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UV-Induced Generation of Rare Tautomers of 2-Thiouracils: A Matrix Isolation Study
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Unimolecular photoisomerization reactions were studied for 2-thiouracil, 6-aza-2-thiothymine, 1-methyl-2-
thiouracil, and 3-methyl-2-thiouracil isolated in low-temperature Ar matrixes. The IR spectra have revealed
that before UV irradiation all the matrix-isolated compounds adopted exclusively thetloome tautomeric

form. Upon UV @ > 320 nm) irradiation of the matrixes, two oxthiol photoproducts were generated for
monomeric 2-thiouracil as well as for monomeric 6-aza-2-thiothymine. Generation of these products corresponds
to transfer of a proton from either the NE@} or N(3)—H group to the sulfur atom of the CE thiocarbonyl

moiety. The first of the above reactions was photoreversible. As a consequence, after prolonged UV irradiation
most of the material was transformed into the exioiol—N(1)H form. The hydroxy-thiol tautomers of
2-thiouracil and 6-aza-2-thiothymine were also photogenerated as minor products. For 1-methyl-2-thiouracil
and 3-methyl-2-thiouracil, thione> thiol phototautomeric reactions yielded the esxtbiol isomers of the
compounds. Since these reactions were photoreversible, the final stages of the photoinduced processes
corresponded, for both methylated 2-thiouracils, to photostationary states. All the products of the investigated
photoreactions were identified by comparison of their IR spectra with the spectra calculated at the DFT-
(B3LYP)/6-31H-+G(2d,p) level.

Introduction is the knowledge of its physicochemical properties. The most
2-Thiouracil is a modified base, closely related to uracil, a basic information concerns the molecular structure of the

canonical nucleic acid base. Nucleobase derivatives substituted®®mpound. In principle, the molecule of 2-thiouracil may adopt
with sulfur atom(s) in the positions of the exocyclic oxygen 13 different isomeric forms: one oxghione tautomeric form,
atom(s) have been extensively studiékhe thiated nucleobases four rotameric forms of the oxethiol tautomers, four rotameric
appear naturally in various biological materials and are important forms of the hydroxy-thione tautomers, and four rotamers of
agents for numerous metabolic procegsé<2-Thiouracil has the hydroxy-thiol tautomer. Recentl_y, relative energies of these
been identified as a minor component of natural tRNA%. tautomers were theoretically predicted (at the MP2 level) by
2-Thiouracil and its derivatives, such asnropyl-2- four research group8:36 According to all the calculations, the
thiouracil and fluorinated 2-thiouracils, were recognized as 0Xo—thione tautomer should be the most stable form of the
potent antithyroid and antitumor drugs'? The chemothera- ~ compound. The hydroxythiol, oxo—thiol, and hydroxy-thione
peutic activity of these compounds is due to their ready tautomers were predicted (at the MP2/6+3(d,p) levet) to
incorporation into biological cells, direct interaction with be significantly higher in energy: by 21, 30, and 49 kJ mol
proteins, and partial replacement of uracil in mRAAL r(_espectlvely. The calc_ulanons \_N|th other_baS|s sets resulted with
Recently, 2-thiouracil derivatives have been used as constituentsSimilar values of relative energies of 2-thiouracil tautonfér3:
of pseudocomplementary peptide nucleic acids, a prospectiveGiven such big energy gap between the exuone form and
biomolecular tool for highly selective manipulation with nucleic ~ the second most stable, hydrexthiol tautomer, only the oxe
acids!® Thanks to easy introduction into biological tissues and thione isomer should be populated in the gas phase and, as a
long-wavelength absorption of 2-thiouracil, the compound serves consequence, trapped in low-temperature matrixes. And indeed,
as an efficient sensitizer that enhances DNA damage caused” the gas phase and in low-temperature Ar andnatrixes,
by UVA1%-22 and could be used as a therapeutic seeker of molecule_s of 2-thiouracil Wer_e_found only in the oxti_mone _
melanomas, nonresponding to conventional treat#feft. tautomeric form?’~41 As anticipated, also for 2-thiouracil
Moreover, 2-thiouracil and its derivatives form complexes Mmethylated at N(1) or at N(3) nitrogen atoms, no traces of forms
with various metal ion&"-2° 6-Aza-2-thiothymine has recently other than the ox'etr'none tautomer were observed either in
been used as a matrix system in matrix assisted laser desorptiony@pPor phase or in inert environment of a low-temperature
ionization (MALDI) mass spectrometry. The MALDI technique ~ Matrix38:40:42 _ .
allowed effective studies of DNA complexes, glycoconjugates N the present work unimolecular photoprocesses induced by
and oligosaccharides, noncovalent protein complexes, andUV excitation of monomeric 2-thiouracils were investigated.
peptide nucleic acids (PNA):3! Despite these applications, Photoisomerization occurrences were studied for 2-thiouracil,
investigations of 6-aza-2-thiouracils (including 6-aza-2-thio- 6-aza-2-thiothymine, 1-methyl-2-thiouracil, and 3-methyl-2-
thymine) themselves have received only very little interest thiouracil (Chart 1) isolated in low-temperature argon matrixes.
hitherto32 . .
An essential prerequisite for understanding interactions of EXperimental Section
2-thiouracil in various chemical and biological environments  2_Thiouracil and 6-aza-2-thiothymine used in the present
*To whom correspondence should be addressed. E-mail: mjnow@ Study were commercial products supplied by Aldrich. Samples
ifpan.edu.pl. of 1-methyl-2-thiouracil and 3-methyl-2-thiouracil were kindly

10.1021/jp051940e CCC: $30.25 © 2005 American Chemical Society
Published on Web 08/09/2005




Photogeneration of Rare Tautomers of 2-Thiouracils J. Phys. Chem. A, Vol. 109, No. 34, 2006701

CHART 1: Canonical Oxo—Thione Tautomers of CHART 2: Tautomeric Forms of 2-Thiouracil and
2-Thiouracils 6-Aza-2-thiothymine
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made available by Professor D. Shugar (Warsaw). To prepare
a low-temperature matrix, the solid sample of a studied
compound was electrically heated in a glass microoven placedgcHEME 1: Unimolecular Thione — Thiol
in the vacuum chamber of a continuous-flow helium cryostat. ppgioreaction in Simple Thioamides

The vapors of the compound were deposited, together with a

X=CH, Y=H for 2-thiouracil
X=N, Y =CH, for 6-aza-2-thiothymine

large excess of inert gas (argon), on a Csl window cooled to S s’H

10 K. The argon matrix gas of spectral purity 6.0 was supplied J\ _H L )\

by Linde AG. The IR spectra were recorded with 0.5¢ém RN RSN

resolution using a Thermo Nicolet Nexus 670 FTIR spectrometer H H

equipped with a KBr beam splitter and a DTGS detector. Integral _ . .

intensities of the IR absorption bands were measured by 2;333 ((ttr;'izii;?m'de)

numerical integration. Matrixes were irradiated with the light 2

from a high-pressure HBO200 mercury lamp fitted with a water scHEME 2: Unimolecular Thione — Thiol

filter and a suitable cutoff filter (WG320 or WG295) or with @ photoreaction in Heterocyclic Thioamides

nitrogen laser source emitting pulsed light with= 337 nm. H

UV absorption spectra of 2-thiouracils were recorded for gaseous s S

compounds at 550 K in a quartz cell (evacuated before sealing). Ho hv _
Computational Details. The geometries of isomers consid- '\t | —> k |

ered in this work were optimized using the hybrid Hartree Ny X

Fock and density functional theory method DFT(B3LYP) with

the Becke’s three-parameter exchange functiaad gradient- X =CH - 2(1H)-pyridinethione

corrected functional of Lee, Yang, and P&rAt the optimized X=N - 4(3H)-pyrimidinethione

geometries, the DFT(B3LYP) harmonic vibrational frequencies . .
and IR intensities were calculated. All quantum-mechanical from the N—H group to the sulfur atom in the position. These

calculations were performed with the GAUSSIAN 98 progfam ~ "éactions do not belong to any of the known types of photo-
using the 6-314+G(2d,p) basis set. To correct for the Processes. The mechanism of the thienghiol phototautomeric

systematic shortcomings of the applied methodology (mainly "éaction of the type described above remains still not elucidated,
for anharmonicity), the predicted vibrational wavenumbers were €ven for the simplest thioamides.

scaled down by a single factor of 0.98. The thiocarbonyl moiety in the oxethione form | of
2-thiouracil is located between two-NH groups (Chart 2).
Results and Discussion Hence, a proton can be transferred to the sulfur atom either

from the N(1)-H or from the N(3)-H group. During the
2-Thiouracil. Tautomerism and infrared spectra of matrix experimental studies on unimolecular photochemistry of 2-thio-
isolated 2-thiouracil were studied in the previous woik®:41 uracil, carried out in the present work, the matrix isolated
Those studies revealed that the compound adopts exclusivelymonomers were irradiated using UV light with> 320 nm,
the canonical oxethione tautomeric fornh (Chart 2). The IR that is at the long-wavelength edge of the UV absorption
spectrum of 2-thiouracil, recorded in the current work for the spectrum of the compound (see Figure 1). Under such conditions
compound isolated in an Ar matrix, was the same as the spectrathe monomers of 2-thiouracil were not subjected to photode-
reported earlier. This spectrum was well-reproduced by the composition, but the energy of the absorbed photons was high
theoretical spectra calculated, for the extbione tautomeric enough to induce photoisomerization processes in the molecule.
form1, within and beyontf the harmonic approximation (Figure  Irradiation of 2-thiouracil isolated in an Ar matrix with UV light
S1 in the Supporting Information). of such wavelength resulted in continuous decrease of the IR
Unimolecular UV-induced processes transforming thione spectrum of the initially observed oxthione tautometr (e.g.
tautomers into the corresponding thiol forms were previously bands at 3456 and 3414 cfpresented in Figure 2). At initial

observed for simple thioamides (such as thioacetathiaied stages of the phototransformation new bands, ascribable to NH
thiourea?® Scheme 1) as well as for heterocyclic thione stretching vibrations, appeared at 3467 and 3405'difigure
compounds (such as I)-pyridinethioné® and 4@H)-pyrim- 2B). Prolonged UV irradiation demonstrated that these bands

idinethione®® Scheme 2). In all cases proton was transferred belong to the spectra of two different photoproducts. After the
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Figure 1. UV absorption spectra of gaseous 2-thiouracil (black), . Wavenumb(.-:‘rs/cm L
1-methyl-2-thiouracil (red), and 3-methyl-2-thiouracil (blue). Figure 3. SH stretching frequency region (2662630 cn*) of the

IR spectrum of 2-thiouracil isolated in an Ar matrix: (dotted line) after

N deposition of the matrix; (solid line) aft® h of irradiation with UV
(A > 320 nm) light; (dashed line) aft8 h of irradiation with UV ¢
> 320 nm) light.
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Figure 2. High-frequency region of the IR spectrum of 2-thiouracil wavenumbers / cm

isolated in an Ar matrix: (A) after deposition of the matrix; (B) after Figure 4. High-frequency region of the IR spectra of 2-thiouracil
2 h of irradiation with UV ¢ > 320 nm) light; (C) afte 8 h of tautomersl —1V (see Chart 2) theoretically simulated at the DFT-
irradiation with UV (@ > 320 nm) light.I—IV as in Chart 2. (B3LYP)/6-311+G(2d,p) level. The calculated wavenumbers were
scaled by the single factor of 0.98.
majority of the initial oxoe-thione tautomerl had been
consumed, the intensity of the band at 3405 tmstarted to having one N-H and one SH bond in a molecule. The obvious
diminish (Figure 2, traces B and C). On the contrary, the band candidates for the structures of these two photoproducts are the
at 3467 crmr! grew continuously, until the oxethione substrate  oxo—thiol forms|1l andlll presented in Chart 2. Forih can
was totally consumed (Figure 2, trace C). Apparently, the be generated by a shift of the N} proton to the sulfur atom,
photoproduct represented in the IR spectrum by the band at 3405and in the case of produtit the proton should be shifted from
cm1is photogenerated from the initial oxthione form, but the N(3)-H group. The comparison of the high-frequency region
there must occur also a concomitant photoreaction that consume®f the experimental spectrum (Figure 2) with the corresponding
this species. The second photoproduct, represented by the banfragment of the spectra of forms-IIl theoretically predicted
at 3467 cnm’, can be considered as the major, ultimate product at the DFT(B3LYP)/6-31++G(2d,p) level (Figure 4) suggests
of the observed photoisomerizations (see Figure S2 in thethe assignment of the ultimate oxthiol product of the
Supporting Information). photoisomerizations to fornill and of the other oxethiol
New bands of the photoproducts appeared also in the photoproduct to formll. Interestingly, the position of the
frequency range 26282610 cnrl, that is in the spectral region  »(N(1)H) band (3467 cmt (Ar)) in the spectrum of photoprod-
where the bands due to-$i stretching vibrations are expected uct Il is quite similar to the position of the(N(1)H) band
(Figure 3). Two bands representing two thiol photoproducts were (3456 cn1?® (Ar)) in the spectrum of the initial forrh. The same
observed at 2616 and 2614 chAlthough these bands partially  is true for the bands due to thg€N(3)H) vibrations observed
overlap, it is clear that during the UV irradiation one of them in the experimental spectra of isomdtsand| at 3405 and
(at 2616 cm?) first grows, but then decreases, whereas the other 3414 cn1?, respectively (Figure 2).
one (at 2614 cml) continues to grow until the end of the The identification of the product first growing but then being
photoreaction. consumed during the photoreaction is confirmed by a good
The observations described above strongly suggest that thereagreement between the whole mid-infrared experimental spec-
are two major products of the photoreaction, each of them trum of this photoproduct and the spectrum theoretically
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Figure 5. Comparison of the experimental spectrum of the photoproduct that first was generated but then consumed during the20/nm)
irradiation of 2-thiouracil isolated in an Ar matrix with the spectrum of tautotheéheoretically simulated at the DFT(B3LYP)/6-3t+G(2d,p)
level. The calculated wavenumbers were scaled by the single factor of 0.98.
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Figure 6. Comparison of the experimental spectrum of the ultimate photoproducts generated upon the 320 nm) irradiation of 2-thiouracil
isolated an Ar matrix (A) with the spectra of tautomdis(C) andlV (B) theoretically simulated at the DFT(B3LYP)/6-3t3+G(2d,p) level. The

calculated wavenumbers were scaled by the single factor of 0.98.

predicted for the oxethiol tautomer Il (Figure 5). The

subtracting the initial spectrum) and then removing the bands

experimental IR spectrum of this photoproduct consists of the of the ultimate photoproduct(s) (by subtracting the final spectrum
bands behaving during the progress of UV irradiation in the recorded afte8 h of UV irradiation).

same way as the absorptions at 3405 and 2616'cffhis

The spectrum of the ultimate photoproduct(s) of the photo-

spectrum was separated from the bands due to other specieseaction can be obtained by numerical subtraction of the last
present in the matrix by removing from the spectrum obtained traces of the spectra of formisand Il from the spectrum

after 2 h of irradiation the bands of the initial fornh (by

collected afte 8 h of UV (1 > 320 nm) irradiation. All the
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SCHEME 3: Photoisomerization Reactions Observed for
2-Thiouracil
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1v Figure 7. Portion of the IR spectrum of 2-thiouracil isolated in an Ar
2 Analogous scheme is postulated for 6-aza-2-thiothymine. matrix: (green line) after deposition of the matrix; (blue line) after 5

h of UV irradiation with a nitrogen lasei (= 337 nm); (red line) after
strong IR absorptions found in this spectrum (Figure 6) can be & subsequent 30 min of irradiation with a high-pressure mercury lamp
assigned to the bands present in the theoretical spectrum offitted with a WG 320 filter.
isomerlll . But, in the spectrum shown in Figure 6A one can ) ) ) ) )
easily find the bands that have no counterparts in the Spectrumphotoreactlons observeq f_o_r 2-th|our§0|l were |rreyer3|ble, then
calculated for formill. Among all other tautomeric forms of ~ there would be no possibility of UV-induced partial recovery
2-thiouracil, only the hydroxythiol form IV (Chart 2) has a  ©f the population ofl. Such experimental evidence of the
theoretical spectrum that reproduces well the pattern of the IR Photoreversibility of the — II photoreaction, and the formation
bands, which were not assigned to foltin (Figure 6). The IR of tautomersll andlV as final pro_ducts of |rr_ad|at|on, strongly
spectrum of the photogenerated hydrexigiol form IV should support the corrgctness of the mterpreta_tlon of .the observed
involve a high-frequency band due te-®l stretching vibration, photoprocesses in terms of phototautomeric reactions presented
which could be easily identified in the spectrum recorded after in Scheme 3.

UV irradiation. And indeed, a low-intensity band appeared in ~ 6-Aza-2-thiothymine. Substitution of the C(6)H group by
the spectrum of photoproducts at 3565 ¢éniFigure 2). This a nitrogen atom does not significantly change the tautomerism
band was growing monotonically during UV irradiation in the Of & 2-thiouracil. The previous matrix isolation study on 6-aza-
same manner as other IR bands assigned to the Idrifsee 2-thiouracif? revealed that the compound adopts exclusively
Figure S2 in the Supporting Information). The theoretically the oxo-thione tautomeric form. Introduction of the methyl
calculated intensity (87 km mot) of the »(OH) band in the ~ group at the C(5) atom was not expected to change that picture.
spectrum of tautomelV is close to the absolute intensity of ~6-Aza-2-thiothymine, studied in the present work, was found
the »(NH) band predicted in the spectrum of foiih (83 km in an Ar matrix only in the oxe-thione tautomeric fornh (Chart
mol~1). From the ratio of intensities of the bands at 3565 and 2).- Two bands, due to the N(1)H and N(3)H stretching modes,
3467 cnrt in the spectrum measured after final irradiation the ©observed in the high-frequency region of the spectrum of 6-aza-
amount of the photogenerated hydresthiol tautomer with ~ 2-thiothymine at 3454 and 3407 c#j are placed nearly at the
respect to the oxethiol form Ill was assessed at 20%. same positions as the corresponding bands (at 3453 and 3406
This was not the first observation of an UV-induced oxo ~ ¢m™*) observed previousk in the spectrum of 6-aza-2-
hydroxy phototautomerism. Unimolecular photoreactions con- thiouracil isolated in an Ar matrix.
verting the oxo tautomers of formamiée2(1H)-pyridinone2 The effects of UV { > 320 nm) irradiation of matrix isolated
and 4@H)-pyrimidinoné? into the corresponding hydroxy forms ~ 6-aza-2-thiothymine (Figure 8) demonstrate that the uni-
were observed in the past. However, the photochemical reactionmolecular photoinduced processes in this compound are very
generating the hydroxythiol form IV of 2-thiouracil is a first similar to the photoisomerizations observed for 2-thiouracil and
example of the combined oxe- hydroxy and thione— thiol can be summarized as a set of photoprocesses presented in
phototautomerization. Scheme 3. Photoproduitt(represented in Figure 8 by the bands
The intramolecular photoisomerizations observed for matrix at 3401 and 768 cm) is generated at the initial stages of
isolated 2-thiouracil can be explained by the photoreactions irradiation of the matrix, but upon prolonged irradiation its
shown in Scheme 3. According to this scheme the- I population diminishes. Most probably the photoreaction trans-
phototautomerization is photoreversible. Up to now, no example forming form| into form |l is photoreversible, in similarity to
of photoreversibility of a thione~ thiol phototautomerization  the case of 2-thiouracil. The band (at 3457 ¢éjndue to the
has been reported. To prove the photoreversibility of the reaction stretching vibration of the N(£)H group in photoproducii
| — Il the following experiment was performed. The matrix partially overlaps with the(N(1)H) band (at 3454 crt) from

was first exposed to the radiation from a nitrogen laset of the spectrum of the initial forrh. Nevertheless, it is clear that
337 nm and then to filtered radiation from a mercury larhp ( the band at 3457 cnt grows monotonically during the progress
> 320 nm). During the first irradiation formi$ andlll of the of UV-induced photoisomerizations (Figure 8). Such behavior

compound were produced, whereas, during the second irradia-was characteristic of a whole set of IR bands ascribable to form
tion, alongside the continuous growth of the bands due to form Il , e.g. of the band at 783 crh(Figure 8).

Ill , partial recovery of the population of initial forn In comparison to the photoisomerization observed for 2-thio-
accompanied by a decrease of population of fdimwas uracil, the photogeneration of the hydrexthiol isomerlV was
observed (see Figure 7). The above observation is a direct proofless effective in the case of 6-aza-2-thiothymine. Only a very
of the occurrence of the procesis — I. Indeed, if all the low intensity band due to the stretching vibration of the OH
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Figure 8. Fragments of the IR spectrum of 6-aza-2-thiothymine isolated
in an Ar matrix: (black) after deposition of the matrix; (red) after 45
min of irradiation with UV @ > 320 nm) light; (green) afte2 h of
irradiation with UV @ > 320 nm) light; (blue) after 7.5 h of irradiation
with UV (1 > 320 nm) light. Arrows indicate the direction of changes
of the band intensities with the time of irradiation.

group appeared at 3552/3550 ¢hin the spectra of UV-
irradiated 6-aza-2-thiothymine isolated in an Ar matrix. In a
matrix irradiated for 7.5 h with UVA > 320 nm) light, the
estimated amount of forfV was ca. 3%, with respect to the
amount of formlll . Hence, although the general scheme of

photoreactions found for 6-aza-2-thiothymine was the same as

that described above for 2-thiouracil, some differences of

guantitative nature concerning relative effectiveness of photo-

generation of productsd —IV were observed.
1-Methyl-2-thiouracil and 3-Methyl-2-thiouracil. Meth-

ylation at N(1) or at N(3) nitrogen atom of 2-thiouracil limits

the possibilities of transferring protons to the=S group and

simplifies the schemes of reactions. Therefore, the photochemi-

cal behavior was investigated for two methylated derivatives:
1-methyl-2-thiouracil and 3-methyl-2-thiouracil isolated in Ar
matrixes. In low-temperature matrixes, both methylated com-
pounds adopt only oxsthione tautomeric form&4° Upon
exposure of monomeric 3-methyl-2-thiouracil to U¥ ¥ 295
nm) light, transformation of the initial oxethione formV into
the oxo-thiol tautomerVIl was observed (Scheme 4). Taking
into account the structure of/, no phototautomerization
processes competing with the transfer of the N{)proton to
the C=S group in theo-position should be expected.
However, even upon prolonged UV irradiation the photo-
reaction did not result in total consumption of the substxate

J. Phys. Chem. A, Vol. 109, No. 34, 2006705
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Figure 9. Progress of the phototautomeric reaction in 3-methyl-2-
thiouracil isolated in an Ar matrix. The progress was monitored as a
decrease of the intensity of thgN(1)H) band (at 3452 cni), with
respect to the intensity of this band recorded before UV irradiation.
Dashed line represents the approximation of the experimental time
dependency by the function given in eq 2.

SCHEME 4: Photoisomerization Reaction Observed for
3-Methyl-2-thiouracil

O (0]
H,C hv H,C
N » N
P | == s |
S ITI ? N
H H

\4 VI

The progress of the photoreaction as a function of irradiation
time is shown in Figure 9. Evidently, the reaction led to a
photostationary state, which corresponded to transformation of
only 16% of the initial material into the photoproduct. A
photostationary state as a final stage of a photoprocess indicates
that the reaction (Scheme 4) is photoreversible. For a reversible
photoreactior??

1)

the dependence of the substrate concentration [A] on time of
irradiation,t, is governed by the following equation:

Al _ _M). aton Ped
Ad (1 A Al

where [Ay] is the initial concentration of the substrate before
irradiation and [AJ is the concentration when photoequilibrium
is achieved. This function fits very well the experimentally
determined dependence of the amount of the-cthane form

of matrix isolated 3-methyl-2-thiouracil on the time of UV
irradiation (see Figure 9).

The photogenerated oxahiol form VI was identified by
comparison of the IR spectrum emerging upon UV irradiation
with the theoretical spectrum ofl calculated at the DFT-
(B3LYP)/6-31H-+G(2d,p) level. The good agreement between
the experimental IR spectrum of the photoproduct and the
theoretical spectrum of the oxdhiol form VI is illustrated by
the fragment presented in Figure 10.

In similarity to the phototautomerism observed for 3-methyl-
2-thiouracil, the photoreaction occurring (upon irradiation with
UV (4 > 295 nm) light) for matrix isolated 1-methyl-2-thiouracil

)
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Figure 10. Fragment of the IR spectrum of 3-methyl-2-thiouracil
isolated in an Ar matrix: (A) after deposition of the matrix; (B) after
220 min of UV @ > 295 nm) irradiation; compared with a corre-
sponding fragment (C) of the spectrum calculated for the isdheat
the DFT(B3LYP)/6-31%++G(2d,p) level. The calculated wavenumbers
were scaled by the single factor of 0.98.

CHART 3: Tautomeric Forms of 1-Methyl-2-thiouracil
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did not result in total conversion of the initial oxthione form

VIl into the oxo-thiol photoproducivIll (Chart 3). Decrease
of the population of the substratél as a function of the time

of the UV illumination of the matrix is presented in Figure 11.
This time dependency follows well the kinetics of reversible
reactions (eq 2). In comparison to the case of 3-methyl-2-
thiouracil, the amount of the initial form of 1-methyl-2-thiouracil
transformed into the photoproduct was quite significant. Nev-
ertheless, after 58% of the oxthione tautomeWIl had been

consumed, no further progress of the phototransformation was

observed. This shows that also for 1-methyl-2-thiouracil the

phototautomeric reaction is reversible and leads to a photosta-

tionary state.
The oxo-thiol photoproduc¥Ill was identified on the basis

Khvorostov et al.
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Figure 11. Progress of the phototautomeric reaction in 1-methyl-2-
thiouracil isolated in an Ar matrix. The progress was monitored as a
decrease of the intensity of th€N(3)H) band (at 3412 cni), with
respect to the intensity of this band recorded before UV irradiation.
Dashed line represents the approximation of the experimental time
dependency by the function given in eq 2.
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Figure 12. Fragment of the IR spectrum of 1-methyl-2-thiouracil
isolated in an Ar matrix: (A) after deposition of the matrix; (B) after

of a good agreement between the experimental IR spectrum400 min of UV @ > 295 nm) irradiation; compared with corresponding

appearing upon UV irradiation of the matrix and the theoretical
spectrum oIl . The comparison of fragments of the experi-

mental spectra of 1-methyl-2-thiouracil, recorded before and
after UV irradiation, with the spectrum predicted for tautomer
VIl is presented in Figure 12.

In the molecule of 1-methyl-2-thiouracil, not only the
thiocarbonyl C(25=S group is situated in the direct vicinity of
the N(3)-H fragment, but also the carbonyl C&D moiety.
Hence, photogeneration of the hydrexthione tautomeinX
cannot be excluded for this compound. The matrix isolation

experiments, carried out within the present work, suggest that

some very small amount of this formX() is actually photo-
produced. There are only very few spectral features found in
the IR spectrum of 1-methyl-2-thiouracil, recorded after UV
irradiation, that could be ascribed t¥. One of them is the
weak band at 1560 cm (see Figure 12). This band can be
readily assigned to the spectrumlI¥f but not to the spectrum

fragments (C and D) of the spectra calculated at the DFT(B3LYP)/6-
311++G(2d,p) level for isomersvill and IX, respectively. The
calculated wavenumbers were scaled by the single factor of 0.98.

of the hydroxy-thione tautomeidX is further supported by
appearance upon UV irradiation of a very weak band at 3543
cm~1, that is at a spectral position characteristic of the bands
due to stretching vibrations of-€H groups. The efficiency of
production of formlX was so small that it did not significantly
affect the time dependency shown in Figure 11.

Concluding Remarks

The photoprocess dominating for UV-excited monomers of
2-thiouracil, 6-aza-2-thiothymine, 1-methyl-2-thiouracil, and
3-methyl-2-thiouracil is the transfer of either N{aj or
N(3)—H proton to the sulfur atom of the thiocarbonyl group.
Photoproducts generated by the transfer of the NKLproton

of VIII . The hypothesis of photogeneration of a minor amount were observed for 2-thiouracil, 6-aza-2-thiothymine, and 3-methyl-
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2-thiouracil, whereas products obtained by the transfer of the
N(3)—H proton were detected for 2-thiouracil, 6-aza-2-thio-
thymine, and 1-methyl-2-thiouracil.

Although intramolecular proton-transfer photoreactions con-
verting thione forms of compounds into the thiol tautomers were
previously observed for a number of thione heterocycles, the
results of the current work provide for the first time convincing
proof of the occurrence of a back thiet thione photoreaction.
The experimental evidence of the thielthione photoprocesses
consists of two types of observation:

(i) For 1-methyl-2-thiouracil and for 3-methyl-2-thiouracil the
final stage of the UV-induced phototransformations was a
photostationary statethis is possible only if the thione> thiol
photoreaction is accompanied by a concomitant thtchione
photoprocess.

(i) For 2-thiouracil partial recovery of the oxethione initial
tautomer was directly observethis is possible only if there
occurs a photoprocess transforming one of the —¢thl
photoproducts back into the oxthione form.

Alongside the dominating oxethione — oxo—thiol photo-
reaction, a minor oxethione— hydroxy—thiol photoprocess
generating the less populated fotiw (with a fully aromatic
pyrimidine ring) was also observed for 2-thiouracil and 6-aza-
2-thiothymine. This photoreaction could involve simultaneous
double-proton-transfer or a sequence of two single-proton-
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dithiouracil isolated in an Ar matri%

Acknowledgment. A.K.’s contribution to this work has been
supported in part by the Ministry of Scientific Research and
Information Technology (Poland) under the project for Ph.D.
students No. 1 PO3B119 28.

Supporting Information Available: Figure S1 providing
the comparison of the experimental spectrum of 2-thiouracil
isolated in an Ar matrix with the spectrum of the exihione
tautomeric forml theoretically simulated within and beyond
the harmonic approximation and Figure S2 showing the evolu-
tion of intensities of the IR bands representing photoproducts
Il —IV with the time of irradiation of matrix-isolated 2-thio-
uracil. This material is available free of charge via the Internet
at http://pubs.acs.org.

References and Notes

(1) Favre, A.; Saintome, C.; Fourrey, J. L.; Clivio, P.; LaugaaJ.P.
Photochem. Photobiol., B998 42, 109.

(2) Ritter, C. A.; Jedlitschky, G.; Schwabedissen, H. M. Z.; Grube,
M.; Kock, K.; Kroemer, H. K.Drug Metab. Re. 2005 37, 253.

(3) Martin, R. P.; Schneller, J. M.; Stahl, A. J. C.; Dirheimer, G.
Biochem. Biophys. Res. Commu®76 70, 997.

(4) Altweg, M.; Kubli, E. Nucleic Acids Resl98Q 8, 215.

(5) Yaniv, M.; Folk, W. R.J. Biochem 1975 250, 3243.

(6) Nishimura, SProg. Nucleic Acid Res. Mol. Bioll972 12, 49.

(7) Watanabe, K.; Oshima, T.; Saneyoshi, M.; NishimuraFEBS
Lett. 1974 43, 59.

(8) Kimura-Harada, F.; Saneyoshi, M.; NishimuraF&BS Lett1971,
13, 335.

(9) Goth, A.Medical PharmacologyC. V. Mosby: St. Louis, MO,
1978.

(10) Nagasaka, A.; Hidaka, H. Clin. Endocrinol. Metab1976 43,
152.

(11) Aboul-Enein, H. Y.; Al-Andis, N. M.J. Enzyme Inhib1993 7,
197.

(12) Reader, S. C. J.; Carroll, B.; Robertson W. R.; LamberBiéchem.
Pharmacol.1987 36, 1825.

(13) Yu, M. Y. W.; Sedlak, J.; Lindsay, R. Hrch. Biochem. Biophys.
1973 155 111.

(34) Lamsabhi, M.; Alcami, M.; Mo, O.; Bouab, W.; Esseffar, J.;
Abboud, J. L.-M.; Yanez, MJ. Phys. Chem200Q 104, 5122.

(35) Les, A.; Adamowicz, LJ. Am. Chem. S0d.99Q 112 1504.

(36) Yekeler, H.J. Comput.-Aided Mol. De200Q 14, 243.

(37) Katritzky, A. R.; Baykut, G.; Rachwal, S.; Szafran, M.; Caster, K.
C.; Eyler, J.J. Chem. Soc., Perkin Trans.1®89 1499.
(38) Rostkowska, H.; Szczepaniak, K.; Nowak, M. J.; Leszczynski, J.;
Bulat, K.; Person, W. BJ. Am. Chem. Sod99Q 112, 2147.
(39) Lapinski, L.; Rostkowska, H.; Nowak, M. J.; Kwiatkowski, J. S.;
Leszczynski, JVib. Spectrosc1996 13, 23.

(40) Rostkowska, H.; Barski, A.; Szczepaniak, K.; Szczesniak, M.;
Person, W. BJ. Mol. Struct.1988 176, 137.

(41) Graindourze, M.; Grootaers, T.; Smets, J.; Zeegers-Huyskens, Th.;
Maes, G.J. Mol. Struct 199Q 237, 389.

(42) Maes, G.; Smets, ¥ib. Spectrosc1992 3, 121.

(43) Becke, A.Phys. Re. A 1988 38, 3098.

(44) Lee, C. T.; Yang, W. T.; Parr, R. ®hys. Re. B 1988 37, 785.

(45) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.D.;
Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.;
Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski,
J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.
V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill,
P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez,
C.; Head-Gordon, M.; Replogle, E. S.; Pople; J.Gaussian98Revision
A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.

(46) Barone, V.; Festa, G.; Grandi, A.; Rega, N.; SannaCihem. Phys.
Lett. 2004 388 279.

(47) Lapinski, L.; Rostkowska, H.; Khvorostov, A.; Nowak, M Rhys.
Chem. Chem. Phy2003 5, 1524.

(48) Rostkowska, H.; Lapinski, L.; Khvorostov, A.; Nowak, M. Jl.
Phys. Chem. 2003 107, 6373.

(49) Nowak, M. J.; Lapinski, L.; Rostkowska, H.; Les, A.; Adamowicz,
L. J. Phys. Chem199Q 94, 7406.

(50) Nowak, M. J.; Lapinski, L.; Fulara, J.; Les, A.; Adamowicz,J.
Phys. Chem1991, 95, 2404.

(51) Maier, G.; Endres, Eur. J. Org. Chem200Q 1061.

(52) Nowak, M. J.; Lapinski, L.; Fulara, J.; Les, A.; Adamowicz,JL.
Phys. Chem1992 96, 1562.

(53) Lapinski, L.; Nowak, M. J.; Les, A.; Adamowicz, 0. Am. Chem.
So0c.1994 116, 1461.

(54) Daniels, F.; Alberty, R. APhysical ChemistryJohn Wiley and
Sons: New York, 1975; Chapter 10.10.

(55) Lapinski, L.; Nowak, M. J.; Kolos, R.; Kwiatkowski, J. S.;
Leszczynski, JSpectrochim. Acta, Part A998 54, 685.

Ku



