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Abstract

Monomers of allopurinol and 9-methylhypoxanthine were studied using the matrix isolation technique combined with Fourier transform
infrared spectroscopy. The oxo tautomeric forms of both compounds were found to dominate in freshly deposited low-temperature argon matrices.
For 9-methylhypoxanthine, a small amount of the hydroxy tautomer was also detected in an Ar matrix before any irradiation. Upon exposure of
the matrices to the UV (λN230 nm or λN270 nm) light, a proton transfer photoreaction converting the oxo forms of both compounds into the
corresponding hydroxy tautomers occurred. Generation of conjugated ketenes as minor photoproducts was also observed. For 4(3H)-pyrimidinone
(a model compound for both allopurinol and 9-methylhypoxanthine), photoreversibility of the UV-induced oxo → hydroxy transformation was
experimentally proven by direct observation of the back hydroxy → oxo photoreaction. The substrates (oxo tautomers) and products (hydroxy
tautomers) of the observed phototransformations were identified by comparison of their IR spectra with the spectra theoretically predicted at the
DFT(B3LYP)/6-31++G(d,p) level. The IR bands in the experimental spectra were assigned to the calculated normal modes.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Hypoxanthine is a base of the rare, naturally-occurring
nucleoside inosine. This nucleoside appears quite frequently in
the anticodon region of natural tRNAs [1]. Since inosine at the
5′ end of the anticodon in tRNA does not have a strict base
pairing requirements and can form “wobble pairs” with several
bases at the 3′ end of the codon, it contributes to the degen-
eracy of the genetic code [2]. Inosine is also commonly present
in eukaryotic and prokaryotic messenger-RNA, where it is
formed (during post-transcriptional editing) by adenosine-to-
inosine enzymatic conversion. Inosine monophosphate plays a
key role in both biosynthesis and catabolism of purine
nucleosides [3]. Hypoxanthine is present in muscles and
⁎ Corresponding author. Tel.: +48 22 8436601x3219; fax: +48 22 8430926.
E-mail address: mjnowak@ifpan.edu.pl (M.J. Nowak).

0301-4622/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.bpc.2006.03.002
other tissues, where it is formed during purine catabolism by
deamination of adenine. This compound also contributes to
strong heart muscle contraction and to blood flow in the
coronary arteries. As a supplement taken before and during
workouts and competition, hypoxanthine stimulates enzyme
activity in both cardiac and skeletal muscle cells for improved
regeneration of ATP. Inosine ameliorates skeletal muscle
ischemia–reperfusion injury, which makes it a potential
candidate for therapeutic modulation of skeletal muscle reper-
fusion injury in the clinical setting [4].

Allopurinol is a heterocyclic molecule, closely related to
hypoxanthine. This compound is an inhibitor of xanthine
oxidase, which catalyses the conversion of hypoxanthine to
xanthine, thus reducing high levels of uric acid in blood and
serum. Such a property found application in medications used to
prevent gout attacks and to treat hyperuricemia [5–10].
Allopurinol is also used as chemoprotector during anticancer
cytotoxic therapies [11,12]. Moreover, this compound is known
to effectively protect the heart against damage caused by
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Scheme 1. Structures and atom numbering of the most stable forms of allopurinol, 9-methylhypoxanthine and 4(3H)-pyrimidinone.

124 A. Gerega et al. / Biophysical Chemistry 122 (2006) 123–135
oxygen free radicals in patients undergoing cardiac bypass
surgery and coronary angioplasty [13–17]. Preliminary results
of treatment of bipolar mania and schizophrenia suggest that
allopurinol may be an effective adjuvant agent in the treatment
of patients with these diseases [18,19].

The structure of crystalline allopurinol was previously
determined [20] by the analysis of the X-ray diffraction data.
Electronic absorption, dispersed fluorescence, and fluorescence
excitation spectra were measured for this compound in aqueous
solutions of different pH [21]. These studies revealed that in
water solutions the molecules of allopurinol adopt oxo
tautomeric forms. The Raman and IR spectra recorded for
crystalline allopurinol indicated the presence of the oxo
tautomers also in the solid state [22]. Coexistence of the oxo-
N(1)H and the oxo-N(2)H tautomers of allopurinol in DMSO
solution was suggested on the basis of the 13C NMR spec-
troscopic measurements [23].

The experimental physicochemical investigations on inosine
and the model hypoxanthine derivatives substituted at N(9)
atom (such as 9-methylhypoxanthine) concern mostly the
organometallic complexes of these species [24,25]. The
photoelectron spectra of gaseous hypoxanthines methylated at
different positions (including 9-methylhypoxanthine) have
been measured [26]. Although this type of measurements
gives usually only rough information about tautomerism, the
authors concluded that the oxo forms of the investigated
species predominate. As for inosine, its structure in the solid
state has been determined using the X-ray crystallographic
methods [27].
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Relative electronic (ΔEel), zero-point vibrational (ΔZPE) and total (ΔEtotal=ΔEel+

N

N
N

N

H

H

O

N

N N

N

H

H

O

N

N N

N

O
H

H

N

N

O
H

AI AII AIIIa AIIIb

ΔEel(DFT) 0 14.8 23.2 47.8
ΔEel(MP2) 0 11.4 20.1
ΔZPE(DFT) 0 0.0 −0.5 −1.6
ΔEtotal(DFT) 0 14.8 22.7 46.2
ΔEtotal(MP2)⁎ 0 11.4 19.6

The energy of the form AI was taken as reference. The results of calculations obtain
⁎ΔEtotal(MP2) was obtained using MP2 values of ΔEel and DFT(B3LYP) values of
Electronic energies obtained for the form AI are: Eel(DFT)=−487.201604 hartree, E
Zero-point vibrational energy ZPE obtained at the DFT level for the form AI is 263
In the present work monomers of allopurinol and
9-methylhypoxanthine (Scheme 1) isolated in low-temperature
argon matrices were investigated using FTIR spectroscopy.
Changes induced by UV irradiation of the matrices (decrease of
populations of oxo tautomers and increase of populations of
hydroxy tautomers) were observed for both compounds. For the
sake of comparison, photochemical behavior of a model com-
pound (4(3H)-pyrimidinone, Scheme 1) was also taken into
consideration.

2. Experimental section

Allopurinol and 4(3H)-pyrimidinone used in the present
study were commercial products supplied by Aldrich. A sample
of 9-methylhypoxanthine was kindly made available by
Professor Bernhard Lippert (Fachbereich Chemie, Universität
Dortmund, Germany). To prepare a low-temperature matrix, the
solid sample of a studied compound was electrically heated in a
glass miniature oven placed in the vacuum chamber of a
continuous-flow helium cryostat. The vapors of the compound
were deposited, together with a large excess of inert gas (argon),
on a CsI window cooled to 10 K. The argon matrix gas of
spectral purity 6.0 was supplied by Linde AG. The IR spectra
were recorded with 0.5 cm−1 resolution using the Thermo
Nicolet Nexus 670 FTIR spectrometer equipped with a KBr
beam splitter and a DTGS detector. Intensities of the IR
absorption bands were measured by numerical integration.
Matrices were irradiated with light from HBO200 high-pressure
mercury lamp. This lampwas fitted with a water filter (to remove
ΔZPE) energies (kJ mol−1) of allopurinol isomers
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ed using the 6-31++G(d,p) basis set.
ΔZPE.

el(MP2)=−487.005774 hartree.
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IR radiation) and a suitable cutoff filter UG11 or UG5 (Schott)
transmitting light with λN270 nm or with λN230 nm,
respectively.

3. Computational section

The geometries of isomers of allopurinol, 9-methylhypox-
anthine and 4(3H)-pyrimidinone considered in this work were
optimized using the hybrid Hartree–Fock and density function-
al theory method DFT(B3LYP) with the Becke's three-
parameter exchange functional [28] and gradient-corrected
functional of Lee et al. [29]. At the optimized geometries, the
DFT(B3LYP) harmonic vibrational frequencies and IR inten-
sities were calculated at the same theory level. To correct for the
systematic shortcomings of the applied methodology (mainly
for anharmonicity), the predicted vibrational wavenumbers
were scaled down by a single factor of 0.98. The theoretical
normal modes, calculated for the tautomers of the studied
compounds were analyzed by carrying out the potential energy
distribution (PED) calculation. Transformations of the force
constants with respect to the Cartesian coordinates to the force
constants with respect to the molecule-fixed internal coordi-
nates allowed the normal-coordinate analysis to be performed as
described by Schachtschneider [30]. The internal coordinates
used in this analysis were defined following the recommenda-
tions of Pulay et al. [31]. These coordinates are listed in Tables
S1 and S2 (in the Supplementary data). Potential energy
distribution (PED) matrices [32] have been calculated and the
elements of these matrices greater than 10% are given in Tables
2, 3, 5 and 6.

It is commonly known that the DFT method reproduces well
the infrared spectra but provides less reliable values of relative
electronic energies. That is why the relative energies of the most
stable isomeric forms of allopurinol were also calculated using
the MP2 method at equilibrium geometries fully optimized at
this level of theory [33]. The same procedures were applied to
calculate the relative energies of the most stable isomeric forms
of 9-methylhypoxanthine.
Fig. 1. Comparison of (a) the experimental IR absorption spectrum of allopurinol iso
simulated at the DFT(B3LYP)/6-31++G(d,p) level. The calculated wavenumbers we
All quantum-mechanical calculations were performed with
the GAUSSIAN 98 program [34] using the 6-31++G(d,p) basis
set.

4. Results

4.1. Allopurinol

The tautomerism of allopurinol is determined by the
positions of two labile hydrogen atoms in the molecule. For
this compound, there are 9 tautomers with canonical structures.
These forms are presented in Scheme S1 in the Supplementary
data. The relative energies of the tautomeric forms of
allopurinol were calculated at the DFT(B3LYP) and MP2
levels. These calculations predict that the oxo tautomer AI with
one of the labile hydrogens attached to N(1) and the other to
N(5) nitrogen atoms is the most stable. The relative energies of
five other tautomers (AII, AIII, AIV, AV, AVI) are given in
Table 1. The forms not listed in this table are very high in energy
(by more than 100 kJ mol−1) and can be safely ruled out from
further discussion.

Among the low-energy isomers of allopurinol (listed in Table
1), the oxo tautomer AII is higher in energy by 11.4 kJ mol−1

(MP2), with respect to the energy of the oxo tautomer AI. The
energy difference between the most stable hydroxy form AIIIa
and tautomer AI is considerably high and is equal 20.1 kJ mol−1

(MP2). Previous theoretical calculations of relative energies of
allopurinol tautomers, carried out at a lower level, led to similar
predictions [35,36]. Hence, for the gaseous allopurinol at ca.
450 K, the tautomeric form AI is expected to dominate, whereas
tautomer AII can be populated only in a very small amount. The
thermal population of any of the hydroxy tautomers should be
so low that these forms would not be detectable either in the gas
phase or in the low-temperature matrices.

The infrared spectrum of allopurinol monomers isolated in
an argon matrix is presented in Fig. 1. In the high-frequency
region, two bands due to the NH stretching vibrations of the oxo
form were observed at 3491 and 3432/3430 cm−1. These bands
lated in an Ar matrix with (b) the spectrum of the oxo tautomer AI theoretically
re scaled by a factor of 0.98.
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should correspond to the νN1H vibration in the pyrazole ring
and to the νN5H vibration in the pyrimidine ring, respectively.
The frequency of the latter band due to the stretching N5H
vibration is very close to that of the corresponding νN3H band
(3428 cm−1), which was observed in the IR spectrum of 4(3H)-
pyrimidinone isolated in an Ar matrix [37]. It indicates that this
Table 2
Experimental wavenumbers (ν̃/cm−1) and relative integral intensities (I) of the absorp
wavenumbers (ν̃/cm−1), absolute intensities (Ath/km mol−1) and potential energy dis

Experimental Ar matrix Calculated B3LYP/

ν̃ I a ν̃ b

3491 3488 163 3594
3432 3430 113 3531

3209
3135

1747 1744 1730 1725 607 1753
1695 33
1644 3
1610 1603 1597 110 1608
1558 1550 115 1561
1517 16 1515
1502 4
1450 4
1434 7 1443
1412 1 1408
1391 21 1397
1382 7
1363 1360 1355 21 1368
1303 7 1298
1269 3
1230 1222 28 1222
1202 1196 27 1205
1169 1
1151 2
1118 1112 15 1116
1098 4
1077 10 1075
1066 1
1047 43 1039
1017 1013 16
942 25 934
935 22 926
897 10 887
870 13 871
783 781 31 765
725 723 28 715
691 8 685
662 3 661
656 3
643 637 57 636
598 12 594
549 70 550
534 532 4 526
509 507 3 506
504 3 498

307
261
192
154

Wavenumbers of the strongest components of split bands are bold.
a Relative integrated intensities.
b Theoretical positions of absorption bands were scaled down by a factor of 0.98
c PED's lower than 10% are not included. Definition of internal coordinates is g
band is due to the stretching vibration of the NH group in the
pyrimidine ring.

No absorption was found in frequency range 3650–
3550 cm−1, where the bands due to the OH stretching vibrations
should be expected. The absence of the νOH band in the IR
spectrum of allopurinol indicates that only oxo tautomer(s) of the
tion bands in the spectrum of allopurinol isolated in an Ar matrix, compared with
tribution (PED, %) calculated for the oxo form AI

6-31++G(d,p)

Ath PEDc (%)

113 νN1H (100)
75 νN5H (100)
0 νC3H (99)
4 νC6H (100)

710 νCO (72), νC4C9 (13)

156 νC6N7 (53), βC6H (13)
91 νN7C8 (26), νC8C9 (22), βN1H (18), νN1C8 (13)
20 νN1C8 (18), νC3C9 (16), βC3H (11)

12 νN2C3 (21), βN5H (16), βN1H (11), νN5C6 (10)
1 βN5H (24), νC8C9 (20), νN1C8 (16), νN5C6 (10)
25 νN2C3 (28), νC3C9 (20), νC4C9 (13), βN5H (10)

10 βC6H (57), νC6N7 (11), νN2C3 (10)
2 βN1H (45), νN1C8 (10)

25 βC3H (26), βR5 (24), νC4C9 (16)
33 βC3H (33), νC3C9 (12)

10 νN5C6 (43), βN5H (22)

31 νN1N2 (59)

36 νC4N5 (32), βCO (16), νN1N2 (12)

39 βR4 (61), νC8C9 (13)
3 γC6H (107)
13 βR1 (51), βR2 (12)
18 γC3H (103)
20 γCO (37), τR1 (37), τR4 (19)
47 γCO (42), γN5H (34), τR5 (14)
10 νN7C8 (22), νC4N5 (19), νN1C8 (10)
2 τR5 (54), τR4 (25), γN5H (19)

61 γN5H (42), τR4 (30), τR3 (15), γCO (11)
11 βR5 (28), νC4C9 (19), βR2 (12), βCO (11)
88 γN1H (54), τR2 (17), τR4 (16), τR1 (15)
4 βR2 (37), βCO (23), νC4N5 (10), βR1 (10)
2 γN1H (42), τR2 (25), τR5 (15), τR1 (13)
2 βR3 (68)
3 βCO (34), βR2 (18), νC4C9 (13)
0 τR3 (57), τRR (19), τR5 (14), τR4 (10)
2 τRR (63), τR3 (25)
6 τR2 (59), τR1 (28), τR3 (10)

.
iven in Table S1. See Scheme 1 for atom numbering.



Fig. 2. Portions of the IR spectrum of allopurinol isolated in an Ar matrix
recorded: (a) after deposition; (b) after 4 h of UV (λN230 nm) irradiation; (c)
difference spectrum: trace b minus trace a.

Scheme 2. Phototautomeric reaction observed for allopurinol.
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compound exist(s) in the Ar matrix after its deposition. The
comparison of the experimental IR spectrum of allopurinol iso-
lated in a low-temperature Ar matrix with the spectrum theore-
tically predicted (at the DFT(B3LYP)/6-31++G(d,p) level) for
isomer AI is presented in Fig. 1. Good agreement between the
patterns of experimental and theoretical spectra supports the
conclusion that the oxo tautomeric form AI is adopted by
allopurinol monomers isolated in an Armatrix. Assignment of the
observed absorption bands to the theoretically predicted normal
modes of tautomer AI of the compound is given in Table 2.
Fig. 3. Comparison of (a) the experimental spectrum of the photoproducts generated u
the spectrum of the hydroxy tautomeric form AIIIa theoretically simulated at the DF
factor of 0.98. Asterisks in the experimental spectrum point to the bands which indic
spectrum of unreacted oxo tautomer AI was subtracted.
Comparison of the experimental spectrum of allopurinol
with the spectra calculated for tautomers AI and AII does not
allow to unequivocally assign any band, in the whole mid-IR
range, to tautomer AII. Hence, there are no clear spectral
signatures of the presence of this form in a low-temperature Ar
matrix. On the other hand, the presence of a very small amount
of allopurinol adopting the tautomeric form AII cannot be
excluded based on the present experimental observations.

Upon UV (λN230 nm) irradiation of the monomers of the
compound isolated in an Ar matrix, all the bands of the initial
spectrum (including the most intense νC_O band at 1747 cm−1)
decreased, whereas a new spectrum of photoproduct(s) emerged
(see Fig. 2). The appealing feature of this new spectrum is the
presence of the band at 3559 cm−1, which can be assigned to the
stretching vibration of the OH group (νOH). The position of this
band is quite similar to that of the νOH band found previously at
3564 cm−1 in the spectrum of 4-hydroxypyrimidine [37–39]. On
the basis of this observation one can postulate that the oxo (AI)→
hydroxy (AIII) photoreaction (Scheme 2) occurred for the
monomers of allopurinol isolated in a low-temperature matrix.
Photoreaction of the same type was previously observed for
matrix-isolated 4(3H)-pyrimidinone [38–40], see also the
forthcoming section of the current paper.

The photoprocess induced by UV (λN230 nm) irradiation of
monomeric allopurinol did not lead to total conversion of the oxo
form AI into the hydroxy tautomer AIIIa (for the structure see
Table 1). Upon prolonged (4 h) UV irradiation the intensities of
the IR bands due to AI substrate decreased to 48% of their initial
pon UV (λN230 nm) irradiation of allopurinol isolated in an Ar matrix with (b)
T(B3LYP)/6-31++G(d,p) level. The calculated wavenumbers were scaled by a
ate UV-induced creation of the ketene form with the open pyrimidine ring. The
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values. Hence, 52% of the AI form was converted into
photoproduct(s) (Fig. 2). The extracted spectrum of the
photoproduct(s) is compared in Fig. 3 with the spectrum of the
hydroxy form AIIIa theoretically predicted at the DFT(B3LYP)/
6-31++G(d,p) level. Good overall agreement between these two
spectra supports the conclusion that the main photogenerated
species is tautomer AIII. No such agreement was observed
between the experimental spectrum of the photoproduct(s) and
Table 3
Experimental wavenumbers (ν̃/cm−1) and relative integral intensities (I) of the absor
allopurinol isolated in an Ar matrix, compared with wavenumbers (ν̃/cm−1), absolute
for the hydroxy form AIIIa

Experimental Ar matrix Calculated B3LYP/6-31+

ν̃ I a ν̃ b Ath

3559 3555 189 3676 108
3498 3495 180 3601 117
3479 60

3206 1
3137 13

1646 1642 1634 193 1637 211
1588 1585 1580 160 1589 260
1518 1513 45
1493 11
1483 43 1492 48
1465 1462 1459 1455 108 1472 137
1437 15 1433 11
1369 19 1375 47
1358 6
1351 1346 57 1359 94
1335 49 1325 53
1315 1307 43 1313 33
1300 9
1271 9 1276 10
1262 3
1249 5
1234 3
1207 4
1201 1199 8 1211 12
1152 19 1152 9
1087 1081 104 1084 164
1059 10 1065 3
981 976 26 957 4
936 53 931 57
926 5
887 21 882 32
857 856 10 856 17
798 27 788 23

706 3
692 10 683 18
656 19 656 8

603 1
559 38 560 115
527 526 523 79 552 51

521 0
519 4

489 485 21 494 31
293 5
292 1
203 1
166 0

Wavenumbers of the strongest components of split bands are bold.
a Relative integrated intensities.
b Theoretical positions of absorption bands were scaled down by a factor of 0.98
c PED's lower than 10% are not included. Definition of internal coordinates is g
the theoretical spectra of other hydroxy isomers; e.g. form AIVa
(see Fig. S1 in the Supplementary data). The assignment of the
observed absorption bands to the theoretically calculated normal
modes of the form AIIIa is given in Table 3.

A minor product emerging after UV irradiation of the matrix
and coexisting with the dominating photoproduct AIII has a
characteristic, comparatively broad band at 2153 cm−1 (Fig. 4).
The frequency, complex pattern with many maxima, and high
ption bands in the spectrum of the form photoproduced upon UV irradiation of
intensities (Ath/km mol−1) and potential energy distribution (PED, %) calculated

+G(d,p)

PED c (%)

νOH (100)
νN1H (100)

νC3H (99)
νC6H (100)
νC4C9 (34), νN7C8 (11), νC3C9 (10)
νC8C9 (21), νN7C8 (17), βN1H (10)

νC4N5 (17), βC6H (17), νN2C3 (14), νN1C8 (13)
νN2C3 (30), νCO (16), νC4N5 (11)
νN1C8 (27), βN1H (17), βC6H (14), νC8C9 (12)
βC6H (24), νC8C9 (16), νN2C3 (14), νCO (11)

νC6N7 (29), νC3C9 (21), νN7C9 (12)
νC6N7 (20), βOH (17), νC4N5 (12), νC3C9 (12), νN2C3 (11)
νN5C6 (22), βC6H (21), βOH (14), βN1H (11), νCO (10)

βN1H (29), νN5C6 (12), βOH (11)

βC3H (49), βOH (15)
βR5 (22), νN5C6 (17)
βOH (17), νC4N5 (16), νN1N2 (14), νN5C6 (13)
νN1N2 (61)
γC6H (108)
βR4 (60), νC8C9 (16)

βR1 (49), βR2 (19)
γC3H (101)
τR1 (56), γCO (19), τR4 (16)
νN7C8 (21), βR5 (10)
γCO (47), τR5 (24), τRR (14), τR3 (10)
τR4 (55), τR5 (37)
βR5 (30), νC4C9 (20), βR2 (14)
τOH (22), τR2 (21), τR1 (17), γN1H (15)
τOH (70), τR1 (10)
βR3 (51), βR2 (23)
βCO (32), βR2 (16), νN1C8 (13), βR3 (13)
γN1H (81)
βCO (44), βR2 (12), νC4C9 (10)
τR3 (56), τR5 (15), τR4 (10)
τRR (71), τR3 (20)
τR2 (67), τR1 (16), γCO (11)

.
iven in Table S1. See Scheme 1 for atom numbering.



Table 4
Relative electronic (ΔEel), zero-point vibrational (ΔZPE) and total (ΔEtotal=ΔEel+ΔZPE) energies (kJ mol−1) of 9-methylhypoxanthine isomers
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mHxI mHxIIa mHxIIb mHxIII

ΔEel(DFT) 0 13.6 18.8 85.9
ΔEel(MP2) 0 10.3 15.1
ΔZPE(DFT) 0 0.0 0.1 −3.7
ΔEtotal(DFT) 0 13.6 18.9 82.2
ΔEtotal(MP2)⁎ 0 10.3 15.2

The energy of the form mHxI was taken as reference. The results of calculations obtained using the 6-31++G(d,p) basis set.
⁎ΔEtotal(MP2) was obtained using MP2 values of ΔEel and DFT(B3LYP) values of ΔZPE.
Electronic energies obtained for the form mHxI are: Eel(DFT)=−526.531856 hartree, Eel(MP2)=−525.040618 hartree.
Zero-point vibrational energy ZPE obtained at the DFT level for the form mHxI is 335.5 kJ mol−1.
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intensity are typical of a band due to the “antisymmetric”
stretching vibration of the –C_C_O group [39–41]. The
conjugated ketene can exist in several possible stable isomeric
forms, one of them is presented in Scheme 3A. For this
structure, an extremely intense (1116 km mol−1) band due to
–C_C_O “antisymmetric” stretching vibration with frequency
2159 cm−1 was theoretically predicted at the DFT(B3LYP) level.
Analogous calculations carried out for other possible stable
isomeric forms of open-ring conjugated ketene resulted in pre-
dictions of equally strong IR bands at nearly the same (±20 cm−1)
Fig. 4. The spectral range where the bands due to the “antisymmetric” vibrations
of the ketene –C_C_O group should be expected. IR spectra recorded after
deposition of matrices are given in the middle row. The spectra recorded after
UV irradiation of the matrices are given in the upper row. The spectra
theoretically simulated, at the DFT(B3LYP)/6-31++G(d,p) level, for the ketene
structures (shown in Scheme 3), are given in the bottom row. The calculated
wavenumbers were scaled by a factor of 0.98. The spectra presented in column
A concern allopurinol; in column B 9-methylhypoxanthine; in column C 4(3H)-
pyrimidinone.
frequency. The comparison between the experimental observation
with the theoretically predicted frequency and intensity of the
band due to –C_C_O “antisymmetric” stretching vibration
suggests that a ring-opening reaction occurs for allopurinol upon
UV irradiation.

4.2. 9-Methylhypoxanthine

Allopurinol and hypoxanthine are isomers. In both compounds
one of the rings has the structure of 4(3H)-pyrimidinone and
the other has a five-membered structure (pyrazole or imidazole)
with two nitrogen atoms. Tautomerism of hypoxanthine has
Fig. 5. Portions of the IR spectrum of 9-methylhypoxanthine isolated in an Ar
matrix: (a) after deposition of the matrix; (b) after 12 h of UV (λN270 nm)
irradiation; (c) difference spectrum: trace b minus trace a.



Fig. 6. Comparison of (a) the extracted experimental spectrum of the bands due to the oxo tautomer of 9-methylhypoxanthine dominating in the Ar matrix before UV
irradiation with (b) the theoretical spectrum of the oxo tautomer mHxI of 9-methylhypoxanthine calculated at the DFT(B3LYP)/6-31++G(d,p) level. Theoretical
wavenumbers were scaled by a factor of 0.98.
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been theoretically studied in previous works [35,42–45]. All
of these calculations predict the oxo-N(1)H,N(7)H tautomer
of hypoxanthine as the most stable form of the compound and
the oxo-N(1)H,N(9)H tautomer as the form only slightly (by
3–5 kJ mol−1) higher in energy. Both tautomers were detected
in the recent experimental investigation of matrix-isolated
hypoxanthine [42,43].

Methylation at the N(9) nitrogen atom fixes the form of
hypoxanthine in which the compound is present in inosine, its
biologically important nucleoside. In 9-methylhypoxanthine the
number of possible tautomeric forms is significantly reduced (see
Table 4). For this species, there is only one labile hydrogen atom,
Fig. 7. Comparison of (a) the extracted spectrum of the bands due to the main photop
methylhypoxanthine isolated in an Ar matrix with (b) the theoretical spectrum of the
mHxIIb. The theoretical spectra were calculated at the DFT(B3LYP)/6-31++G(d,p)
which can be attached to either the oxygen atom or to one of the
nitrogen atoms of the pyrimidine ring. Theoretical calculations,
carried out in the present work at DFTandMP2 levels, show that
there are two low-energy forms of 9-methylhypoxanthine (the
oxo-N(1)H-tautomer mHxI and the hydroxy tautomer mHxII),
whereas the third tautomeric form mHxIII is much higher in
energy (see Table 4). The oxo-N(1)H tautomer mHxI was
predicted at both applied levels of theory to be the most stable
form. The energy of the hydroxy forms mHxIIa and mHxIIb was
calculated to be 10–19 kJ mol−1 higher.

In the high frequency range (3600–3400 cm−1) of the
experimental spectrum of 9-methylhypoxanthine isolated in an
roduct (the hydroxy tautomer) generated upon UV (λN270 nm) irradiation of 9-
hydroxy isomer mHxIIa and (c) the theoretical spectrum of the hydroxy isomer
level. The calculated wavenumbers were scaled by a factor of 0.98.



Table 5
Experimental wavenumbers (ν̃/cm−1) and relative integral intensities (I) of the absorption bands in the spectrum of the oxo form of 9-methylhypoxanthine isolated in an
Ar matrix, compared with wavenumbers (ν̃/cm−1), absolute intensities (Ath/km mol−1) and potential energy distribution (PED, %) calculated for the oxo form mHxI

Experimental Ar matrix Calculated B3LYP/6-31++G(d,p)

ν̃ I a ν̃ b A th PED c (%)

3433 3430 3424 3422 100 3527 68 νN1H (100)
3190 0 νC8H (99)

3115 1 3136 4 νC2H (100)
2998 3 3095 6 νMe2 (93)
2961 9 3073 9 νMe3 (93)
2930 2922 2888 11 3002 37 νMe1 (98)
1775 8
1764 1760 1750 1744 583 1761 764 νCO (72), νC5C6 (13)
1738 1732 1725 178
1702 35
1658 12
1594 79 1597 126 νC2N3 (54), βC2H (15)
1579 1576 8
1547 51 1547 40 νN3C4 (23), νN9C4 (18), νN7C8 (15), νC4C5 (14)
1522 46 1516 57 νC4C5 (26)
1506 2
1475 9 1486 14 βMe2 (76), βMe3 (11)
1450 1447 6 1456 11 βMe4 (89)

1447 1 βN1H (26), νN7C8 (20)
1440 1 1434 4 βMe1 (72), νN7C8 (11)
1408 1404 19 1409 15 νN7C8 (16), βMe1 (15), βN1H (13), νN9C4 (12), νN1C2 (10), νC4C5 (10)
1377 25 1373 20 βC2H (26), νC5C6 (14), νN9C14 (10)
1353 40 1356 34 βC2H (33), νC2N3 (18), νC5N7 (16)
1343 19 1342 18 νC8N9 (25), νC5N7 (16)
1290 1
1272 1268 1264 10 1271 5 βC8H (28), νC8N9 (12), βMe3 (11)
1215 43 1214 41 βC8H (36), νN9C14 (15)
1141 1139 61 1133 40 νN1C2 (33), βN1H (19), νC6N1 (12)
1127 0 1126 1 βMe5 (87)
1101 17 1098 28 νN1C2 (17), βR1 (16)
1084 1081 1
1051 1045 1040 34 1043 34 βMe3 (45), νC8N9 (26), βR4 (13)

1008 15 νC6N1 (25), βR4 (17), βCO (12), βR5 (11)
924 921 3 910 4 γC2H (107)
899 4 892 5 βR1 (47), βR2 (10), νC5N7 (10)
839 832 6 819 11 γC8H (100)
784 12 758 8 γCO (33), τR1 (32), τR4 (26)
725 8 721 14 νN9C14 (31), βR4 (28), βR2 (13), νC8N9 (10)
721 11 713 37 γN1H (47), γCO (40)
713 1
704 702 13 697 14 νN3C4 (24), νC6N1 (14), νN9C4 (12), βR4 (10)
660 654 56 650 61 τR5 (45), γN1H (30), τRR (12), τR4 (10)
640 1 636 0 τR4 (51), γN1H (17), γCO (14), τR3 (11)
599 595 13 587 11 βCO (25), νC6N1 (23), βR5 (18)
545 542 12 536 18 τR2 (39), τR1 (27), τR5 (26), γN1H (10)
522 1 518 3 βR2 (35), βR5 (14), νN9C14 (11), βN9C14 (10)

504 2 βR3 (69), βR2 (11)
352 4 βCO (41), βN9C14 (19), νC5C6 (16)
267 0 τR3 (62), γN9C14 (22)
246 1 τRR (55), γN9C14 (24)
224 1 βN9C14 (51), βR2 (11)
170 12 τR2 (35), τR3 (30), γN9C14 (18), τRR (14)
109 0 γN9C14 (29), τR2 (24), τR1 (21)
50 0 τMe (95)

Wavenumbers of the strongest components of split bands are bold.
a Relative integrated intensities.
b Theoretical positions of absorption bands were scaled down by a factor of 0.98.
c PED's lower than 10% are not included. Definition of internal coordinates is given in Table S2. See Scheme 1 for atom numbering.
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Ar matrix (Fig. 5), two bands were observed. The high-intensity
band, assigned to the N1H stretching vibration was found at the
frequency 3433 cm−1, similar to the frequencies of analogous
bands in the spectra of allopurinol and 4(3H)-pyrimidinone. The
lower-intensity band was detected at the frequency 3557 cm−1,
characteristic of the stretching vibration of the OH group. This
Table 6
Experimental wavenumbers (ν̃/cm−1) and relative integral intensities (I) of the absorpt
in an Ar matrix, compared with wavenumbers (ν̃/cm−1), absolute intensities (Ath/km
mHxIIa

Experimental Ar matrix Calculated B3LYP/6-31++G(

ν̃ I a ν̃ b A th

3577 3563 3557 100 3682 106
3185 0

2995 6 3137 14
2963 11 3093 7
2924 13 3072 9
2801 15 3001 38
1639 1636 98 1633 224
1585 120 1586 180
1520 69 1517 57
1490 6
1478 26 1489 36
1471 1468 1467 100 1472 132
1447 19 1454 11
1430 18 1441 15
1413 26 1417 26
1361 31 1363 37
1347 34 1345 55
1327 1318 1313 147 1330 169
1307 19 1323 10
1282 1272 11 1289 15
1236 1235 31 1243 27
1213 1207 43 1204 55
1192 6
1126 7 1127 1
1111 1109 1107 58 1111 98
1052 1050 12 1045 8
1023 1022 86 1019 99
952 4 946 5
894 889 9 887 8
855 2 845 7
809 803 802 24 786 12
735 6 731 5
727 5
718 12 714 11
686 2 677 7
647 646 33 644 40

592 2
535 4 560 2
515 512 45 540 89

529 4
520 1
331 10
298 0
253 1
220 5
190 1
110 5
13 0

Wavenumbers of the strongest components of split bands are bold.
a Relative integrated intensities.
b Theoretical positions of absorption bands were scaled down by a factor of 0.98
c PED's lower than 10% are not included. Definition of internal coordinates is g
picture strongly suggests that two tautomeric forms of 9-
methylhypoxanthine were trapped into a low-temperature Ar
matrix. Based on the observed ratio of intensities of the
experimental νOH and νNH bands and taking into account the
calculated absolute intensities of these bands, equal 106 and
68 km mol−1, respectively, the ratio of populations of the oxo
ion bands in the spectrum of the hydroxy form of 9-methylhypoxanthine isolated
mol−1) and potential energy distribution (PED, %) calculated for the oxo form

d,p)

PED c (%)

νOH (100)
νC8H (99)
νC2H (100)
νMe2 (99)
νMe3 (99)
νMe1 (99)
νC5C6 (39)
νN3C4 (26), νC4C5 (22), νN1C2 (10)
νN7C8 (21), βC8H (17), βR5 (11)

βMe2 (74), βMe3 (13)
βC2H (31), νC6N1 (23), νCO (12), νC2N3 (11)
βMe4 (90)
βMe1 (42), νN7C8 (31)
βMe1 (46), νN9C14 (15), νN7C8 (10)
βC2H (41), νC6N1 (11)
νC5N7 (15), νN7C8 (13), νC4C5 (12), νC2N3 (10), νC8N9 (10)
νC2N3 (19), νC8N9 (14), νCO (12)
νN1C2 (26), νC2N3 (16), νCO (14), βC2H (10)
βOH (33), νC5N7 (23), νN1C2 (15)
βC8H (41), νN7C8 (11), βMe3 (10)
νN9C14 (17), βC8H (17)

βMe5 (89), βMe4 (10)
βOH (27), νN1C2 (20), νC6N1 (20)
βMe3 (50),νC8N9 (28)
βR4 (25), νCO (16), νN9C14 (10), βR5 (10)
γC2H (108)
βR1 (43), βR2 (15)
γC8H (100)
τR1 (52), τR4 (22), γCO (18)
νN9C14 (21), βR2 (17), νC8N9 (10), βR4 (10)

βR4 (29), νN3C4 (13), νC5C6 (12)
γCO (49), τR3 (14), τR5 (11), τRR (11), τR4 (10)
τR4 (52), τR5 (32)
βR5 (25), βCO (25)
τR2 (32), τR5 (28), τR1 (24)
τOH (88)
βR3 (35), νN9C14 (12), βR2 (11), βN9C14 (10)
βR3 (35), βR2 (34)
βCO (49), βN9C14 (22)
τR3 (63), τR5 (11)
τRR (48), γN9C14 (32)
βN9C14 (49), βR2 (10)
τR2 (47), γN9C14 (24), τRR (17)
γN9C14 (34), τR2(23), τR1 (10)
τMe (96)

.
iven in Table S2. See Scheme 1 for atom numbering.



Scheme 3. Open-ring conjugated ketene products photogenerated from (A) allopurinol, (B) 9-methylhypoxanthine and (C) 4(3H)-pyrimidinone.
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and hydroxy tautomers was estimated as 11.7:1. Eq. (1) was
used for this purpose:

½oxo�
½hydroxy� ¼

IðrNHÞ
IðrOHÞ

AthðrOHÞ
AthðrNHÞ ; ð1Þ

where I is the experimental integrated absorbance, and Ath is the
calculated absolute intensity.

Assuming that the relative population of 9-methylhypoxanthine
isomers, characteristic of the gaseous phase equilibrium prior to
deposition, is retained in the matrix, it is possible to estimate the
difference in energies between the two forms. The temperature of
the oven used for deposition of 9-methylhypoxanthine in this study
was equal to ca. 480 K. At this temperature the observed ratio of
conformers (11.7:1) corresponds, according to the Boltzmann
distribution, to the energy difference of 9.8 kJ mol−1. This value is
in a good correspondencewith the energy difference 10.3 kJmol−1

calculated by MP2 approach (see Table 4).
UV (λN270 nm) irradiation of the matrix-isolated monomers

of 9-methylhypoxanthine led to the decrease of the bands
belonging to the spectrum of the oxo form and to the increase of
the (initially very weak) bands of the spectrum of the hydroxy
tautomer (Fig. 5). Having two spectra (recorded before and after
UV irradiation) of matrices containing different relative popu-
lations of the oxo-N(1)H and the hydroxy forms of 9-methy-
lhypoxanthine, it was possible to separate (using numerical
subtraction) the spectra of the two tautomers of the compound.

These separated spectra are compared (in Figs. 6 and 7) with
the spectra calculated (at the DFT(B3LYP)/6-31++G(d,p) level)
for tautomers mHxI and mHxII. Identification of the substrate of
the photoreaction as formmHxI and the photoproduct as tautomer
mHxII is strongly supported by the good agreement between the
experimental and theoretical IR spectra. Hence, the main
photochemical process observed for monomeric 9-methylhypox-
anthine can be reliably interpreted as a proton transfer mHxI →
mHxII reaction (Scheme 4). The assignment of the experimental
Scheme 4. Phototautomeric reaction observed for 9-methylhypoxanthine.
absorption bands in the spectra of both tautomers to the
theoretically calculated normal modes is given in Tables 5 and 6.

It does not seem very likely that both rotamers mHxIIa and
mHxIIb are generated upon UV irradiation. The theoretically
predicted spectrum of form mHxIIb does not reproduce well the
experimental spectrum of the photoproduct(s) (see the compar-
ison shown in Fig. 7). Form mHxIIb is predicted to be higher in
energy by 5 kJ mol−1, with respect to form mHxIIa and the
barrier between these two forms was calculated (at the DFT
(B3LYP)/6-31++G(d,p) level) to be 35 kJ mol−1.

Similarly as it was in the case of allopurinol, photogenera-
tion of a small amount of the open-ring conjugated ketene
(Scheme 3B) occurred also for 9-methylhypoxanthine. This
form was detected thanks to the high-absolute-intensity band
emerging at the characteristic frequency 2151 cm−1 (Fig. 4).

4.3. Reversibility of the phototautomeric reaction

The phototautomeric reactions observed for allopurinol and
9-methylhypoxanthine did not lead to the total conversion of the
Fig. 8. Portions of the IR spectra of 4(3H)- pyrimidinone isolated in an Ar
matrix: (a) after deposition of the matrix; (b) after UV irradiation with
λN270 nm; (c) after UV irradiation with λN230 nm; (d) difference spectrum:
trace c minus trace b.



Scheme 5. Phototautomeric reaction observed for 4(3H)-pyrimidinone.
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initial oxo forms of the compounds into the corresponding
hydroxy forms. One of the possible reasons for that can be the
reversibility of the oxo ↔ hydroxy phototransformations. This
could happen if (together with the photoreaction transforming
the oxo forms of the compounds into the hydroxy tautomer) a
concomitant hydroxy → oxo phototransformation occurred. In
such a case the observed photoprocess would lead to a photo-
stationary state.

Photoreversibility of the oxo–hydroxy phototautomerism of
the type observed for allopurinol and 9-methylhypoxanthine
was experimentally proven in the current work for the model
system 4(3H)-pyrimidinone/4-hydroxypyrimidine. This model
molecule has only a six-membered ring and the possibility of
the tautomerism involving pyrazole or imidazole ring is auto-
matically excluded.

Both oxo and hydroxy forms of this model compound are
populated in the gas phase and are trapped into a low-tem-
perature Ar matrix [38,39]. Irradiation of matrix-isolated 4(3H)-
pyrimidinone with UV (λN270 nm) light led to an almost total
conversion of the oxo form into the hydroxy tautomer (Fig. 8).
Upon subsequent UV (λN230 nm) irradiation partial recovery
of the oxo tautomer occurred (Fig. 8, traces b, c, d). The
spectral signature of this reverse hydroxy → oxo photoprocess
is the reappearance and increase of the νNH band (at
3428 cm−1) and the νC_O band (at 1726 cm−1), both
characteristic of the IR spectrum of the oxo tautomer [40]. This
direct observation provides the first case of the oxo–hydroxy
phototautomerism (of the type discussed in the present paper,
see Scheme 5), for which the photoreversibility is unequivo-
cally proven.

5. Conclusions

The infrared spectra of monomers of allopurinol and
9-methylhypoxanthine isolated in low-temperature Ar matrices
are reported for the first time. These spectra were interpreted by
comparison with the IR spectra theoretically calculated for all
possible tautomeric forms of thesemolecules at theDFT(B3LYP)/
6-311++G(d,p) level. This comparison revealed that allopurinol
adopts the oxo-N(1)H,N(5)H form (AI). The oxo-N(1)H form
(mHxI) is dominant in the case of 9-methylhypoxanthine,
however a small amount (ca. 8%) of the hydroxy tautomer
(mHxII) was also detected.

UV illumination of both compounds resulted in transforma-
tion of the initially abundant oxo forms into the corresponding
hydroxy tautomers (Schemes 2 and 4). The photogenerated
species were identified on the basis of a good agreement bet-
ween their IR spectra and the spectra calculated for the AIIIa
and mHxIIa hydroxy tautomers.
The vibrational spectra of the reagents (oxo tautomers) and
the photoproducts (hydroxy tautomers) were assigned to the
theoretically calculated normal modes.

The phototautomeric reaction of the same type occurred also
for the model compound 4(3H)-pyrimidinone/4-hydroxypyr-
imidine (Scheme 5). For this species, illumination with UV
(λN270 nm) converted the oxo form to the hydroxy tautomer.
Subsequent irradiation with the light of shorter wavelengths
(λN230 nm) led to partial repopulation of the oxo tautomer.
This was the first experimental observation of the photorever-
sibility of the oxo–hydroxy intramolecular phototautomeriza-
tion in the compounds where the hydrogen atom is shifted
between the N–H and C_O groups placed at alpha position
with respect to each other.
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