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The H-bond interaction of the cytosine model compound 2-hydroxypyrimidine and its 5-bromo derivative
with water is investigated using the combined matrix-isolation FT-IR and theoretficalitio method. As
predicted by theb initio calculations, both compounds occur dominantly in the hydroxy tautomeric forms.
The estimatedr(h/o0) values are 60 and 184, respectively. When water is added to the Ar matrix, a noticeable
shift of the tautomeric equilibrium towards the oxo form is observed. The theoretical results indicate that the
closed N:*H—O(H)-*H—0 and G=0:---H—O(H):-*H—N H-bonded water complexes are the most stable
systems for the hydroxy and the oxo tautomers, respectively. The experimental spectra are consistent with
this prediction, but additional structures, such as an opefHN-OH complex of the hydroxy tautomer, are

also identified. The frequency shift of the stretching mode of doubly H-bonded water in the two closed
complexes is larger, and the ratio between the calculated and measured frequencies smaller than expected
from the correlation established before for open, singly H-bonded complexes involving similar molecules.
Although some cooperativity exists between the two H bonds in each of the closed complexes, this effect is
limited because the geometrical structures of both H bonds are noticeably perturbed from the perfect alignment
due to the cyclic arrangement of the complex. A possible mechanism of the proton transfer process leading
from the hydroxy to the oxo tautomeric form is discussed in terms of proton tunneling and in relation to
recent literature data.

Introduction to 2-hydroxypyridine and 4-hydroxypyrimidine, which also have
In the former papers of this series, hydrogen bonding of the the OH group vicinal to the ring nitrogen atom, these compounds

cytosine model molecules pyridine/pyrimidihé-aminopyri- occur predominantly as the hydroxy tautomers irf Athe pres-

dine/4-amionopyrimidin@, 3-hydroxypyridine/4-hydroxypyri- ence of two or more tautomeric forms in comparable amounts,

dine3 1-methyl-2-pyrimidone, and 1,9,9-trimethylcytosineth as for 2-hydroxypyridin&™ or for cytosine derivative&;*3
water in Ar matrices has been described based on resultscomplicates the spectral assignment of the experimental absorp-
obtained using a combined IR experimental aaidl initio tions, because water complexes of all these tautomers have to
theoretical approach. This was a preliminary step in the be considered. . o
investigation aimed at characterization of the H-bond interaction = Some interesting studies on 2-hydroxypyridine, its water
of the biologically more important cytosines and isocytosines complexes,_and the water-enhanced tautomeric process in this
with water in isolated conditions. For all the model compounds compound in both the ground and the electronically excited
mentioned above, only a single tautomeric form is present in states have recently appeatédt* Also a number of theoretical -
Ar matrices. In the following step, the combined experimental and experimental studies on proton-transfer processes occurring
andab initio results allowed us to interpret the matrix FT-IR  along intra- and intermolecular H bonds in 2-hydroxypyridine
spectra of 1-methylcytosine in water-doped Ar matritedle and its water complexes in the ground and electronically and
assigned the spectral features obtained for this system asvibrationally excited states have been published recéfitfy.
originating from two different H-bonded water complexes of In particular, Sobolewslet al. calculated the barrier height for
the amine-oxo tautomer, and one water complex of the imino ~ the proton-transfer process in 2HPM in the ground and the
oxo (E) tautomer. electronically excited state using the CASSCF and CAS&3 2
Following the 1-methylcytosinewater study, in the present  initio methodg®2” This work is particularly relevant to the
work we describe the H-bond interaction of 2-hydroxypyrimi- present study.
dine (2HPM) and 5-bromo-2-hydroxypyrimidine (5B2HPM) and In the present work we demonstrate that the relative concen-
their oxo tautomers, 2-pyrimidone (20PM) and 5-bromo-2- tration of the hydroxy and oxo tautomers of 2HPM and
pyrimidone (5B20PM), with water in Ar matrices. Contrary 5B2HPM changes noticeably upon doping the isolating matrix
with water. Such a solvent-assisted tautomeric transition from
» Corresponding authors. the hydroxy to the oxo form by a double proton-transfer process
N 82:&22:3 8; "&fi‘;‘(’;’;- has been suggested to occur in matrices by formation of self-
s Senior Research Associate of the Belgian National Fund for Scientific @SSociates and their rearrangement involving internal hydrogen
Research. transfers® The shift of the tautomeric equilibrium induced by
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TABLE 1: Total (au) and Relative (kJ-mol~1) Energies of the Hydroxy and Oxo Tautomers of 2-Hydroxypyrimidine and the
5-Halogeno Derivatives Calculated with the 6-3++G** Basis Set or the BBS Basis Sét

X=H X =BrP X=Cl X=F

method hydroxy 0X0 hydroxy 0X0 hydroxy 0X0 hydroxy 0Xx0
SCF —337.5874643—337.5820415—2909.3516372—2909.3434037—796.4817159—796.4731843—436.4329028—436.4229334
MP2» —338.6131794—338.6063259 2910.6275222—2910.6178818—797.6324585—797.6225754—437.6236118—437.6116968
PP 0.0883348 0.0882529 0.06989013 0.06985296 0.07046946  0.07043562  0.07165755  0.07159896
total —338.5248446—338.5180735—2910.557632 —2910.548028 —747.561989 —747.5521398—437.5519543—437.5400978
AEL4 0.00 17.79 0.00 25.22 0.00 25.86 0.00 31.13
u (D) 3.07 6.82 181 5.46 1.72 5.29 1.78 5.26
Kr(298.15 K} 1308 26350 33914 284201

a Geometries optimized at the SCF/6-3:G** or BBS level of theory (X is the substituent at the @osition).? Only valence correlation is
considered® Calculated as 0Phv;. ¢ Energy difference between tautomers of one compo#irdRT In Ky =~ DET. ' BBS basis set used (see text).

environment is usually explained by the difference in the SCHEME 1
dipole—dipole or dipole-induced dipole interactions of the
tautomers with the solvent molecules. The dominance of the
oxo tautomer in the polar environment is thus explained by its
larger dipole-dipole interaction with solvent molecules than
for the hydroxy tautomer. This interaction shifts the tautomeric
equilibrium from the hydroxy form to the oxo form. This is
also the reason why 2HPM occurs as the oxo tautomer in the
crystalline state and in polar solvei#s? but as the hydroxy
tautomer in the gas phase and in Ar matri¢®s.

Theab initio assisted analysis of the FT-IR spectra of 2HPM
and 5B2HPM in water-doped matrices presented in this work
provides an insight into the H-bond properties of hydroxy
tautomers of heterocyclic compounds with the OH group vicinal
to the nitrogen atom in the pyrimidine ring. In particular, the
present results will allow in the future investigations to  Br8
discriminate between the H-bonded complexes formed by the

hydroxy and oxo tautomers of cytosine derivatives. w
H11

Methodology F

Experimental Method. A detailed description of the 010
experimental method used here has been presented else- )
where31:32 Optimal sublimation temperatures were 55 and 75 d
°C for 2HPM and 5B2HPM, respectively, at the Ar deposition
rate of 5 mmol/h. Similar to all our earlier studies on water

complexes in A&~5 the water-to-base ratio varying between
1:1 and 5:1 was used. The latter ratio ensures an excess amount

of the 1:1 complex species to be present in the matrix with only ,,/ ' y
weak spectral manifestations of higher-stoichiometry complexes. e
2HPM was obtained from 2HPMICI, purchased from //

Janssen Chimica, by using the neutralization method described
by Hunt33 In a modified method of Wheeléf,used to prepare
5B2HPM, the parent base 2HPM was dissolved in the solution
of 80 vol % acetic acid and 20 vol % acetic acid anhydride, Br®
and bromine was added slowly during refluxation. The Ly
precipitate was filtered and washed with acetic acid, and the
compound was recrystallized from ethanol. The purity of both with an additional polarization function taken from Huzinaga
synthesized compounds was checked with NMR, mass spec-et al,3® and this basis set is further referred to as the “BBS”
trometry, and IR spectroscopy in KBr dispersion, and they were basis set. In all the calculations, the d-shells had six Cartesian
found to be>99% pure. Twice-distilled water was used for compounds. The IR frequencies and intensities and the zero-
the water-doped samples, while Ar gas (99.9949%) from Air point vibrational energy (ZPE) were computed at the SCF level
Liquide was used in all experiments. of theory using the analytical derivative procedure incorporated
Theoretical Method. Optimized geometries of the hydroxy in the Gaussian 92 prograt. Following these calculations,
and oxo tautomers of 2HPM, 5F2HPM (5-fluoro-2-hydroxy- the total energies of the tautomers were calculated at the
pyrimidine), and 5C2HPM (5-chloro-2-hydroxypyrimidine) were  MP2+0.9ZPE level using the same basis set (the Mgliesset
determined at the SCF/6-31G** level of theory. Inthe case  second-order energy was calculated with the SCF/6-8G**
of 5B2HPM, the standard 6-31+G** basis set was used for  optimal geometry; MP2/6-3t+G**//SCF/6-31++G**). Cal-
H, C, N, and O atoms, while for the Br atom the double zeta culated frequencies were scaled down by the single factor 0.90
basis set from Ahlricif8 with the contraction scheme (14s11p5d)/ to approximately correct for vibrational anharmonicity, as well
[8s6p2d] was used. The Ahlrichs basis for Br was augmented as for the overestimation of the force constants at the SCF level.

/////
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TABLE 2: Experimental (Ar Matrix) and Calculated (SCF/6-31 ++G**) IR Spectral Data for 2-Hydroxypyrimidine

experimental calculated

v(em?d)  12(kmemol™) v (cm™) | (kmemol) PEDF
35913588 151 3742 151 v(OH) (100)
3075 1 3062 5 »(CsH) (92)
3050 2.5 3024 22 v(CeH) (75) + v(CaH) (23)
3015 35 3019 12 v(C4H) (73) + v(CeH) (20)
1591 112 1627 292 v(CsCe) (21) + v(CoN3) (17) + v(CeN1) (19) + »(N3Cy) (13) + 6(CeH) (12)
1573 105 1614 289 ¥(C4Cs) (24) + v(N1Cy) (21) + v(N3Cs) (12) + 6(C4H) (11)
14701467 111 1464 244 1(C,0) (19)+ 6(C4H) (15) + O(CsH) (14) + v(C2Na) (12)
14351433 255 1450 261 8(CsH) (21) + 6(CsH) (20) + 1(C0) (12)+ v(N1Cy) (11)
1353 86 1342 12 ¥(C20) (26)+ 6(C4H) (22) + 8(CeH) (15) + v(N3Ca) (13) + ¥(N1Cg) (11) + Ors (11)
13331325 142 1324 78 O(OH) (32)+ 6(C4H) (30) + 5(CeH) (28)
12101197 144 1185 130 O(OH) (48)+ 6(CeH) (12)
1168 60 1139 20 0(CsH) (32) + v(CeNy) (26) + v(N3Cy) (25) + v(N1Cp) (10) + v(C2Ns) (10)
1090 11 1062 0.3 1(CsCs) (40) + v(CaCs) (20) + 6(CeH) (12) + 6(C4H) (10)
1080 21 1043 29 v(C4Cs) (35) + O(CsH) (21) + v(N1Cp) (19) + v(CsCs) (15)
1023 17 1019 0 y(C4H) (64) + y(CeH) (43)

d 1006 0.02 7(CeH) (54) + y(C4H) (33) + y(CsH) (27)

995 5 987 1 Or1 (54) + v(C2N3) (10)

871 42 870 16 »(C;0) (26)+ ¥(CaN3) (20) + Orae (19) + v(N1Co) (17)

808 69 818 57 7(C20) (55)+ 7r1 (48)

793 11 794 38 y(CsH) (77)

641 17 632 7 Or2 (67)+ Or3 (17)

572 3 584 1 Ors (61) + Or2 (16) + v(C0) (14)

536 52 534 18 7r1 (38) + y(OH) (26)+ y(C.0) (24)+ 1r2 (14)

504501 193 493 120 y(OH) (73)+ y(C,0) (11)

453 6 448 19 0(C;0) (80)

405 30 415 1 7R3 (107)

e 199 5 TR2 (87)

2 Experimental intensities normalized to the calculated value of n(OH) (15nkin). ® Uniform scaling factor 0.9C: Only contributions=10%
are listed;v designates stretching, in-plane bendingy out-of-plane deformation and torsion; subscript R= ring mode.? Too weak to be
observed® Situated below studied regior (400 cnt?). f Total intensity of band pair (main band of pair in italics).

The same procedure was also applied to the H-bonded com-

around 1730 cmt for monomeric nucleic bases and their

plexes with water. In determining the H-bond energies, the basisanalogs’ 10133239 |f the oxo tautomer is present in the sample,

set superposition error (BSSE) was corrected by recalculating

the ve—o mode is usually very intense. Our assignment of the

the monomer energies in the basis set of the heterodimerweak bands in the 3568400 and 17781700 cnT? regions

(counterpoise correction). Detailed arguments for the use of
the above approach have been described eéarlier.

Results and Discussion

2HPM and 5B2HPM. Table 1 summarizes the theoretical
results obtained for the hydroxy oxo tautomerism in 2HPM
and 5B2HPM. For sake of comparison, calculations have also
been performed for the 5F and the 5CI derivatives. The results
clearly demonstrate that the hydroxy form (Scheme 1, 5B2HPM)

is by far the most stable tautomer in each case, with the energy

difference to the less stable oxo form increasing with increasing
electronegativity of the halogen substituent at the ring C
position. These results are consistent wih initio and
experimental data for cytosines and 5-X-cytosines, which exhibit
the same trend:i.e,, the hydroxy form is stablized by an
electron-withdrawing halogen atom at the ring @sition38
The (Ar) matrix IR spectrum of 2HPM has already been

described several times in the literature, but its spectrum was

analyzed by comparison with CNDO and lower legél initio
(SCF/3-21G) results on# The experimental and theoretical
vibrational data for the hydroxy form obtained in this work are
summarized in Table 2. The theoretical results for the oxo
tautomer are summarized in Table 3. From the experimental
FT-IR spectrum (Figure 1), it is evident that the hydroxy
tautomeric form is highly predominant in Ar, in agreement with
the earlier investigatiorfs. This is manifested by the observation
of an intense, splittedoy absorption at 3591 cm, while there
are only some very weak bands in the- (3500-3400 cn1?)

and thevc—o region (1776-1700 cntl). The latter feature is
characteristic for the oxo tautomer and is normally located

in the oxo tautomer is tentative. It is also possible that these
bands may be due to impurities in the sample. Provided that
our assignment is correct, we can use the combination of the
experimental an@b initio calculated intensities of the charac-
teristic voq and ve=o modes to estimate the value of the
tautomerization constaitr(h/0),1%-12 but due to the very small
experimental intensity of thec—o band(s), only the order of
magnitude of its value can be obtained in the present case. Table
4 summarizes these experimera(h/o) estimations. Taking
into account the earlier reported value-6800 by Lapinskiet
al.,d which was obtained by taking into account only the main
vc=0 component of the experimental Fermi-resonance multiplet,
and a rather large estimated theoretical intensity ratio of the
C=0, and OH vibrations of 10.0, the value #60 obtained

for 2HPM in this work is not in conflict with the earlier results.
We may therefore conclude that 2HPM occurs in the gas phase
and in matrices predominantly as the hydroxy tautomer, in
agreement with thab initio data listed in Table 1. As far as
the assignment of the experimental spectrum of the 2HPM
monomer is concerned, except for a very weal mode and
one ring torsion situated below the studied region, all funda-
mentals of 2HPM are rather easily assigned by comparison with

the theoretical data. The mean frequency deviali6it—v"|

(the voy mode has been omitted because of its larger anhar-
monicity®) for the assignment is 13.6 crh which is the usual
level of accuracy obtained for cytosine analogs using the SCF/
6-31++G** level of theory™®> However, the deviations
between experimental and predicted intensities are larger than
observed for most other cytosine-modeling molecules studied
so far.
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TABLE 3: Calculated (SCF/6-31++G**) IR Spectral Data for 2-Pyrimidone

calculated
v (cm) I (km-mol™?) PED?

3484 78 v(NH) (100)
3076 12 »(CsH) (88) + v(CeH) (11)
3048 3 v(CeH) (89) + v(CsH) (11)
2996 27 v(C4H) (99)
1762 1097 »(C:0) (77)
1665 155 v(N3Cy) (36) + 1(CsCs) (27)
1563 296 v(CsCe) (21) + v(N3Cs) (18) + 6(NH) (16) + v(CaCs) (11)
1456 35 v(CeNy) (24) + O(NH) (18) + 6(CsH) (15) + 6(CsH) (13) + »(NsCa) (13)
1410 46 O(C4H) (23) S(NH) (17) 4+ 3(CeH) (17) + v(CaCs) (13) + S(CsH) (12)
1353 48 O(C4H) (41+ O(NH) (17) + v(N3Cy) (14) + 6(CsH) (12)
1178 53 O(CeH) (39) + v(CeNy) (23) + S(NH) (14) + 1(CsCs) (11)
1154 21 v(N1Cp) (29) + v(C2Ns) (28) + 6(C4H) (14) + 6(CsH) (11)
1088 13 O(CsH) (33) + v(CeNy) (26) + ¥(CsCs) (23)
1011 0.03 7(C4H) (84) + y(CeH) (22)

990 0.02 y(CeH) (72) + y(CsH) (25) + y(CaH) (17)

985 25 Or1(72) + v(C4Cs) (11)

974 10 v(C4Cs) (55) + Or1 (18)

817 11 v(CaN3) (45) + v(N1C5) (30)

799 87 7(C20) (80)+ 7r1(19)

755 46 y(CsH) (76) + y(CeH) (12)

656 58 y(NH) (85) + 7r1 (19)

614 1 Or2 (60) + Or3 (13)

557 7 Or3 (66) + Or2 (19)

483 2 5(C,0) (68)

473 40 Tr1 (45) + Tr2 (24) + y(NH) (18) + y(C;0) (16)

382 1 7R3 (106)

134 1 TrR2 (86) + TR1 (19)

aSee Table 2, footnotasandc.
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Figure 1. FT-IR spectrum of 2-hydroxypyrimidine isolated in Ar at 12 K.

Figure 2 illustrates the FT-TR spectrum of 5BHPM in Ar.
Again it is obvious that the hydroxy tautomer is highly
predominant for this compound, since mgy band is observed
(region 3506-3400 cnt?) and only a very weak band is found
in thevc—o region around 1732 cm. Multiplying the intensity
ratio of the strongron band (3590 cm?') and the weakrc—o
band by the inverse ratio of the theoeretically predicted
intensities, an estimatd¢i(h/o) value of 184 is obtained (Table

AEr, where the energy difference between the oxo and hydroxy
tautomers,AEr, is taken from the theoretical calculations.
Interestingly, for 1-CH3-cytosirteand 1-CH-adening® much
smaller differences between predicted and experimeial
values were observed. We will comment on the unusually large
difference between the experimental and theoretiGavalue
of 2HPM and 5BHPM in the Discussion Session.

Table 5 lists the experimental frequencies and intensities of

4). As can be seen by comparing the data in Table 4 with the the predominant hydroxy tautomer 5B2HPM in comparison with
data in Table 1, there is a dramatical difference between thethe ab initio predicted spectral parameters. Again, the assign-

experimentally estimate&+(h/0) values and their predicted
values obtained from the approximate relationRT In Ky =

ment can be performed for almost all the fundamentals, and
the mean frequency deviation is 14.3¢ntwon mode omitted).
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TABLE 4: Experimental Estimation of the Lower Limit water (Scheme 2) is the most stable 1:1 complex for both
Kr(h/o) Value for 2-Hydroxypyrimidine (2HPM) = systems (Table 6). The H bond energies calculated at the MP2/
2-Pyrimidone (20PM) and 5-Bromo-2-hydroxypyrimidine 6-31++G**//SCF/6-31++G** level of theory, corrected for

5B2HPM) == 5-B -2-pyrimid 5B20PM
( ) romo-2-pyrimidone ( ) the BSSE, are 49 and 60 kJ/mblfor 2HPM and 20PM,

band pair respectively. These values manifest a strong H-bonding as-
vn(cm™?) vo (cm™?) A(vn)IA(vo)  a(vo)la(vn)?  Kr(h/o) sociation in both complexes. As a matter of fact, the H-bond
2HPM=20PM interaction energies for the:NH—0O---HO complex of 2HPM
Vo 8233 vco 853831719/1713) 18{-;82 7%33 13680 can be compared with the values obtained earlier at the same
VOH vYco . . i _ . _ fidi
litoraturd? 20,5 100 265 level of theory for the singly H-bonded-NHO H. pyrlmldlne
SBOHPM = 5B20PM water complex and the ©H---OH, 4-hydroxypyridine-water
von (3590) veo (1732) 26.3 70 184 complex, the interaction energies being 18 and 25 kJ/iol

T g respectively. The difference in the interaction energies of the
2 Theoretical intensities taken from Tables 2 (2HPM) and 3 (ggPM) singly- and doubly H-bonded complexes indicates that H-bond
or from Table 5 (5B2HPM), wittac—o (5B20PM)= 1209 kmmol™". cooperativity definitely exists between the two H-bonds in the
Only the main»(CO) component has been taken into accétint. closed 1:1 complex. This point is discussed further. Another
¢ Crudely estimated theoretical intensity raffo. . ’ plex. . P o S
important result emerging from tted initio calculations is that
the energy difference between the 2HPM and 20PM tautomers

Similar to the observation made for 2HPM, some rather large drops by half from 18 kJ/mot in the free base (Table 1) to 9
deviations between experimental and predicted intensities arekd/mol* in the complex with water.
noted. The experimental FT-IR spectra of 2HPM and 5B2HPM
2HPM/H ,O/Ar and 2B2HPM/H ,O/Ar. In view of the close isolated in water-doped Ar matrices (Figures 3 and 4) exhibit a
similarity between 2HPM and 5B2HPM, the spectral results for series of important spectral effects induced by complexation
the two molecules will be presented together, whikeinitio with water. For both compounds, an intensity decrease of the
results are only discussed for the nonsubstituted compound. bands assigned to the fundamental OH mode is observed
The hydroxy tautomer has three basic sites: the two (especially after annealing). These modes inclugieat 3591
heterocyclic nitrogen atoms and the oxygen atom of the OH cm™?, don at 1333 and 1210 cm, andyon at 504 cntt (2HPM/
group. On the other hand, the only proton-donor site available H2O/Ar). On the other hand, thec—o absorption bands, at
is the hydrogen atom of the OH group. If the tautomeric 1713/1703/1679 cmt for 2HPM and at 1716/1665 cm for
equilibrium is shifted from the hydroxy form toward the oxo 5B2HPM, which were very weak in the monomer spectrum,
form in the presence of water, two additional H-bond interaction show a clear intensity increase. This observation indicates that
sites of the oxo tautomer.e., the basic =0 group and the the tautomeric equilibrium position is noticeably shifted due to
acidic N\—H group, should also be taken into account. The H»O doping of the matrix. A similar effect, although less
proton affinity (PA) of 2-pyrimidone was estimated to be 870 pronounced, was observed for 2-hydroxypyridine and for
kJ'mol~141 Although ref 41 does not mention if this value 4-hydroxypyrimidin€?® Apart from this important observation,
refers to the nitrogen atom or to the,€0 site, it was the appearance of the following bands due to the formation of
demonstrated that both sites have very similar calculated PAthe water complex in the high-frequency region in the 2HPM
values in 2-pyridoné? case should be mentioned:e. new v{y,0) bands at 3702
The ab initio geometry optimizations performed for com- 3700 and 3693 cnt, and new bands at 3463/3455, 3410, 3380,
plexes of 2HPM and 20PM with a water molecule indicate that 3330, and 3260 cmi. For 5B2HPM, similar new'y,0 bands
the closed structure with two H bonds between the base andat 3701 and 3694 cm, and new absorptions at 3463/3452,

1 : . : . ;
T

1 B 1 L 1 L ) L 1 1

I
3600 3200 1600 1200 8oo — P (enl

Figure 2. FT-IR spectrum of 5-bromo-2-hydroxypyrimidine isolated in Ar at 12 K.
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TABLE 5: Experimental (Ar Matrix) and Calculated (SCF/BBS) IR Spectral Data for 5-Bromo-2-hydroxypyrimidine

experimental calculated
v (cm?) 12 (km-mol™?) P (cm™) I (km-mol™?) PEDF
3590 172 3741 172 »(OH) (100)
3057 5 3041 4 »(CsH) (99)
3050 3038 5 v(C4H) (99)
15791574 116 1625 261 v(CeN1) (23) + v(N3Cs) (19) + v(CsCs) (16) + v(C2N3) (13)
1563 93 1604 212 v(N1C2) (23) + v(C4Cs) (21) + v(C2Ny) (14)
14451433 358 1463 628 v(C20) (30)+ »(N1C5) (17) + v»(C2Ns) (13)
1386 63 1385 49 v(NaCs) (23) + v(CeNy1) (18) + 6(CeH) (11) + »(C4Cs) (13)
1331 69 1347 22 ¥(C20) (28)+ 6(C4H) (21) + v(CeNy) (13) + 1(NaCs) (13) + 5(CeH) (13)
1311 28 1319 78 O(CeH) (32) + 6(C4H) (34) + 6(OH) (28)
12091203 86 1181 141 O(OH) (48)+ v(CeNy) (19) + v(NsCy) (14)
1122 17 1114 16 1(CsCs) (32) + ¥(CaCs) (25) + v(CsBr) (12) + (CqH) (12)
1139 50 1063 42 v(N1Cy) (28) + v(C2N3) (23) + 1(C4Cs) (22) + v(CsCe) (13)
1014 10 1011 20 Or1 (56) + v(C:Ns) (13)
1004 6 1005 0 ¥(C4H) (59) + y(CsH) (48)
969 3 973 6 ¥(CeH) (57) + y(C4H) (45)
870 6 871 1 v(C20) (23)+ ¥(CaN3) (20) + Ore (17) + v(N1Co) (17)
797 24 813 54 7(C20) (56)+ 7r1 (49)
660 14 648 11 Or2 (46) + v(CsBr) (15) + »(C;0) (12)
646 13 642 13 Ors (46) + Or2 (24)
524 18 525 23 y(OH) (34)+ 7r1 (33) + y(C20) (20)
495 77 489 118 y(OH) (66)+ y(C20) (13)+ 7r1 (12)
460 17 459 20 0(C0) (71)
413 8 415 1 Tr2 (79) + Tr3 (28)
e 297 1 ]/(C5BI’) (69) + tr1 (14)
e 294 0 v(CsBr) (60) + Ors (20)
e 210 2 O(CsBr) (86)
e 104 0 TR3 (58) + Tr2 (19) + )/(CsBI') (22)

a Experimental intensities normalized to the calculated valug(©H) (172 kmmol™2). ¢ See Table 2¢ Tentative assignmentSee Table 2.

TABLE 6: Ab Initio 6-31++G** Calculated Energy Components (au), Total Energy and Basis Set Superposition Error
Corrected Interaction Energies (kJ-mol~t) for Closed 1:1 H-Bonded Complexes of 2-Hydroxypyrimidine and 2-Pyrimidone with
H,02

method 2-hydroxypyrimidine-water 2-pyrimidone -water
SCF —413.6326378 —413.6304866
MP22 —414.8611222 —414.8576779
ZPE 0.1034240 0.1034172
total —414.7576982 —414.7542607
AE® 0.00 9.03
dipole moment (D) 4.54 5.17
SCF+ ZPE —413.5292138 —413.5270694
MP2+ ZPE —414.7576982 —414.7542607

SCF (base with ghose water orbitals)
MP2 (base with ghost water orbitals)

—337.5834830
—338.6058765

—337.5899888
—338.6132562

SCF (water with ghost base orbitals) —76.0322399 —76.0320153
MP2 (water with ghost base orbitals) —76.2349850 —76.2344931
H-bond energy (SCH- ZPE) —51.40 —59.79
H-bond energy (MP2+- ZPE) —55.43 —64.18
H-bond energy (SCF/BSSE ZPE) —42.32 —54.15
H-bond energy (MP2/BSSE ZPE) —48.81 —60.24

a Calculations performed with molecular structures optimized at the SCH6&-&E* level. ® Only valence correlation is considerédCalculated
as 0. hv;. 9 Energy difference between isomeric complexes.
3391, 3380, 3320 and 3255 ciare found. We will describe  pyridine, pyrimidine, and 1-Ck2-oxopyrimidine at 3400, 3468,
the assignment of these bands separately. and 3458/3449 cmi, respectivelyv* The frequency of this

Hydroxy Tautomer. Since the hydroxy form is the most mode in 2HPM is similar to its frequency in pyrimidine, but is
abundant tautomer in the matrix experiment, it can be expectedconsiderably larger than that in pyridine, which is consistent
that most of the new absorptions originate from formation of With the smaller PA value of the pyrimidine nitrogen atom (PA
H-bonded water complexes of this tautomer. Figures 3 and 4 = 888 kJ/mol) compared to the pyridine nitrogen atom (RA
illustrate the spectra of 2HPMA® and 5B2HPM/HO under 924 kJ/mol)*! The oy absorption corresponding to the free
different conditions. In the high-frequency region, the band OH bond of H-bonded water in the open H-bonded 2HPM
observed at 3463 cm appears already at low-B® concentra- water complex is assigned to the band observed at 3702 cm
tion. For 5B2HPM, the corresponding band is found at 3463 in samples with low water content. This is close to the
cm™1. This band of the complex can be reasonably assigned frequency of the corresponding mode in pyrimididgO (3703
to the v°o4 mode of water in an open H-bonded-NHO—H cm ).t
system because this intense mode, characteristic of water bonded In our former study on water complexes of 3- and 4-hy-
as a proton donor to a heterocyclic nitrogen atom, has beendroxypyridine, we have observed bands characteristic of H
observed before for the open-MNHO—H complexes with bonding between the base OH group acting as a proton donor
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SCHEME 2 the open N--HO—H complex is observed in the experiment
and the open ©H---OH, complex is not.

The perturbed water®oy and baseop... modes of theab
initio predicted, closed complexiN-HO---H—0, are both
expected to appear in the 3408300 cnt! spectral region,

H? because this type of complex has stronger H bonds than the
corresponding open NH—OH and H-O---H—0O complexes.
This spectral region contains water polymer bands at 3373 and
3330 cnt! for samples with larger water concentratidhsnd
their overlap with the closed-comple®oy andvoy bands makes
assignment difficult. However, it is well-known that the
intensity of the polymer band at 3330 chis markedly smaller
than that of the band at 3373 ciin H,O/Ar matrices** Figure
3 demonstrates that the reverse is true for 2HRM} and
5B2HPMH,0, and the larger intensity of the absorption at 3330
cm! suggests that theon... absorption in the closed -NH—
O---H—0O structure overlaps with the polymer water band
located there. Furthermore, the other water polymer band at
3373 cn1t exhibits a higher frequency shoulder at 3380¢m
for both 2HPM and 5B2HPM. Although this shoulder is also

Hi4 present in HO/Ar when a very high concentration of,@ is

used?* this band is not expected to have such a large intensity

a at the level of water doping used in the experiments. We
therefore assign the shoulder at 3380 éro the oy mode,

H1 and the band overlapping with the polymer water band at 3330
i cm~! to the basevon... mode in the closed N-*H—O-+-H—

H12

Oy structure. We have formerly assigned tifgy mode for
N---H—0---H—N closed complexes of 4-aminopyrimidfand
amino—oxo 1-methylcytosinewith water to spectral features
at 3386 and 3350 cm, respectively. The correspondindpy
frequency for the closed complex should also be noticeably
smaller than the corresponding mode for the openH\-OH
complex, and this mode is therefore assigned to the bands found
at 3693 (2HPM) and 3694 (5B2HPM) crh apart from
intensity decreases of the monomer bands of the base OH group,
further evidence for H bonding of this group is obtained from
observation of shifted bendings and out-of-plane modes,
for 2HPM at 1251 §on +41), 1375 fon +42), and 650 Ko
+ 146) cnmrl. These shifts are not larger than those observed
for similar modes in the 3- and 4-hydroxypyridine oper &
-*O—H complex, and one could argue that this is not in
accordance with the expected larger shifts due to the cooperative,
closed H-bond interaction. One should keep in mind, however,
Ma that the two H bonds in the closed complex are far from the
perfect “H bond” geometry. As a matter of fact, the-f—0O
b angle of the H bond in the closed complex of aboutiédnuch
larger than the similar angle in the open-N¥—OH complex
toward the oxygen atom of water {@H---OH,) complex. of pyrimidine which was predicted to be equal t& Zi& contrast
Spectral manifestations of the complex were a shift of the baseto 1.7 only in pyridineH.0).!
von Mode and, more interestingly, new and rather intense The other H-bond angle ®H—-0O is 164 in the closed
absorptions in theoy water region at 3724 and 3721 ch? water-2HPM complex which is noticeably smaller than the
slightly below the absorption of the proton-acceptor unit in the similar angle in the open ®H—0 complex of 4-OH-pyridine
water dimert® Observation of new absorptions in this spectral equal to 178 The distortion from the perfect alignment reduces
region in the case of 2HPM and 5B2HPM water complexes the H-bond cooperativity. Table 7 summarizes the experimental
could, therefore, be also taken as a manifestation of the presenc@nd calculated frequencies for the closed complex of 2HPM.
of open O-H-+-OH, H-bonded complexes. However, no such Taking into account the increased anharmonicity of the bonded
absorptions were found. From the thermodynamical point of OH ¥’on andvo... stretches, a good agreement between the
view, as well as from theb initio results, one expects that experimental band shifts and tlad initio predicted shifts is
formation of the energetically favored, closed water complexes observed.
is more probable than of open complexes of either theHO Oxo Tautomer.The rather strong intensity increase of the
+*OH; or the N-*H—OH type. However, formation of the latter  vc—g absorption shown in Figure 4 undoubtedly indicates that
type structure is only possible when the base OH bond is rotatedthe abundance of the oxo tautomeric form increases when the
away from the water molecule and points toward the other N matrix doped with water and 2HPM or 5B2HPM is annealed.
atom of the pyrimidine ring. This is probably the reason why This is in accordance with thab initio predicted decrease of

lig

013

H12
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Figure 3. High-frequency region of the FT-IR spectrum of 2-hydroxypyrimidingi#r (left) and 5-bromo-2-hydroxypyrimidine4®/Ar (right):

(a) HO/Ar = 1/500; (b) annealed a; (c).B/Ar = 1/100, annealed; (d) #/Ar = 1/1000; (e) HO/Ar = 1/300; (f) HO/Ar = 1/200 annealed:

= complex HO modes; *= shifted base modes; D, TR water dimer, trimer, polymer bands.
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Figure 4. Carbonyl stretching region of the FT-IR spectrum of 2-hydroxypyrimidin€/tar (left) and 5-bromo-2-hydroxypyrimidine4®/Ar

(right): (a, c, d, f) see Figure 3; = shifted base modes, * appearance ofc—o mode(s); D,T,P= water dimer, trimer, polymer bands.

the energy difference between the 2HPM and 20PM tautomersWe mentioned earlier the observation of the intense doublet
from 18 to 9 kJ/mot! when they are complexed with water. band at 3463/3455 cm for both 2HPMH,0O and 5B2HPM

The bands observed for the H-bonded complexes of the oxoH,O. The higher-frequency component of this doublet was
tautomer are predominantly those of the doubly H-bonded assigned taPon in the open N-+H—OH complex of the hydroxy
complex of this tautomer (see Scheme 2h). Prominent complextautomer. The other component of the doublet is most probably
bands of 20PM to be assigned are those observed at 3260, 1713ue to thevP’oy mode in the closed €0+*H—0O-*H—N
1703/1679, 1440, 826, and 760 ch These bands can complex. This latter mode is expected to exhibit a rather broad
respectively be attributed to theyy..., ve=o... (with Fermi absorption, as was the case for 2-pyriddiy®,'® and one may
components)oni.-., Yc=o--, andynn... modes of the complex. wonder why, in the present case, the width of this mode is so
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TABLE 7: Experimental (Ar Matrix) and Calculated (SCF/6-31 ++G**) IR Spectral Data for the Closed Nj:-*H—0--*H—01,
H-Bonded Complex of 2-Hydroxypyrimidine with Water

experimental calculated
v (cm™h) Av (cm™1)a v (cm hyP I (km-mol~1) Av (cm™h)a optimal scaling PED!
Water Modes
3693 —41 4239 187 —28 0.870 vi(OH) (88)+ v°(OH) (13)
3380 —299 4082 222 —64 0.828 V5(OH) (84)+ (OH) (12)
1620 +29 1743 154 +13 0.929 d(HOH) (96)
5657 578 89 O(+*OHH-+) (54)
Base Modes
3330 —261 3588 478 —-179 0.833 (0.840) v(OH) (96)
1476 +6 1471 297 +8 1(C20) (26)+ 6(C4H) (11) + v(C3N3) (11)
1375 +42 1356 125 +31 O0(OH) (47)+ 6(CsH) (31)
1251 +41 1226 83 +41 8(OH) (26)+ 8(CeH) (20)
810 +2 821 67 +3 7(C0) (57)+ tr (48)
650 +146 708 186 +215 y(OH) (94)

a Shift with respect to experimental or calculated monomer frequencies (Table 2); calculated monomer water frequencies are 4267, 4146, and
1730 cni%; for vPop, the experimental shift is corrected for (reduced) coupling in bonded Watewater modes unscaled, base modes uniformly
scaled with 0.90¢ Optimal scaling factor obtained from®®»™, d Only contributions>10 are listed; description of intermolecular modes as in
4-NH,-pyrimidineH,02 ¢Value for the free baseoy mode.

TABLE 8: Experimental (Ar Matrix) and Calculated (SCF/6-31 ++G**) IR Spectral Data for the Closed
C,=0--*H—0--*H—N; H-Bonded Complex of 2-Pyrimidone with Water

experimental calculated
v (cm™) Av (cm™1)2 v (cmhyP I (km-mol™2) Av (cm™1)2 optimal scaling PED!
Water Modes
3700 —34 4238 157 -29 0.873 v/(OH) (88)+ v°(OH) (13)
3455 —217 4025 224 -121 0.858 vD(OH) (84)+ v/(OH) (12)
1618 +27 1739 425 +9 0.930 O(HOH) (96)
5607 600 196 O(++*OHH---) (65)
Base Modes
3260 e 3392 334 -92 0.865 v(N1H) (99)
1679 —347? 1736 1080 —26 v(C;0) (65)+ o(N1H) (12)
1440 e 1469 90 +13 O(N1H) (24) + v(CeNy) (16) + v(N3Cq) (14)
826 e 811 141 +12 y(C0) (84)+ y(N1H) (27)
760 e 766 17 +110 y(N1H) (65) + 1r (22) + y(CsH) (14)

a-d See Table 7¢ Experimental shift not available because of very low abundancy of the free tautomer 20PM.

small. Furthermore, for pyrimidine and 1-methyl-2-pyrimidone, ! ' ' '
thev°on bands of the open ANH—OH complexes also exhibited

a doublet structure, which was explained by two different
orientations of the free OH bond of complexed water with
respect to the pyrimidine ring. The latter is rather unlikely in
the pyrimidine derivative with the hydroxy group adjacent to
the nitrogen atom, since the orientation of this group toward
the vicinal nitrogen atom should strongly favor formation of
the closed N--H—0---H—0O complex. We therefore interpret
the doublet character of the bands at 3463/3455'dor 2HPM

and 5B2HPM as a combination of a relatively shafjpy
absorption from the open-NHO—H complex at 3463 cmt
and a broaderPoy absorption from the closed=€0-+-H—0- . D, .

-*H—N complex centered at 3455 ct It will be argued in 2700 2600 2500 — P
the Discussion section that observation of a freeo mode  Figure 5. FT-IR spectrum (28082400 cnt?) of 2-hydroxypyrimidine/
after annealing the matrix is rather impossible in view of the D,O/Ar. D,O/Ar 1/200, annealed;= complex absorptions: D,T,R
water-assisted tautomeric interconversion. The feeg mode dimer, trimer, polymer bands.

of 20PM located around 1720 crhis shifted by about 40 cnt 2HPM/D,O/Ar. Additional arguments supporting the con-

in the complex and appears at 1679 ¢ém This shift is well clusions of the spectral analysis presented above was obtained
predicted by theb initio calculations summarized in Table 8. from isotopic O matrix-doping experiments. Figure 5 il-

No bands characteristic to an operQO---H—O—H complex lustrates thevop frequency region (28002400 cnt?) of the

are identified, and this can be understood in view of the origin FT-IR spectrum of a 2HPM/BD/Ar sample at relatively high

of the oxo tautomer as resulting from the proton-transfer reaction D,O concentration. The sharp bands observed between 2795
converting the hydroxy to the oxo tautomer and operating in and 2580 cm! are all due to the BD monomer (M), dimer

the closed H-bonded complex (see further discussion). The (D), and trimer (T) mode$} except for a few bands due to the
results shown in Tables 7 and 8 allow us to conclude that the HOD species. The latter are formed by isotopic exchange in
predicted shifts of the main modes of the two different closed the glass vacuum line during preparation of the gasea@®@ D
complexes agree rather well with the experimental findings. Ar mixture and in the 2HPM/20OPM tautomeric interconversion.
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Figure 6. Correlation between the (corrected) frequency shift of the
bonded water mode°on and the proton affinity value of the N atom
in 1:1 H-bonded complexes*NHO—H. 2 = pyrimidine? 3 = 3-OH-
pyridine? 4 = benzimidazolé? 5 = pyridine! 6 = imidazole®” 7 =
4-OH-pyridine? 8 = 4-NH,-pyridine? 9 and 10= closed complexes
with 2-OH-pyrimidine (this work) and with 2-OH-pyridind,respec-
tively.

The 2570-2400 cnt? region exhibits BO—polymer (P}* and
complex (O with 2HPM) absorptions, and the latter may be
correlated with the KD analogs as indicated in the following
correlation scheme ofx—p//vx—n//ISR/Ivibrational mode data,
where the isotopic ratio (ISR) is defined &s-p/vx—p:

2556/2547 // 3463/3455 // 1.355/1.356//..04y) o and

VC=0-+D(H)~0-+-HN
2490 // 3380 / 1.357 Wy...5H)-0--Ho
242011 3260 I/ 1.347 Wy _pgy...

Furthermore, the relative intensities of the different complex
bands are largely similar to those in the spectrum of 2HPM/
H,O/Ar. The observation of the complex.—p... mode is an
additional, important proof of the I®-assisted tautomeric
interconversion of the N-D—0O---H—0O—C complex to the
N—D---O—H---O=C complex of the oxo tautomer.

Discussion

Open and Closed H-Bonded Basél,O Complexes in the
Vibration Correlation Diagram. Pimentel and Ault introduced
the so-called vibration corrrelation diagram for H-bonded and
proton-transfer baskelX complexes by considering the fre-
qguency shifts of the HX stretching mode as a function of the
difference of the proton affinityAPA) value for the base and
its acid anior® This concept has been applied by some of us
to a series of H-bonded complexes of different bases with
water#® The vibration correlation diagram involves the cor-
relation between the frequency shift of the bonded-water
stretching vibration °on) and the PA value of the base.

Smets et al.

0.88
0.86
084 ¢

Q82

PA of ! atom ikJ/moll

Figure 7. Correlation between the optimal scaling factor for the bonded
water mode o and the proton affinity value of the N(O) atom in 1:1
H-bonded complexes N(@)HO—H. 1 = (H,0O),; 2—10 same as in
Figure 6.

expected from the PQvalue due to cooperativity between the
two H bonds in the closed complex, can be taken as a further
supporting argument for the assignment of they absorption

to the closed complex.

Optimal Scaling Factors for the vPoy Mode in Closed
H-Bonded Complexes. In the previous papers of this series,
we have demonstrated that the “optimal” scaling factS¥/
vt (this factor, multiplied by the theoretical frequency, gives
the experimental frequency), for the bonded water mode
can be correlated with the proton affinity of the base atorms,PA
which is H-bonded to watér.> The systematic decrease of
the optimal scaling factor with increasing P#alue originates
from increase of the anharmonicity of the H-bonded OH
stretching mode with increasing H-bond strength. Since the
ab initio frequency calculations in this work were performed
in the harmonic approximation, they have to be scaled to correct
for the anharmonicity. It can be anticipated that the relatively
strong closed H bonds should exhibit larger anharmonicity
leading to a smaller value of the scaling factor than in the case
of the open complexes with weaker interaction. This is indeed
what one observes in the correlation between the optimal scaling
factor and PA as illustrated in Figure 7 for complexes of the
N---HO(:--HO) type. This figure clearly shows the difference
between the closed and open complexes in their spectral
appearance. A manifestation of this in Figure 7 is that the point
representing the closed water H-bonded complex of 2HPM
deviates from the correlation curve for the-NHO—H open
complexes. A similar observation was made before for the
closed H-bonded structure of 2-hydroxypyridine with wéfer.

Reduced Cooperativity between the H Bonds in Closed
H-Bonded Complexes. The H-bond cooperativity effect occurs
in systems where there are two or more H bonds and they
involve the same or closely neighboring proton-donor or proton-
acceptor site4® The cooperativity between the H bonds can
be either positive (H-bond strengthening) or negative (H-bond
weakening). The effect depends on whether the H-bond sites

Different correlations were observed for different H-bond centers and the interactions involved are of the same (demmmor or

(7, O, N). The difference originates from a different degree of

acceptor-acceptor) type or of the opposite (dor@cceptor)

the charge transfer for different basic atoms and different sizestype. In the case of the closed complexes of water with 2HPM

of their lone pairg? If the corrected frequency shif§v°oy of
H-bonded water for a series of matrix-isolated complexes, N
+*H—OH or CG=0-:-H—OH, is plotted as a function of RA

and 20M, a positive cooperativity effect is expected since the
same water molecule acts simultaneously as a proton donor and
a proton acceptor, and the two H-bond interactions are of the

and PA—o the points representing the closed H-bonded systems,opposite type. A suitable method to evaluate H-bond cooper-

N--H—0---HO and G=0---H—0---H—N, exhibit rather large
deviation from the correlation curve for the oper-{i—OH
and C=0---H—OH complexes. This is illustrated in Figure 6.

ativity in open linear trimers (HA) and higher multimers (HA)
is to compare the frequency shiftAyon for the bridged AH
bonds with the frequency shift of the AH bond stretch in the

The deviation, which is caused by a larger frequency shift than open dimer, AH--AH.#° Due to the experimental observation
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of the v’o modes for the open NHO—H complex of 2HPM,
as well as for the closed -MHO---HO complexes, it was
possible to evaluate the cooperativity facty, for the bridged
OH bond in the closed complex from the/P opy(N+-*H—O-:- A possible explanation of a double proton transfer in the
H—0O)/AvPou(N--+HO—H) ratio. The value of 302/20% 1.46 tautomerization process of the 2HPM/20PMIHsystem can

was obtained. This value indicates a substantial cooperativity be proton tunneling. Recently, Hammes-Schiffer and Tully have

either from the IR (Globar) source or from the interferometer
laser. It is therefore unlikely that an electronic excitation is
involved in the process.

effect, since for linear 1:2 B-H—0---HO water complexes the
average ratio was 1.37. On the other hand, for the cyclic water
trimer (H0)3, a much larger value of 1.73 was fouffdyhich
was explained by a mutual fortification of the extra H bond
which closes the system to form the cyclic trimer. In the closed

H-bonded systems such as those studied in this work, geo-

metrical constraints reduce the H-bond cooperativity. The
situation is different when the two H bonds occur in a more
ideal, “almost linear” configuration. We illustrated this point
in our previous studies where we compared the closeeH\-
O:--HO complex of 2HPMH,0O with the open N-HO—H and
HO---H—O water complexes of 4-Nj4yridine® and 4-OH-
pyridine? respectively.

A Double Proton-Transfer Mechanism in the Ground

demonstrated using the molecular dynamics quantum transition
(MDQT) method that proton transfer in the phefawohine
complex in methyl chloride solution is enhanced in vibrationally
excited level$4%¢ Since the MDQT method treats H and D
atoms quantum mechanically, the proton-transfer reaction can
occur below the barrier through quantum tunneling. Further-
more, it is a faster process than the vibrational relaxatiéh.
Such a tunneling may take place in the 2HPM/20PM water-
assisted tautomeric interconversion. There are other examples
of proton tunneling assisted by solvent. A ground-state reverse
proton transfer (GSRPT) was found in 7-hydroxyquinoline
catalyzed by methanol in studies of Chou and Mart#t?&3.
These experiments provided support for a two-step mechanism
of the GSRPT in 7-hydroxyquinoline proposed by Konijnenberg

State. It is clear from the spectral results presented above that €t al;>* the first step involving thermally-induced fluctuations

the tautomeric equilibrium of the 2HPM/20PM system is shifted N0 & well-defined conformation §unab[e for the proton.-transfer
toward the oxo form in the presence of water, but the effect is Process and the second step involving the tunneling. The
only clear after the matrix is annealed. This indicates that water Mechanism can be similar in the proton-transfer process
assists in the tautomeric interconversion and that this intercon- ©Pserved in the present work for 2HPM and 5B2HPM. Since
version takes place below 40 K which is the upper limit of the th€ GSRPT process in 7-hydroxyquinoline occurs at room
annealing temperature. The process of matrix annealing, whicht€mperature and the first solvation shell around the solute

is usually performed for about 15 min, very likely produces
the most stable closed 2HPML,O complex. Though, as we
mentioned before, the wateto—base ratio of 1:1 to 5:1 was

molecule involves two solvent molecules, the process is
accompanied by a large entropy decrease and a rather small
decrease in enthalpy resulting in a large, positive free enthalpy

used which should ensure formation of an excess amount ofchange? In a low-temperature matrix, the structural reorga-

the 1:1 complex, some amounts of complexes with a higher

water content could also be formed in the annealing process.
In this complex, the protomeric reaction takes place. There have
been several theoretical and experimental studies, which we will

now review, that provide some explanation regarding the
possible mechanism of this reaction.

The first piece of evidence is provided by initio calcula-
tions of the barrier height for the protomeric reaction with and
without a water molecule. Several authors repodédnitio
calculated barrier heights for proton transfer in the isolated
tautomers of 2-hydroxypyridine and these vary between 190
and 140 kJ/mot>2° The barrier height decreases drastically
to about 50 kJ/mol when water is H-bonded to 2-hydroxypy-
ridine, allowing for a concerted mechanism with a double proton
jump to operat@® A similar barrier height of 48.2 kJ/mol (MP2/
DZ95** result) was found inab initio calculations for the
intermolecular double proton transfer process of 2HPM com-
plexed with one water molecuf&?” It is possible that if more
water molecules are involved, the barrier lowers even more.
The barrier heights for proton transfer between the isolated
hydroxy and oxo tautomers indicate that proton movement
cannot effectively occur at 40 K. However, the lowering of
the barrier by water may enable the transfer.

Secondly,ab initio calculations on the lowest excited states
of the 2HPM-water complexe¥ indicated that a possible route
for the tautomeric interconversion may involve electronic
excitation of the complex. The barrier height of only 18.3 kJ/
mol was found in CASPT2/DZ95** calculations of the first
electronically excited state,; §7r*). The calculations also
predicted that the reaction should be strongly exothermic by
about 64.6 kJ/mol. In the experiment performed in this work,
the matrix sample remained inside the cryostat positioned in

nization is probably not as significant in terms of free enthalpy,
since the low-temperature favors the enthalpy-decreasing forma-
tion of the closed complex, and the effect of the negative entropy
change is strongly reducétl.However, it may still be sufficient

to drive the reaction forward.

Summary

The FT-IR matrix-isolation technique amadb-initio theoretical
calculations have been used to study the H-bonding interaction
of water with 2-hydroxypyrimidine and its 5-bromo derivative.
Both compounds occur predominantly in the hydroxy tautomeric
forms in Ar matrices, and the experimentally estimated values
for the hydroxy/oxo equilibrium constants;(h/o), are 60 and
184, respectively. Interpretation of the IR spectra of the
complexes with water assisted b initio calculated energies,
frequencies, and intensities indicates the presence of the closed
H-bonded N--H—0---H—0 complex of the hydroxy tautomer
in the early stages of the experiment, but matrix annealing
induces an increasing presence of the closedD&-H—O---

H—N complex of the oxo tautomer. Aab initio assisted
assignment of the main bands of the two complexes is presented.
We demonstrated with the use of the earlier established relations
that a relatively strong cooperativity exists between the two H
bonds in the closed complexes. An analysis of the character-
istics of the experimentally observed hydroxy oxo tautom-
erism in water-doped matrices suggests that the mechanism of
the proton transfer involves proton tunneling. However, on the
basis of the results of the present study, we could not definitely
determine whether the proton transfer takes place in the 1:1
closed 2HPMH,O complex or it involves complexes with
higher water content.
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