upward shifts from 35 to 80 tn The strong respectively. This conclusion is in good agreement with the fact
decrease (123150 cnt?) of the frequencies of the torsional  that the occupancy of the valence lone pairs orbitals of the O15
mode of HP is also worth mentioning. atom is the same in free U and in complexesB, andC; in

The six intermolecular modes are strongly mixed with the contrast, in compleD, this occupancy decreases by 0.006 e.
torsional vibrations of the hydrogen bond ring. The most d. Comparison With the U-H,O Complexes. Table 5
significant ones are the intermolecular stretches. The modes withcontains selected geometrical, energetical, and vibrational

predominantvO7---H13 and vO8---H13 contributions are
predicted between 196 and 205 chfor the four complexes.
The intermolecularO14--H11 andvO14---H12 vibrations are

parameters that are useful for the comparison between the
U—HP and U-H,O interactions. The four stable +H,O
complexes are the ones in which water accepts the acidic NH
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Figure 2. AvOH (cnm?) as a function ofArOH (A) for the U-HP and U-H,O complexes.
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Figure 3. AvNH (cm™?) as a function ofArOH (A) for the U-HP and U-H,O complexes.

(or CH) proton while donating a proton to the carbonyl O of groups which comprise between 0.015 and 0.018 A in the
uracil. In the four optimized structures, the hydrogen bonds form U—HP complexes and between 0.011 and 0.013 A in the

a six-membered ring.

U—H,0 complexes. Marked differences are also observed for

The differences between the geometrical and vibrational the intermolecular angles which are approximately equal in the

properties of the BHP and U-H,O complexes can be

A, B, andC complexes of U-H,0. In the U-HP complexes,

discussed as a function of the proton donor and acceptor abilitiesthe OH+-O angles are larger by at least’lthan the NH--O

of HP and HO. The experimental PAs of 4@ and HO, in the
gas phase are equal to 697 and 678 kJHand the PAs of
the OH and HGQ™ anions are equal to 1635 and 1573 kJ ol
respectively? showing that HO is a better proton acceptor and
H,O, a better proton donor. Therefore, the £#©)---HO
hydrogen bonds are expected to be stronger in theHB
complexes than in the tdH,O complexes and the reverse holds
for the NH--O hydrogen bonds. Our results are in conformity

ones. The differences are still larger in thecomplexes, with
the OH--O bond being approximately linear in the—P
complex and the deviation from the linearity being more than
20° in the U-H,O complex.

Theoretical results on the HH,0 dimer are useful for the
comparison. Calculations carried out at the MP2/6-&1d,p)
level have shown that the cyclic dimer is characterized by a
strongly asymmetrical five-membered two-hydrogen-bonded

with these expectations. The comparison of the data of Tablesstructure’® The Qy::-H(HP) and H,---O(HP) are equal to

1 and 5 reveals that, in thd, B, and C complexes, the
intermolecular @-HO distances are markedly shorter, by 0:13
0.30 A in the U-HP complexes. The reverse holds for the
NH:---O distances, which are shorter by 04216 A in the
U—H,O complexes. The difference in the intermolecular

1.910 and 2.294 A, respectively. The,®HO(HP) and
OwHuw+--O(HP) angles are equal to 148 and 1 lf'espectively.
This also illustrates the larger acidity of HP as compared with
that of H,0O.

Marked differences are also observed for the binding energies.

hydrogen bond strength is also reflected in the elongations of The binding energies are larger by 34.4 kJ mof? in the

the NH bond, which span a range of 0.668012 A in the
HP—U complexes and of 0.0£0.013 A in the U-H,O

U—HP complexed\, B, andC. Again, theD complexes show
a contrasting behavior, with the-tHP complex being more

complexes. Further, the higher acidity of the OH bond of HP is stable than the BH,O complex by 12.2 kJ mot. This can be
also demonstrated by the larger elongations of the bonded OHaccounted for by a more linear arrangement in the seven-
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membered ring. A comparison of the data of refs 5b and 1 also

indicates that the adenin@éiP complexes are more stable than
the adenine-ED ones.

Wysokirski et al.

(6) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G.Gas-Phase lon and Neutral Thermochemistty
Phys. Chem. Ref. Dat&/ol 17, Suppl. 1, 1988.

(7) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Becke, A. D.

The data reported in Tables 3 and 5 clearly indicate that the J. Chem. Phys1996 104, 1040. (c) Lee, C.; Yang, W.; Parr, R. Bhys.

frequency shifts of the OH vibrations are larger for the tHP
complexes and that the reverse holds for thiH vibrations.
We have shown in earlier works?? that the frequency shifts
of the vOH andvNH vibrations in the complexes involving
nucleobases and B are correlated to the elongations of the

corresponding bonds. These correlations can be extended to thggg

HP complexes and are illustrated in Figures 2 and 3. A least-
mean square treatment yields the following equatiaks if
cm L, Arin A)

—AV°OH = 42,484 (r = 0.9856) (1)

)

It is worth noticing that the B HP complexB is characterized
by a largerAvNH value than that predicted by eq 2. This results
from the mixing of thevOH andvNH vibrations, which are
calculated at 3511 and 3461 ck This coupling is strongly
attenuated in the YH,O complex B, owing to the larger

—AvNH = 53.8¢14™" (r = 0.9728)

Rev. B 1988 37, 785.
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