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The H-bond interaction between the tautomeric cytosine-modeling system, 2-hydroxypyridine (2HP)/2-
oxopyridine (20P), with water is investigated using matrix-isolation FT-IR spectroscopy and ab initio
calculations performed with the RHF and MP2 methods and the DFT method with the B3-LYP hybrid
functional. Equilibrium structures of six different complexes have been found in the calculations. The theoretical
results indicate that the closed-NH—0O---H—0O and G=0-:-H—0---H—N H-bonded water complexes are

the most stable systems for the 2HP and the 20P tautomers, respectively. Both closed complexes as well as
the three open complexes—®i---OH,, N--*H—OH, and G=0--‘H—OH have been identified in the
experimental spectrum. A detailed analysis of the structural, energetic and vibrational parameters for the
closed complexes has been performed. Both in the matrix (Ar) and in the gas phase, the hydroxy tautomer,
2HP, is more stable than the oxo form, 20P. An important observation is that addition of a single water
molecule shifts the tautomeric equilibrium toward the oxo 20P form, which is in agreement with the theoretical
calculations.

Introduction fluorescence excitation spectra of the mono- and disolvated

The tautomerism of 2-hydroxypyridine/2-oxopyridine has Watler tcor?hple>|<es |Of f2(t)hP. Their re_sudltst are I'V (E)rly Léseful_bto
been studied by a great variety of methods. In our previous papereva uate the level ot theory required 10 refiably describe
devoted to the study of the water-induced tautomeric shift for structural properties for hydrogen-bonded complexgs. Fyrther-
2-OH-pyrimidine and 5-Br-2-OH-pyrimidine, we have recalled M°'e: Matsuda et & recently measured the three vibrational

' b - - .
the most notable of these papers (refs-27 in ref 1). In the modes®ox, ¥nH, aNdve—o of the closed H-bonded 2-oxopyr-.
former papers of this serids® we have demonstrated that idine—H,0 system in the supersonic jet. These frequenmes will
coupling the matrix-isolation FT-IR to ab initio computational be used here to support the proposed assignment of the

methods is one of the most suitable approaches for evaluatingcogp“tc"’lte?l ItF‘; sge(c)tl['um (.)f %HP//ZZGH?O: d i h
the intrinsic tautomeric and H-bonding characteristics of poly- ontrary to the 2-OR-pynmidine/2-pyrimiaone system, where

functional bases. This approach has allowed a detailed descrip-the hydrolxy form predpmlnates in a low-temperature matrix,
tion of the tautomeric and H-bonding behavior of cytosihiés. 2-OH-pyridine oceurs in comparable amounts as the hydroxy
In some of these previous studies, only a single tautomer of and ?;cistautomer@.‘ Similarly to several cytosine deriva-
the studied base was present in low-temperature Ar mattixes, tives; the presence of the two (or more) tautomeric forms

while in other cases the presence of several tautomeric formsin compar_able amounts c_omplicates j[he spectral assignment of
was detected in the matricéé the experimental absorptions, especially when the water com-

In continuing the line of study, which has included investiga- pl?&(es .Of allfthese .tautotmlers have to bf c.onlsg.ere?r; d
tions of 2-OH-pyrimidineH,0t and 1-CH-cytosinaH,0.6 we variety of experimental measurements, including those done

1 - 7
consider in the present work the H-bond interaction of 2-OH- by UV and IR spectroscopie8, X-ray spectroscpp}, uv
pyridine and its tautomer 2-oxopyridine with water in Ar photpelelcltron spgctroscdﬁy&nd IR spectroscopy In inert-gas
matrices. In the former reports, all calculations have been matrflxes, and m(;pf;owave sbpei\(,:\}rosci)h]ﬁmﬁvg |nd|c;|:e;1 th‘;t th
performed using ab initio methods. In this work we have also € Iree energy difierénce between the nydroxy and the

. -
applied this approach, but we have also used the DFT (densitygxcl’ ZOPl forms_lsd24 keroI_ N l;avor %f thﬁ zydroxy fohrm.
functional theory method). The results of the DFT(B3-LYP)/ ¢ olar I:?o vterkl)t.? n ut(;]e traniltlonbrorrgt 54% rlg)l(ytr:O t ehoxo
6-31++G** calculations are compared with the results obtained orm (by stabilizing the oxo form Oy about ol™) throug .
from RHE/6-3H+G* and MP2//RHE/6-3H#-+G** methods a double proton-transfer procé¥€°The shift of the tautomeric

and with experimental data of matrix isolation FT-IR and of equiliprium induced by .the polar environment is usually
the gas-phase measurements. Held and/Retorted the gas- explained by the larger dipole moment of the oxo form and by

phase structures of 2GR,0 in its § and S electronic states. its ability to form stronger H-bonds with one or more solvent

Their analysis was based on the rotationally resolvee- moleculles. . .
y y oo In this work, we describe both experimental spectral and
T University of Leuven. computational results for the interaction between water and 2HP/
* University of Arizona. 20P. Both tautomers have several groups available for the

10.1021/jp0013053 CCC: $19.00 © 2000 American Chemical Society
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CHART 1: Stuctures of the Complexes Considered in This Work
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H-bonding with water. It is therefore desirable to first investigate complexed with HO. Furthermore, to allow a comparison with
all possible isomeric 1:1 H-bonded complexes with quantum- other H-bonded systems studied by high-level ab initio calcula-
mechanical calculations. Six minima on the potential energy tions and experimental matrix-isolation vibrational spectroscopy,
surfaces of the 2HP/20R,0O complexes (Chart 1) have been optimized geometries as well as IR frequencies and intensities
found in the calculations, and their relative energies have beenof all the complexes obtained in the DFT calculations have also
obtained. The theoretical results demonstrate that the closedbeen determined at the RHF level of theory. For the RHF
H-bonded complexes containing two H-bonds are the most optimized molecular structures calculations of the total energies
stable structures, which is consistent with the experimental of the complexes were performed with the MP2 method.
results. For these complexes, a detailed structural analysis and For the molecular orbital expansion we have used the

spectral assignments have been performed. 6-31++G** basis set. The choice of this basis set was based
on the consideration that, to obtain reliable properties for
Methodology hydrogen-bonded systems, it is essential to employ a basis set

Theoretical Methodology. Geometries and vibrational fre- ~ that possesses sufficient diffuseness and angular flexiBlity.
quencies of the Comp|exes were calculated using the BeckeThiS basis set has been sufficient to prediCt reliable structural
three-parameter hybrid functiodhlcombined with the Lee,  and vibrational properties for hydrogen-bonded systems in our
Yang, and Parr correlation functiorf@IThis method has been  earlier studies?
shown to produce more reliable rotational constants, geometries, The computed total energy for each system includes the zero-
and vibrational frequencies for hydrogen-bonded systems point vibrational energy (ZPE) calculated using the DFT and
involving the DNA bases than obtained with other function- MP2 methods and the harmonic approximation. The ZPE’s were
als2324 On the other hand, this does not imply that more scaled down using a scaling factor of 0.970 and 0.960,
extended ab initio methods such as MP2 or CCSD(T) would respectively. For the closed complexes, the BSSE correction
not yield even more accurate results. For instance, the shift of has also been applied in this study. The IR frequencies and
the OH stretching frequency of the H-bonded proton-donor intensities were also computed at the RHF and DFT levels of
molecule is best predicted with the DFT/B3-LYP method. theory using analytical derivative procedures implemented in
Therefore this approach was selected for the study of 2HP/20Pthe Gaussian 94 prograff.
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TABLE 1: 2-Hydroxypyridine (2HP)/2-Oxopyridine (20P) and Their H-Bonded Complexes with Water: Total Energies (au),
Relative Energies (kJmol~1), H-Bond Energies (kJmol~1), and Dipole Moments (D) Calculated with the 6-3%+G** Basis Set

2HP N+HO--H—O  HO-+HOH  O-H+OH,  N---HOH 20P CO--HO-H-N  CO-+-HO-H
E MP2 —322.5924 063-398.8418 285  -398.8340 038 -398.8301 365 -398.8282-6822.58 80084 —398.84 04982 —398.83 44747
DFT —323.5438 012-399.9945 626  —399.9851 286—399.9817 756—399.9803 038—323.54 45169 —399.99 75033 —399.99 15241
ZPE  MP2  0.0903033  0.1143840 01131869  0.1133045  0.1130859  0.09053 12 0.11456 67 0.11392 64
DFT  0.0905757  0.1150420 01135375  0.1136927  0.1134376  0.09072701  0.11509 54 0.11433 20

ET MP2 —322.5021 030—398.7274 445  —398.7208 169—398.7168 320—398.7151 748—322.49 74772 —398.72 59315 —398.72 05483
DFT —323.4532 255—-399.8795 206 —399.8715 911—-399.8680 829—399.8668 662—323.45 37899 —399.88 24079 —399.87 71921

AEd  MP2 0.00 17.40 27.86 32.21 0.00 14.13
DFT 0.00 20.82 30.03 33.22 0.00 13.69
AEC  MP2 0.00 17.40 27.86 32.21 3.97 18.10
DFT 7.58 28.40 37.61 40.80 0.00 13.69
H-bond MP2 —44.34 (-27.77Y —23.80 ~37.76 -32.83 ~52.40 (-36.11) —36.58
energy DFT —43.68 (-33.50) —18.91 —33.53 —29.67 —49.52 (-36.41) —33.83
u(D) MP2 153 2.76 1.66 5.04 6.11 4.81 3.36 5.22
DFT  1.46 2.78 1.46 5.05 6.02 4.59 3.54 5.07

2 Calculated as 0.90w; for RHF and 0.9Zhw; for DFT. P Energy difference between isomeric complexes of the same tautbErergy difference
with the most stable complefNumbers in parentheses correspond to the H-bond energy corrected with ZPE and BSSE.

: ; st g ) TABLE 2: Experimental and Computed Rotational
Finally, potential energy distributions (PED’s) have been Constants (MHz) for Closed H-Bonded Complexes of

calculated ano_l the predicte_d IR fre_quencies were scaled 102_Oxopyridine and 2-Hydroxypyridine with H ,0 Calculated
account for various systematic errors in the theoretical approach.with the 6-31++G** Basis Set

Two scaling procedures were applied. In the first applied to RHE B3-LYP

the RHF frequencies, all frequencies were scaled with a uniform — expt
scaling factor of 0.900, and in the second applied to the DFT | a&gOpyr'd'”&Hz%M 3097
frequencies, scaling was performed with a set of different scaling B 1350 1397 1394
factors (reflecting the difference in anharmonicity) depending c 1013 1034 1035
on the different types of the vibrational modes, i.e., 0.950 for mean dev 41 6
v(XH), 0.980 for the out-of-plane modes, and 0.975 for all other 2-Hydroxypyridine-H,0
modes. The use of different scaling factors for frequencies of A 4053 3991
different types of vibrational modes was proposed by other B 1357 1417
authorg27-30 C 1019 1048

Experimental Methodology. The solid compound 2-OH- 2Taken from ref 7.

pyridine with the purity of 97% was obtained from ACROS. . .

The matrix gas Ar (99.9999%) was purchased from UCAR. Ar/ stability of the four structures is the same for MP2 and B3-
H,O mixtures at variabl&//Sratios (106-500) were prepared ~ LYP methods. For the two water complexes of 20P, tke C

in a glass vacuum line. The Bruker IFS88 FT-IR instrument O:**H—O-*H—N structure is the most stable one. The difference
and the low-temperature cryogenic equipment used in the I the interaction energies beMeen the closed and open
experiments were already described in our earlier papés. ~ complexes reflects the cooperative effect of the two H-bonds
The optimal sublimation temperature for 2-OH-pyridine was I the closed complexes. This effect was analyzed previously

303 K. Annealing of the matrixes was performed at-39 K for the 2-hydroxypyrimidine-H,O complexes. Another im-
during 5-10 min. portant result emerging from the theoretical calculations is that

The OD-deuterated compound was prepared by dissolving the H-bond energies (ZPE and BSSE correctedz for the two
closed complexes are27.77 (MP2) or—33.50 kdmol~ (DFT)

the OH compound in C§DD (Aldrich, 99%) and recrystalli-
P HOD ( 0 H for 2HP—H,0 and—36.11 (MP2) or—36.41 kdmol~! (DFT)

zation under the N2 atmosphere. This was repeated four times, L X
and the OD content of the final deuterated compound was for 20P-H,0. These results indicate that 20P interacts more

+95%. The 20D-pyridine/HO/Ar matrixes were prepared Stongly with a single water m°|ecé”e than 2HP. This is
similar to the 20H-pyridine/bD/Ar matrixes. consistent with other theoretical dﬁtv_é and with 20P being
the more stable tautomer than 2HP in polar solvents due to its
larger dipole moment (4.26 D).
The difference in the relative energE, between the closed
Energetic and Structural Properties. We have theoretically  structures, N+H—0O-+--H—0 and G=0-+--H—0---H—N, is 3.97
analyzed four possible 1:1 H-bonded complexes of water with kJ-mol~ in favor of the hydroxy form at the MP2 level but
2HP and two possible complexes of water with 20P (Chart 1). 7.58 kImol~1 in favor of the oxo form at the DFT level. Similar
The total MP2/6-3%+G** and DFT(B3-LYP)/6-3H+G** discrepancies betweeXE values computed using ab initio and
energies and the H-bond interaction energies of all the isomeric DFT methods have been found for 2-thio-HP/2-thio-¢®Rnd
complexes obtained in the calculations are summarized in Tablefor cytosine or thio- and selenocytosife.
1. Table 2 collects the rotational constants calculated with
Upon analyzing the results, we first note that the interaction different methods (RHF, DFT), as well as the experimental data
energies for 2HP/20PI,0 are smaller than those obtained for when available. The mean deviations for the predicted rotational
the interaction of 2HP/20P with hydrogen chlorideyhich constants of 20PH,0 are 41 and 6 MHz for RHF and DFT/
can be explained by a stronger proton-donor character of HCI B3-LYP, respectively. It was determined that B3-LYP/6-
than of HO. 31++G** reproduces better the experimental rotational con-
Among the four isomeric complexes of 2HP, the i —O- stants than B3-LYP/S\V® and MP2/6-3%G**.38 The overall
-H—O structure (Chart 1) is the most stable one at both MP2 quality of the B3-LYP method is confirmed by the present
and DFT/B3-LYP levels of theory. Moreover, the order of comparison. In Table 3, we have collected selected structural

Results and Discussion
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TABLE 3: Selected Structural Data for Closed H-Bonded
Complexes of 2-Oxopyridine and 2-Hydroxypyridine with
H,0%

RHF B3-LYP expt
2-Oxopyridine-H,0: Oy4-Hi3++Og Bond
R(0140s) 2.828 2.722 2.77
r(O14H13) 0.953 (0.010) 0.986 (0.021)
r(O14H15) 0.942 (0.001) 0.964 (0.001)
r(C;=0s) 1.216 (0.010) 1.246 (0.014)
O (H 1301403) 23 20
[0(OgH15014) 145 150 139.6
2-Oxopyridine-H;0O: N;-H7++-O14 Bond

R(N1014) 2.974 2.839 2.86
r(N:Hv) 1.002 (0.005) 1.025 (0.012)
r(N:Cy) 1.374 (0.007) 1.400 (0.011)
O(H7N1014) 24 23
O(N1H7014) 144 145 146.2

2-Hydroxypyridine-H,O: Nj-+*H;3—014 Bond
R(N1014) 2.94 2.77
r(O14H13) 0.951 (0.008) 0.985 (0.020)
I(O14H15) 0.943 (0.000) 0.965 (0.000)
R(N:Cy) 1.313 (0.005) 1.340 (0.010)
O(NiH1:01) 136 143

2-Hydroxypyridine-H,0O: O;-Hg-+-O14 Bond
R(07014) 2.88 2.75
R(O7Hs) 0.953 (0.007) 0.987(0.016)
r(C=0) 1.326 (0.009) 1.343 (0.014)
0(O7Hg014) 163 161

aDistances are in A, and angles, in dé@Reference 7¢The
elongation of the bond length upon complexation.

properties calculated with different methods and experimental
data, if available, for the two closed complexes 230 and
2HP—H0. In the first instance, the intermolecular distances
calculated with the RHF method are much larger than those
obtained from the experiment, for both complexes. This
difference must be attributed to the electron correlation effects,
which are not accounted for in the RHF method. Furthermore,
for the 20P-H,O complex, B3-LYP vyields results in good
agreement with the available MP2 calculati&rasnd with the
experimental results. For instance, the B3-LYP/6-31G**
R(O14-0g) distance of 2.722 Ais slightly shorter than the MP2
result (2.75 A) and the experimental distance (2.77 A), while
the R(N1-014) distance is in a good agreement with both the
MP2 (2.839 versus 2.840 A, for B3-LYP and MP2, respectively)
and the experimental data (2.86 A). For 2HR,0, neither MP2

Dkhissi et al.
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Figure 1. FT-IR spectrum of an Ar-matrix doped with 2HP/20P and
H,O: (A) 2HP/20P in Ar; (B) 2HP/20P/HD in Ar; 1, new HO
absorption from the hydroxy complef, new HO absorption from
the oxo complexit, new base vibration of the hydroxy tautomer-,
new base vibration of the oxo tautomer; *, dimer of 2HP/20P.

the DFT method, and this indeed is the case. The same

observation has been made for 2HRC| and 20P-HCI

complexes? The largest changes in the-Xl bond length due

to the H-bond formation are the increase of 0.012 A (DFT) of

the Ni—H; bond in 20P-H,0 and the increase of 0.016 A (DFT)

of the G,—Hg bond for 2HP-H,0. We attribute these relatively

large changes to the cooperativity effect in the closed complexes.
Spectral Properties.2-Hydroxypyridine occurs as a hydroxy/

nor experimental data are available and a direct comparison withoxo tautomeric mixture in Ar matrixes, with a tautomerization

our results is not possible.

Both RHF and B3-LYP methods predict intermolecular
angles,[](0g—H13—014) and O(N;—H;—04y), in good agree-
ment with the experimental data (see Table 3). The H-bond
angles,[0(N;—H13—014) and0(O;—Hg—044), calculated with
RHF are similar to the angles in the closed complex of water-
2-hydroxypyrimidine but noticeably smaller than the similar
angles in the open complexes of pyridirg,0? and 4-OH-
pyridine—H,0.* Thus, the two H-bonds in the closed complex
are far from the “perfect”, linear H-bond. As for 2-hydroxy-
pyrimidine complexed with watérthe distortion from the per-

fect alignment also in this case reduces the H-bond cooperativity.

One of the most interesting structural quantities is the
elongation of the X-H bond due to the H-bonding, since this
effect is the key for a reliable interpretation €K frequency
shift) of the IR vibrational spectra of the hydrogen-bonded
complexes. The elongation of the=K bond calculated with

constantKr(oxo/hydroxy), varying from 0.36 to 0.46:3° As
a matter of fact, the IR spectrum of the matrix-isolated com-
pound is rather complicated as it exhibits intensg, vnu, and
vc—o absorptions, as well as a very rich fingerprint pattgr?.
Figure 1 illustrates the complicated FT-IR spectrum of 2HP/
20P in the presence of water in Ar. Apart from the bands
originating from free HO or from the two free tautomers of
the base, many new absorption bands are found to 46 H
induced: new bands in theg (H,O) region at 3706, 3700, 3696.
and 3690 cm?; to new, intense absorptions at 3330 and 3308
cm™1; a weak absorption at 3524 cfj close to the water trimer
band; a rather weak and narrow band at 3414 %ra weak
band at 3270 cm'; a broader band at 3210 ¢ two shifted
vc—o bands at 1694+10) and 169113) cnt%; a shifted ¢-6)
yc=o component at 769 cnd; a shifted 5) vou(2HP) mode
at 3568 crml.
This complicated spectral pattern must be related to the

RHF in this work is considerably smaller than the value obtained formation of H-bonded complexes of the two tautomers. We
with the B3-LYP functional. This result suggests that the RHF will describe the assignment of the bands separately for the 20P
Avx_y frequency shift would be smaller than that obtained with and 2HP complexes.
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20P ComplexesThe observation thaic—o shifts downward closed complex to be the more stable one, even lower in energy
andyc—o shifts upward indicates that the<®© group acts asa  than the closed structure at the=O group of the 20P form.
proton acceptor. The frequency shift of the band at 1694'cm  In view of the results obtained for 4-OH-pyridid®ne expects
(shifted by—10 cn1?) is of the same order of magnitude as the to observe a far displacety(2HP) mode for the closed ‘N

Avc—o values found for uracils H-bonded to@ in Ar.*° Since H—0---H—0 system. One component of the doublet band found
the shift ofvz is 3706— 3704 cnt! and forvPOH is 3530— at 3330/3308 cmt is a candidate for this mode, and we will
3513 cnr?! for uracils-water?® we assign thess and v*OH demonstrate that this indeed is the 3330 ¢érnand. The shift

modes for 20P-H,0 to the absorptions at 3706 and 3524¢m of —244 cmlis larger than the values ef201 and—212 cnv?t
respectively. These results indicate that an open H-bondedfor the corresponding open-@H---OH, complexes of 3-OH-
structure with HO is present in Ar. After correction for the  pyridine and 4-OH-pyridiné. This is an indication that the
decreased coupling in the bondedmoleculei! and when closed structure is present. If this is the case, the other
the calculated PA-c value of 898 kJ/mdF is used for 20P,  component at 3308 cm should be due to theboy mode of
the corrected®oy frequency (3544 cmt) yields the relative the H-bonded water in the NH—O H-bond. The corrected
AvPoy shift which correlates well in the=€0 bases diagrarfi. value of 3318 cm! yields the relative shift value of about 0.1,
The second newc—o band with a decreased frequency of Wwhich gives with PA = 897 kJ/mol a point which in the N-base
1691 cni! suggests that another, stronger complex of the 20P correlation is far above the correlation cufifélhe v'on mode
tautomer with HO is also present. The rather strong intensity observed below 3700 cm (3696-3690 cn1?) is a further
increase of this'c—o absorption indicates that the abundance indication of the presence of the closed structure. The absorption
of the oxo tautomeric form increases when the matrix 2HP/Ar at 3414 cm? is probably due to the oy mode in the open
is doped with water. This is in accordance with the theoretical N-=*H—OH structure since the corrected value (3427 &m
predictions (Table 1). Since the,@ molecule in the closed Yyields the corrected relative shift of 0.07, which perfectly fits
C=0---H—-0---H—N structure is expected to be strongly on the correlation curve for the N-bases for the literature-
perturbed?® the bands observed at 3270 and at 3210%coan calculated PA value of 897 kJ/mol. Calculation of the cooper-
be assigned to thePoy and vny modes respectively in this  ativity factor, A, for the closed structure yields the value of

structure. The first supporting argument is that they mode 1.4 for thev’on mode of bonded KD, which is again somewhat
of the closed H-bonded complex is expected to be a rather broadarger than 1.37 obtained for the:NH—0O-:*H—O heterotri-
absorption, as was the case for 2-pyrimidehO.! The mer#® The cooperativity is certainly significant between the two

frequency 3270 crrt yields a relative shift of about 0.12, which  H-bonds in the closed structure, which results in the larger shift
is situated far above the correlation curve &f/v versus for the von frequency. However, for the cyclic water trimer,
PAc—o for the G=0---H—OH systemg! The shift of —228 (H20)s, @ much larger value of 1.73 was fouffdwhich was
cm~1 for the base N-H mode is not unusual for such a strong explained by a mutual fortification caused by the extra H-bond
complex, since shifts of~-120 — —180 cnt! have been closing the cyclic trimer. In the closed H-bonded systems, such

observed for open NH---OH, complexes of uracils in At as those studied in this work, the H-bond geometry is not the
Theviony mode of this closed complex is probably contributing ideal and this reduces the H-bond cooperativity. The situation
to the absorption around 3700 ci As it is well-known, the is different when the two H-bonds occur in a more ideal, almost

H-bond cooperativity effect occurs in systems with two or more linear configuration. We have illustrated this point in our
H-bonds at the same or closely neighboring proton-donor or previous studies where we compared the closedHN-O---
proton-acceptor sited. A suitable method to evaluate the H—O complex of 2HP-H,O with the open N--H—OH water

H-bond cooperativity is to compare the frequency shifton, complexes of pyridineand 4-OH-pyriding. From the cooper-
for the bridged AH bond in A-H---A—H---B with the frequency ativity factors obtained for 2H,O complexe® and theAvoy
shift of the AH bond in the 1:1 AH---B complex*> Compari- shifts, we can estimate the shift of they in the other possible

son of the corrected shifts for the bonded water mode in the O—H-:-OH, open structure. We obtain the shift of 244/1%1
open and in the closed complex of the 20P tautomer yields a220 cnt?, or the complex frequency for the,® mode in the
cooperativityA, value of 2.57. This value indicates a substantial open G-H-:-OH, complex of 3354 cm!. In this region of the

cooperativity effect, since for the linear 1:2--B4—0---HO spectrum shown in Figure 1, one does not observe any weak,

water complexes the average ratio of the cooperativity factor new bands. No such absorptions were also found felOH-

Ay is 1.37%° H—OH. From the thermodynamic point of view, as well as from
Matsuda et af.have assigned th&op,°on, YN, andve—o the ab initio results, formation of a closed water complex is

modes for the closed 2-oxopyridingél,O complex to the  more probable than the open complexes, eitheO+-H—OH,

frequencies 3725, 3346, 3329, and 1707/1699 ¢cmespec- O—H-+-OHjy, or N-*H—OH. However, formation of the latter

tively. Comparison with the assignments proposed above two structures is possible when the base OH bond is rotated

indicates that the\1°o and Avyy values are somewhat larger away from the water molecule and points toward theam

in the matrix. This is due to the well-known effect of matrix of the pyridine ring. This is probably the reason the open N

fortification 3346 However, the assignment of théyy mode at -H—OH and G-H---OH; structures are observed in the experi-

3725 cnT! seems to be questionable, since this mode is alreadyment whereas the open+D-:*H—OH complex is not.

at 3711 cm* for the weaker water dimer and some unassigned  To find more support for the assignments of the modes of

bands are present in the region 373890 cn'in the spectrum  hoth the open and closed complexes of both tautomers with

published by Matsuda et &l. H,0, tentatively derived so far, we have recorded spectra of
2HP Complexes.The remaining new absorption bands are the matrix-isolated deuterated 2HP/20P system in water-doped

due to H-bonding between 2-hydroxypyridine angl: either Ar matrixes. These spectra are shown in Figure 2.:/dgamode

at the N atom or at the OH group of the base or simultaneously of the free, deuterated base absorbs at 2640 'cemdvyp, at

at both sites. The question again arises whether both open an®550 cnt?. This yields the ISR (isotopic ratio) values of 1.354

closed complexes of the hydroxy tautomer are present. Theand 1.351, respectively. As can be seen in Figure 2, the tau-

theoretical energy calculations shown in Table 1 predict the tomeric equilibrium is similar for the deuterated system as for
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Figure 2. FT-IR spectrum of an Ar matrix doped with 2DP/20P(D)

and HO: (A) 2DP/20P(D) in Ar; (B) 2DP/20P(D)/¥D in Ar; *, new
H,O absorptionf, new base absorption.
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Figure 3. FT-IR spectrum of an Ar matrix doped with 2HP/20P and
H.O: (A) before annealing; (B) after annealing. Note the intensity
increase of the complex absorptions, indicated &iyd a small intensity
decrease of the frem—o.
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more 20P molecules formed complexes with water. This proves
that the total amount of the oxo form is increased when more
water is complexed by the base. This could only happen if, after
formation of the N--H—0---H—0O—C complex of 2HP, a proton
transfer occurs within the H-bonded chain yielding the Hi
+*O—H---O=C complex of the 20P form. The theoretical results
listed in Table 1 support this possibility.

Comparison with Calculated Vibrational Data. For each
closed complex, only the most characteristic modes have been
analyzed by comparing with the calculated results. The results
obtained with DFT/B3-LYP and RHF methods and the experi-
mental matrix results are compared in Tables 4 and 5. The DFT/
B3-LYP method predicts much bettétoy andvion frequencies
than the RHF method. For instance, the B3-LiB4 frequency
for 2HP—H,0 of 3325 cntlis close to the experimental result

the nondeuterated analogue. After the water-doped matrixesof 3308 cnt?!, while the RHF result of 3651 cm is much

were annealed, the band at 3330@ralmost disappears in the

larger. Also, the best frequency shift of théoy mode is

spectrum of the deuterated base, which allows us to interpretobtained with the B3-LYP method. These results show that the
this band as the bonded 2HP OH mode correlated with the electron correlation plays an important role in predicting the

bonded OD mode at 2443 cry both being due to the shifted
hydroxy mode of the base in a closeetf#i—O---H(D)O struc-
ture. On the other hand, the bands at 3308 and 3270 mmain

frequency shifts due to H-bonding. On the other hand, both RHF
and DFT methods appear to provide reliable frequencies for
O(HOH). Thevoy, don, andyon vibrations are the modes most

in the spectrum of the deuterated base, which supports theirperturbed by formation of the ©-Hg---O14 H-bond in 2HP-
assignment to the H-bonded water OH stretch in the closed com-H,O, andvyu, Onn, @ndyny are most perturbed by formation

plexes. The maximum of this band is situated around 3303 cm
in the OD spectrum, which illustrates the known fact that the
---D—0 H-bond is slightly stronger than the analogeri—0O
bond#8

of the N;—H7--O14 bond in 20P-H,O. The experimental
frequency shifts of theon andvyy modes are larger due to the
cooperativity in the closed complexes, which can be explained
by a larger elongation of the OH and NH bonds in these

The complexes of the oxo tautomer of the nondeuterated basecomplexes. Here also the agreement between the DFT and
must also be observed for the deuterated base in Figure 2. Onlyexperimental results is reasonable. Fordgg anddny modes,

the closed structure €0:--H—0---D—N should induce an

both RHF and DFT predict reliable frequencies. No experimental

additional band in the deuterated spectrum. The band observediata are available for theon andyny modes. Further evidence

at 2396 cn! has an ISR value of 1.342 when correlated with
the bonded HN mode at 3210 cmt and this supports its
assignment tap... in the closed complex of the oxo tautomer.
All the bands of the closed NH—0---H—0 complexes are
much more intense than those of the openrN—0O and O-H-
-OH, complexes, which allows one to conclude that the
abundance of the closed form is larger for 2HP than for 20P.
Tautomeric Shift. Although the tautomeric equilibrium does
not dramatically shift upon addition of water to the Ar matrix,

contributing to the analysis of the H-bonding in 2HR,0 is
obtained from calculations of shifted bending and out-of-plane
OH modes equal te-27 and+157 cnt?, respectively. These
shifts are not larger than those obtained with the same
calculation method for similar modes in the 3- and 4-hydroxy-
pyridine open complexeésOne could argue that these shifts
are not in accordance with the expected larger shift values due
to the cooperativity effects. As noted in the structure analysis
presented in the previous section, the distortion from the perfect

some details in the spectra demonstrate that the equilibrium isalignment reduces the H-bond cooperativity. This effect is also

slightly shifted toward the oxo form. Figure 3 illustrates this
effect. The intensity of the freec—o mode after annealing is

present in 2-hydroxypyrimidineH,O. ! For the other modes,
one notices a slightly better prediction of the frequency shifts

about the same as the intensity before annealing, although twoby the DFT method. However, with a few exceptions, rather
C=0 complex bands appear in the latter case indicating that good predictions are also obtained with the RHF method.
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TABLE 4: Experimental (Ar Matrix) and Calculated (B3-LYP/6-31 ++G** and RHF/6-31++G**) Frequencies for H,O and
2-Hydroxypyridine in the Closed Complex Nv-*H—Q---H—0

B3-LYP? RHP
expt: v (cm™3) v(cm?) I (kmmol™?1) v(cm?) I (kmmol™1) PED? B3-LYP RHF
Water Modes
3696 (—41y! 3881 (—46) 89 4234 {35) 178 vi(OH) 85 88
3687 3810 v°(OH) 17 12
3308 (—368) 3500 -304) 1240 4057+89) 401 v°(OH) 87 80
3325 3651 Vi(OH) 11 15
1619 (-28) 1616 (-15) 100 1743+¢15) 124 O(HOH) 76 93
1576 1569
561 753 181 593 133 O(++*OH H-++) 60 73
734 534
Base Modes
3330 (-244) 3400 369) 179 3993 156) 332 v(OH) 75 90
3230 3594
1613 (+3) 1664 (+11) 111 1812¢5) 170 v(CsCs) 20 23
1622 1631 v(C,Cs) 20 18
»(CsCy) 12 12
1370 (-24) 1418 ¢-49) 111 1503427) 65 O0(OH) 39 43
1383 1353 0(CeH) 21 30
O0(C4H) 16 13
1305 (+6) 1349 (¢-19) 73 1459 ¢13) 74 v(CO) 37 40
1315 1313 »(CsCs) 15 11
R 11
O(CsH) 10
? 837 (+285) 161 7504157) 213 y(OH) 76 86
? 820 675

aFirst row: unscaled values. Second row: scaling factor 0.950-(&H), 0.980 fory, and 0.975 for other vibrational modédrirst row:
unscaled values. Second row: uniform scaling factor 0.9@hly contributions>10 are listed? Numbers between parentheses correspond to the

frequency shift.

TABLE 5: Experimental (Ar matrix) and Calculated (B3-LYP/6-31 ++G** and RHF/6-31++G**) Frequencies for H,O and
2-Oxopyridine in the Closed Complex G=0O-+*H—0---H—N

B3-LYP? RHP
expt v (cm™Y) I (kmemol™?) v(cm) I (km-mol?) PED B3-LYP RHF
Water Modes
3700 37y 3890 (-37) 79 4237 ¢32) 151 Vi(OH) 82 86
3696 3813 °(OH) 17 13
3270 (-406) 3478 -326) 902 4007+4139) 278 vo(H) 89 85
3304 3606 Vi(OH) 12 12
1614 (+23) 1619 (-18) 356 1751423) 321 O(HO H) 99 93
1579 1576
742 238 628 203 O(++*O HH:-+*) 85 81
723 565
Base Modes
3210 (-228) 3400 {-205) 113 3779+84) 264 v(NH) 84 99
3230 3401
1691 (-13) 1736 17) 552 1897 23) 894 v(CO) 39 48
1693 1707 O(NH) 17 13
’V(CzC 3) 12
1623 (+0) 1665 (+1) 32 1826 {+1) 60 v(CsCe) 35 35
1623 1643 v(CsCq) 14 17
O(CeH ) 11 11
S(NH) 11
1480 (+17) 1505 (+13) 14 1630 ¢15) 27 O(NH) 27 27
1467 1467 »(CsC o) 21 18
v(C3C 4) 14 12
O(CeH) 13 12
? 855 (+177) 118 8724146) 167 y(NH) 82 84
838 785

a—d See footnotes—d in Table 4.

Open and Closed Complexes, Base$1,0. Figure 4 shows three points are available so far and a study of more closed
the correlation between the optimal scaling factsqvth) for structures is necessary in order to obtain a more meaningful
the bonded water’o; mode and the proton affinity of the base correlation curve. For each series, the optimal scaling factor
atom involved in the H-bond. Two series of complexes are decreases with increasing proton affinity (PAvalue. This
presented, a series of open-N—O complexes and a series originates from an increase of the anharmonicity of the
of closed N:-H—0---H—X complexes. For the open complexes, H-bonded OH stretching mode with increasing H-bond strength.

a good correlation is obtained. For the closed complexes, only In the frequency calculations the harmonic approximation is used
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Figure 4. Correlation between the optimal scaling factor for the bonded
water mode o and the proton affinity value of the base atom involved
in the H-bond.

and the frequencies are scaled down to correct for the anhar-

monicity effect. For the closed complexes, larger anharmonicity
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