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UV-VIS absorption, circular dichroism, room-temperature emission and nanosecond transient absorption
measurements as well as steady-state photochemical methods were used to determine the photophysical
and photochemical properties of the lowest excited triplet state (T ) of 2',3’,5'-tri-O-acetyl-thioinosine (6-
thiopurine 2’,3',5'-tri-O-acetyl-riboside, TI) in acetonitrile (ACN) solutions. The experimental data were
supplemented by ab initio quantum chemical calculations on 9-methyl-6-thiopurine (Me°TP), a model
molecule for the nucleoside. The ground state tautomeric structures were computed at the MP2/aug-cc-

g’;css(;fj pVTZ level of theory, and the CPCM model was used for an evaluation of the solvent effects. The results
7115.—m show that, in contrast to the gas phase, the thione tautomer is about 6 kcal/mol more stable than the
87.15._v thiol form in ACN solution. The predominance of the thione tautomer of TI in solution was confirmed
82.39.Pj by the good agreement between the measured UV absorption spectrum of TI and the calculated singlet
82.50.Hp electronic transitions and intensities of the thione form of Me®TP. In addition there was a very close

) resemblance between the experimental UV spectrum of TI and that of its derivative fixed by the methyl
'llfle’?lji/(‘)/;l)erd& group in the thione tautomeric form. The T state of TI was characterized by its energy, phosphorescence

Thiol (qbg). nonradiative process (¢n), photochemical reaction (¢pcn) quantum yields, intrinsic lifetime (‘E.?),
rate constants of self-quenching (ksq), phosphorescence (kp), and nonradiative processes (k). The rate
constants for the quenching of the T; state of TI by standard triplet quenchers (O, KI) and by common
constituents of nucleic acids (pyrimidine and purine nucleosides) were also determined. The results
show that the Ty state of TI exhibits the properties typical of the 3(m*) states of aromatic thiocarbonyl
compounds, i.e. weak room-temperature phosphorescence (d)S =2 x 107%), fast self-quenching process
(ksq=7.4 x 10° M~! s~1) and high reactivity towards O, (kq ~ 6.8 x 109 M~! s~1). Mechanistic studies of the
steady-state photolysis of Tl in air-equilibrated ACN solutions revealed that TI acts as a sensitiser and an
acceptor of singlet oxygen.

Tautomer
Thioinosine
Triplet state
Singlet oxygen
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1. Introduction

Ribosides and deoxyribosides of thiopyrimidines (4-thiouridine,
4-thiothymidine) and thiopurines (thioinosine, thioguanosine) are
important derivatives of nucleic acid components because of their
widespread applications in molecular biology and pharmacology
[1-5]. The compounds are interesting objects of photochemical
studies for two main reasons. First, the nucleosides absorb the
light in the UVA spectral region, in contrast to the common non-
sulfur-containing nucleic acid components. Therefore they can be
selectively excited when present in biological systems, and their
molecules in the electronically excited states are regarded as reac-
tive precursors in photochemical reactions involving other cell
components. These photochemical reactions are the basis of a
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crosslinking technique frequently applied in the studies of three-
dimensional structures of nucleic acids and their complexes with
proteins [1-3]. It has been also found that the nucleosides of 4-
thiopyrimidines and thiopurines incorporated into cellular DNA
induce phototoxic effects upon UVA irradiation of cells [2,6-8].
These effects exerted by low doses of radiation are of promising
therapeutic value. Thus, the knowledge of the photochemical and
photophysical properties of thiopyrimidine and thiopurine nucleo-
sides is prerequisite for a proper interpretation of the experimental
data obtained for more structurally complex biological systems and
for an understanding the photoreaction mechanisms at the molec-
ular level. Second, thiopurines and thiopyrimidines in their thione
tautomeric form are representatives of a family of aza-heterocyclic
thiocarbonyl compounds. While the spectral, photophysical and
photochemical properties of aliphatic and aromatic thioketones in
several excited triplet (Tq, T) and singlet states (Sq, Sp) [9-11] have
been well recognized, those of aza-heterocyclic thiones remained
unknown or confined to the lowest Ty state.
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Among the sulfur analogs of common nucleosides only thiopy-
rimidine nucleosides, in particular 4-thiouridine (TU, Chart 1) has
been subjected to extensive studies both experimental and theo-
retical [1,2,12-19]. The nucleoside TU and other N(1)-substituted
derivatives of 4-thiouracil in their ground states (Sg) were shown to
exist exclusively as their thione tautomers, irrespective their envi-
ronment. The most important deactivation pathways of the T, state
of TU were identified, and the rate constants of the photophysical
processes were determined in several solvents [2,14-16].

To our knowledge no attention in this respect has been paid
so far to the thiopurine nucleosides. As a continuation of our
interest in the sulfur-containing modified nucleosides, we have
undertaken the studies of the spectral, photophysical and photo-
chemical properties of thioinosine. The acetylated nucleoside, i.e.
2',3/,5'-tri-0-acetyl-9-(3-D-ribofuranosyl)-6-thiopurine, (TI, Chart
1) instead of its non-acetylated counterpart has been used in these
studies because of the much better solubility of the former in ace-
tonitrile (ACN), which was the solvent used throughout this work.
The structure of the compound is presented in Chart 1.

In this paper we report the results of the investigations per-
formed by experimental and quantum chemical methods. The main
goals of the present work are the spectral characterization of Tl in
its lowest energy excited triplet state (T;) and to identify the rele-
vant processes both photophysical and photochemical of its excited
state decay.

2. Experimental
2.1. Materials

Thioinosine (Aldrich), methylene blue (Aldrich), rose bengal
(Windsor Lab, Ltd.), nitroblue tetrazolium (Aldrich), 2/,3’,5'-tri-O-
acetyl-guanosine (Aldrich) and acetonitrile (ACN, Uvasol Merck)
were used as received. The acetylated nucleosides: 2/,3/,5'-
tri-O-acetyl-inosine [20], 2/,3’,5'-tri-O-acetyl-uridine, 3’,5'-di-O-
acetyl-thymidine [21], 9-methyl-adenine [22], 2/,3’,5'-tri-O-acetyl-
4-thiouridine [23], 9-(B-D-ribofuranosyl)-1-methyl-6-thiopurine,
6-methylthio-9-(3-p-ribofuranosyl)-purine, [24] and 9-(2',3',5'-
tri-O-acetyl-p3-p-ribofuranosyl)-6-thiopurine [25] were synthe-
sized as described previously. The latter compound was purified by
repeated crystallization (at least twice) from acetone-water mix-
ture. The purity of the compound for spectral measurements was
checked by HPLC.

Bis[9-(2',3'5'-tri-O-acetyl-[3-D-ribofuranosyl-6-purinyl) disul-
fide (3) was obtained by the procedure similar to that described
previously for deacetylated nucleoside [26]. The compound was iso-
lated from areaction mixture by preparative HPLC. Selected spectral
data are given below. The 'H and 13C chemical shifts (§) are in ppm
relative to TMS as the internal standard. Atom numbering for NMR
data is shown in Scheme 1.

UV (H20): Amax=288nNm, &max=26,900M-1cm~!. TH NMR
(CDCl3, 6 ppm) 8.71 (s, 1, 2-H), 8.22 (s, 1, 8-H), 6.23 (d, 1, 1’-H),
5.96 (t, 1, 2’-H), 5.65 (m, 1, 3/-H), 4.41 (m, 3, 4-H and 5'-H), 2.14
(s, 3, CHs), 2.12 (s, 3, CH3), 2.08 (s, 3, CH3). 3C NMR (CDCls, § ppm)

170.25, 169.51, 169.27, 157.74, 152.50, 149.02, 142.18, 132.34, 86.53,
80.44, 73.02, 70.52, 62.91, 20.71, 20.47, 20.33. ESI-MS m/z: 819.16
[M+H*].

2.2. Methods

2.2.1. Instrumentation

UV absorption and steady-state emission spectra were recorded
at room temperature in 1cm x 1cm quartz cells using a CaryBio
spectrophotometer and an LS 50B Perkin Elmer spectrofluorimeter,
respectively. The emission spectra were corrected for instrumental
distortion. Phosphorescence quantum yield was determined using
quinine sulfate in 0.05 M H,SO, as a reference (¢ =0.52) [27]. HPLC
was performed on a Waters 600 E instrument equipped with a
Waters 991 Photodiode Array Absorption detector and a Waters
470 Scanning Fluorescence Detector. The HPLC analyses were
carried out on a reversed-phase column (X-Terra RP18, 3.5 mm,
4.5mm x 150 mm) using a gradient H,O-ACN (4:1)— (15 min)
H,0-ACN (1:4). The 'H and 3C NMR spectra were measured at
300 MHz (1H) and 75 MHz (13C) using a Varian Unity spectrometer.
MS spectra (electrospray) were recorded on an AMD Intectra Model
604 or a Bruker MicroTOF Q instruments. The circular dichroism
spectrum was measured using a JASCO J-580 dichrograph.

2.2.2. Steady-state irradiation and quantum-yield determination

Solutions (2.5mL) of TI (c~0.1 mM) in ACN in a quartz cell
(I=1cm) were irradiated using a 200W high pressure mercury
lamp equipped with a pyrex (A>300nm) or an interference fil-
ter (A =313 nm). For irradiation in the absence of oxygen, solutions
were deaerated by bubbling with argon; otherwise the solutions
were irradiated in an open-to-air cell (air-equilibrated). In dye sen-
sitized photoreactions, solutions containing methylene blue or rose
bengal (c=0.05mM)and TI(c ~ 0.07-0.1 mM) were irradiated in air-
equilibrated ACN solutions at A >400 nm. Irradiations (A =313 nm)
in the presence of nitroblue tetrazolium were performed using solu-
tions containing TI (c=0.2 mM) and the indicator (c=0.05mM) in
air-equilibrated ACN. The photoreactions were followed by mea-
suring the absorbance in the visible region (A~500nm). The
concentrations of substrate and photoproducts were determined
by HPLC analysis. The photoproducts 2 and 3 were identified by
a comparison of the HPLC peak retention time, UV-VIS absorp-
tion and MS spectra with those of authentic, synthesized samples.
The photoproducts 1a and 1b were identified as sulfinic and sul-
fonic acid, respectively, on the basis of UV and ESI-MS spectra
(1a: Amax=271nm, 345nm in ACN-H,0; 1b: Amax =271 nm, for
C16H17N4019S [M—H"] calc. 457.0664 m/z, found 457.0763. The
total yield of 1a and 1b was determined following the quantitative
transformation of HPLC isolated photoproducts into 2’,3',5'-tri-
O-acetyl-inosine in 0.05M HCl at room temperature [28]. For
quantum-yield determinations the samples were irradiated at
A =313 nm to <25% conversion of the substrate, and the substrate
disappearance was measured by HPLC. Uranyl oxalate was used as
the actinometer [29].

2.2.3. Transient absorption spectroscopy

A detailed description of the experimental set-up and data anal-
ysis has been described previously [30]. The Q-switched Nd:YAG
laser (Continuum Surelite II) generated 8 ns (fwhm), 1 m]J pulses at
355 nm with a repetition rate of 0.5 Hz. The transients were moni-
tored with a pulsed 150 W xenon arc lamp (Applied Photophysics).
The transmitted probe light was dispersed by a monochromator
(6 nm spectral resolution, Acton Research SpectraPro 300i) and
detected by a photomultiplier tube (R928 Hamamatsu) coupled
to a digital oscilloscope (Tektronix TDS 680 C). The output signal
was analyzed by a PC using a home-made program written in the
LabView 4.1 environment. All experiments were carried out in a
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rectangular quartz optical cell (1cm x 1cm). The solutions were
deaerated for about 15 min prior to each experiment with an argon
gas flow to remove traces of O,.

2.2.4. Theoretical calculations

The equilibrium structures and energetics of the 9-methyl-6-
thiopurine tautomeric forms in their ground electronic states were
determined using the spin restricted Mgller-Plesset second-order
method, MP2 [31] in conjunction with the augmented correlation-
consistent basis sets, aug-cc-pVnZ, of double (n=D) and triple-zeta
(n=T) quality [32,33]. To estimate the electron correlation effects
beyond the MP2 method, single-point calculations were performed
for the MP2/aug-cc-pVTZ equilibrium structures using the coupled-
cluster method, CCSD(T) [34], in conjunction with the aug-cc-pVDZ
basis set. The vibrational zero-point energies were calculated
within the harmonic approximation at the MP2/aug-cc-pVDZ level
of theory. The electronic excited state energies and transition oscil-
lator strengths were determined using the configuration interaction
methods, CIS and CIS(D) [35,36], in conjunction with the aug-cc-
pVTZ basis set. In the CIS approach, the calculations included all
singly excited configurations within the valence active space. The
CIS(D) method includes additionally a second-order perturbational
correction to the CIS excitation energy and, therefore, it is anal-
ogous to the MP2 approach for the ground electronic state. The
solvent effects were accounted for within the CPCM model [37] at
the CIS/aug-cc-pVTZ level. The calculations were performed using
the Gaussian 03 package [38].

3. Results and discussion
3.1. Ground state tautomeric structure

In order to determine the ground state (Sg) tautomeric struc-
ture of TI (thione vs. thiol) in ACN solution, the relative stability
of the tautomers was computed taking into account the solvent
effect. All ab initio calculations were performed for the 9-methyl-
6-thiopurine molecule (Me®TP, Chart 2) which contains a methyl
group instead of a ribosyl substituent at the N(9) position of the
purine ring. The structures of the Me?TP tautomers are displayed
in Chart 2. In analogy to the previous study on 6-thiopurine by Lap-
inski et al. [39], thione and two conformers of thiol with a cis and
trans orientation of the hydrogen atom of the SH group relative to
the N(1) atom of the purine ring were considered.

The predicted relative energies (with respect to the thione form)
of the three species of interest are given in Table 1. The total
energy quoted is the sum of the total electronic energy in vacuo
or in solution calculated at the MP2/aug-cc-pVTZ level of the-
ory, the vibrational zero-point energy, and the CCSD(T) vs. MP2
correction (see Theoretical calculations in the Experimental sec-
tion for details). The latter two quantities are assumed to be the
same in vacuo and in solution. For the isolated MeTP molecule,
the thiol trans form is predicted to be the lowest in energy. It is

Me®TP
S H‘s S’H
N = N = N
HN N N
| o> T | -
N LA N R
thione thiol cis thiol trans
Chart 2.

Table 1
Relative energies (in kcal/mol) of the thiol vs. thione?® tautomers of Me°TP.

thiol cis thiol trans
E (MP2/aug-cc-pVDZ)P 2.01 1.08
E (MP2/aug-cc-pVTZ)P 1.22 0.18
ZPE¢ -2.38 -2.27
AE (CC-MP)d —-0.81 -0.71
Total (isolated molecules) -1.97 -2.80
Energy in solution® 8.86 8.91
Nonelectrostatic terms 0.58 0.65
Total (molecules in solution) 6.25 6.58

2 The thione tautomer energy is taken as zero.

b The total electronic energy calculated at the given level of theory.

¢ The vibrational harmonic zero-point energy calculated at the MP2/aug-cc-pVDZ
level.

d The difference between the total electronic energies calculated using the
CCSD(T) and MP2 methods, both with the aug-cc-pVDZ basis set.

¢ The total electronic energy calculated at the MP2/aug-cc-pVTZ level using the
CPCM model for the ACN solvent.

interesting to note that this is largely due to the substantial dif-
ference in the vibrational zero-point energies of the thione and
thiol forms. Considering the dependence of the relative energies
upon the size of one-particle basis set and the neglected high-
order electron correlation and vibrational anharmonic effects, the
predicted relative total energies are believed to be accurate to
+1 kcal/mol. Therefore, isolated Me?TP molecules exist at room
temperature largely as the thiol trans form. The abundance ratio
of the thione, thiol cis, and thiol trans forms is estimated from
the Boltzmann factors to be 0.01:0.04:1.! The situation changes
dramatically for Me?TP molecules embedded in the ACN solvent.
Inclusion of the solvent effect within the conductor-like polariz-
able continuum model, CPCM, increases substantially the relative
total energies of the thiol forms. As a result, it is the thione form
which is predicted to be the most stable form in solution. Because
differences in the total energies of solvated molecules are large (see
Table 1), the thione form is predicted to be the very most abun-
dant tautomeric form of Me®TP in solution. For room temperature,
the abundance ratio of thione, thiol cis, and thiol trans forms in
ACN is estimated to be 1:3 x 1072:2 x 10~>. The large differences
in the total energies of solvated molecules can be attributed to
large differences in the total dipole moments of the tautomeric
forms presented in Chart 2. At the HF/aug-cc-pVTZ level of theory,
the total electric dipole moments of the thione, thiol cis and thiol
trans forms are calculated to be 7.4, 4.0, and 5.1 Debye, respectively.
Because the solvation energy depends approximately on the square
of the dipole moment, the solvation energy of the thione form is
(in absolute value) a factor of about 2 larger than the thiol cis and
thiol trans forms. In fact, the solute-solvent interaction energies
were calculated at the HF/aug-cc-pVTZ level to be —32.5, —15.4,
and —14.2 kcal/mol for the forms thione, thiol cis and thiol trans,
respectively.

3.2. Spectral characterization of the excited states of Tl

The absorption spectrum of TI in ACN is presented in Fig. 1. In
the spectral region 220-450 nm the compound exhibits an intense
(emax =22,500 M~ cm~1) band with a maximum at Amax =325 nm.
The high intensity of the band indicates that it is associated with a
T — 7" electronic transition. A shoulder with an inflection point at
A=378nm (¢ ~90M~1cm~1) was observed at the red-end of the

1 Because the vibration-rotation properties of the three species are similar, the
thermal corrections to the total energy are expected to be nearly the same. In fact,
the thermal corrections (differences between the Gibbs free energy at 298 and 0K)
are calculated at the MP2/aug-cc-pVDZ level to be 22.1, 22.2, and 22.2 kcal/mol for
the thione, thiol cis, and thiol trans tautomers, respectively.
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Fig. 1. Upper panel: the UV absorption spectra of: (a) TI, (c) MeSTPR, (d) Me'TI in
ACN and (b) the So — S; band of TI in ACN, tetrahydrofuran (THF) and hexafluoro-
2-propanol (HFP). Lower panel: CD spectrum of TI in ACN. The spectra (a), (c) and
(d) were measured using the solutions at the concentrations 0.3-0.8 x 10~4 M; the
spectra (b) were recorded using the concentrations 0.2-2.5 x 1073 M.

intense absorption band when the UV-VIS absorption spectrum
was measured using a more concentrated solution (cr; > 0.2 mM).
This very weak long-wavelength absorption did not appear as a
separate band evenin less polar aprotic solvents (valeronitrile, ethyl
acetate, tetrahydrofuran), but the distinct bathochromic shift of the
shoulder in less polar solvents was observed. The weak shoulder
was not seen in the spectrum measured in hexafluoro-2-propanol,
which acts as a good H-bond donor. The hydrogen-bonding solute-
solventinteraction increases the n — 7 transition energy and shifts
the band under strong ,7* absorption. The low intensity and sol-
vent effect suggest that the weak absorption in the long-wavelength
spectral region originates from an n — * electronic transition. The
two lowest energy n — m* and  — 7" singlet electronic transitions
were detected in the CD spectrum of TI. They appear as a weak pos-
itive peak at A ~360nm and somewhat stronger negative peak at
A ~320nm, respectively (Fig. 1). The physical basis for the CD curve
is an electronic transition in an optically active chromophore. The
purine and pyrimidine bases are not optically active because the
molecules are achiral. The optical activity of purine and pyrimidine
in nucleoside results from interaction between the base transition
dipole and chiral sugar residue.

The UV absorption spectroscopy was found to be suitable for
distinguishing between the thione and thiol tautomeric forms of TI.
The absorption spectra of the compounds Me!TIand MeSTPR (Chart
1), which are the models of the fixed thione and thiol tautomers of
TI, respectively, are presented in Fig. 1. The close resemblance of the
spectra of Me!TI and Tl is evidence that the latter compound exists
primarily as the thione tautomer in ACN solutions.

Table 2
The vertical singlet and triplet electronic state energies (E, in cm~') and So — Sy
transition oscillator strengths (f) for the thione form of Me®TP.

Isolated molecules Solvent shift Molecules in ACN

solution
Symmetry E? f AEP E° f
So— Sn
TA” (n,m*) 26,000 0.000 +5900 31,900 0.000
1A' (m,7%) 32,600 0.580 —-200 32,400 0.738
1A (m,7%) 36,200 0.233 +3200 39,400 0.170
TA” (n,7*) 41,500 0.016 +3300 44,800 0.054
TA" (m,7%) 44,900 0.015 +2600 47,500 0.049
TA” (n,7*) 45,500 0.000 +4600 50,100 0.023
1A (m,7%) 45,800 0.052 +3600 49,400 0.119
So— Ty
3A () 25,000 —1000 24,000
3A” (n,7m*) 25,300 +6600 31,900
3A () 32,700 +2100 34,800
3A () 41,600 —-800 40,800

aCalculated at the CIS(D)/aug-cc-pVTZ level. PCalculated at the CIS/aug-cc-pVTZ level
using the CPCM model for the ACN solvent. ‘The energy of an isolated molecule (E)
plus the solvent shift (AE).

The results obtained from the experimental absorption spec-
trum of TI were compared with the computed energies, oscillator
strengths and symmetry of singlet electronic transitions of the
thione form of MeTP. The calculations were performed for iso-
lated molecules and for molecules in ACN solution. The excited
state energies and transition oscillator strengths were determined
for the ground state equilibrium structures using the configura-
tion interaction methods, CIS and CIS(D), both in conjunction with
the aug-cc-pVTZ basis set. The solvent effects were accounted for
within the CPCM model at the CIS/aug-cc-pVTZ level of theory.
The excited state energies were determined for the ground state
equilibrium structures in solution, thus taking into account both
direct and indirect solvent effects. The results are given in Table 2.
The calculations predict that the Sqg— S; electronic transition of
the isolated Me?TP (thione) molecule is of the n,7* character and
that its vertical energy is 6600 cm~! lower than the vertical transi-
tion energy to the second excited state S, (7,7). In ACN solution,
the energy of the first excited singlet state increases considerably
(the solvent shift AE=+5900cm~1), while the vertical transition
energy to the S, state remains almost unchanged (the solvent shift
AE=-200cm™1).

An unexpectedly large shift of the n— 7™* transition towards
higher energy in the aprotic, polar solvent (ACN) is due to the
destabilization of the S; excited state. The Me®TP molecule in the
S excited state is less polar than in the Sy state (the total dipole
moment is calculated to be 7.4 and 3.4 D in the Sy and S; states,
respectively) as a result of redistribution of electronic density from
the sulfur atom to the purine ring atoms. The effective atomic
charges in the ground state Sy as well as in the excited states Sq
and S, calculated for the thione form of the Me®TP molecule in ACN
solution are given in Supplementary material section. The calcula-
tions accurately predict the location of the Sg — S; band maximum
in the experimental spectrum of TI (a 1600 cm~! energy difference,
see Table 2 and Fig. 1). The agreement between the calculated ver-
tical energy of the Sy — S; transition and the observed location of
the lowest weak absorption band in the experimental spectrum is
reasonable. In the observed CD spectrum of TI, the maximum of the
weak band (A =360 nm) lies midway between the Sy — S; vertical
transition energies calculated for an isolated and solvated Me®TP
molecule (Table 2 and Fig. 1).

The important conclusions from the results in Table 2 concern-
ing the triplet states are that the T; excited state of Me°TP should
have a m,7* configuration regardless the solvent polarity and that
the intersystem crossing S; (n,7*) ~ >T; (,7*) should be a fast pro-
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cess according to the El-Sayed rule [40]. Note that the lowest excited
singlet and triplet states of the n,7* character are predicted to have
nearly the same energy, whereas those of the m,7* character are far
apart, with the difference in vertical transition energies amount-
ing to as much as 8000 cm~. This is consistent with singlet-triplet
splittings of the lowest n,* and 7,7 states observed in aromatic
thioketones[41]. Due to the size of Me®TP, it is not feasible at present
to calculate the adiabatic energy of the T state at the CIS(D)/aug-cc-
pVTZ level of theory. Therefore, the difference between the vertical
and adiabatic energies of the T; state was estimated using the
HF and CIS methods. The equilibrium structure of Me®TP in its
ground electronic state was calculated at the HF/aug-cc-pVTZ level,
then the Sy — T; vertical transition energy was calculated at the
CIS/aug-cc-pVTZ level. On the other hand, the equilibrium struc-
ture of Me?TP in the T; state was determined at the CIS/aug-cc-pVTZ
level, thus yielding the T{ — Sq vertical transition energy. The differ-
ence between the T; — Sy and Sp — T; vertical transition energies
of Me®TP was determined in this way to be —2300cm™. Because
the calculated value is the difference between the two excitation
energies to the same state determined at not distant molecular
geometries, we believe that the error due to neglect of electron
correlation in the Sg and Ty states is not substantial. Using the ver-
tical energies of Me®T quoted in Table 2, the adiabatic energy of the
T; state can be estimated to be 22,700 and 21,700cm~"! in vacuo
and ACN solution, respectively.

The emission spectrum of TI in an argon-saturated solution
of ACN measured at room-temperature features a single band
with a maximum at Amax =485 nm (Fig. 2). The excitation spec-
trum (not shown) of the 485 nm emission resembles that of the
TI absorption. The emission is quenched by atmospheric oxygen
(co, =1.9mM in air-equilibrated ACN solution [29]) and by KI.
The quenching by iodide obeyed Stern-Volmer kinetics, and the
linear plot constructed from the measurements of the emission
intensity ratios is shown as an inset in Fig. 2. Assuming that
kq ~ kgie (1.9 x 101 M~1 s~1 in ACN [29]), the quenching indicates
that the emission is long-lived (7 in the s range) and was there-
fore ascribed to a T; — Sy phosphorescence. The phosphorescence
can be attributed to the excited thione form of TI because Me®TPR
(Chart 1), the thioether derivative of TI, did not show a long-lived
emission in this spectral region. The value of the phosphorescence
quantum yield determined for the solution at the concentration
c=0.04mM was very low (¢ =1x 10~%). The shape of the emis-
sion band (Fig. 2) is similar to that of the 3(7w*) phosphorescence
of aromatic thioketones and exhibits only residual vibrational struc-
ture [42,43]. Therefore the energy of the T; state of TI could not be

1.0 o /]
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2 06 Kq x T=1600 M
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£ ] T T T
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450 500 550 600 650

wavelength / nm

Fig. 2. Room-temperature emission spectrum of Tl in argon-saturated ACN solution
(cr1=0.12 x 107* M, Aexc =320 nm). Inset: the Stern-Volmer plot for the quenching of
the emission by KI.
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Fig. 3. Spectra of transient absorption recorded after excitation (Aexc =355 nm, 1 m])
of an argon-saturated solution of Tl in ACN (cr =0.8 x 10~3 M) at various delay time.

accurately determined, and it was only roughly estimated from the
position of a weakly marked shoulder located to the blue of the
phosphorescence maximum. The estimated energy E(T;) (Table 3)
is very close to the calculated energy for T; — Sg electronic transi-
tion (21,700 cm™1, vide supra).

The transient absorption spectrum obtained by excitation
(Aexc =355nm) of an argon-saturated solution of TI in ACN is pre-
sented in Fig. 3. In the spectrum, an intense absorption with a
maximum at A =675 nm and a weaker band in the spectral region
350-500 nm were observed. The transient absorption decay was
independent of the monitoring wavelength and was accelerated in
the presence of molecular oxygen and KI (Fig. 4). The quenching
effect supports that the transient absorption originates from the TI
excited Ty state. The triplet-triplet absorption coefficient was deter-
mined using benzophenone as a standard (er=7220M-1cm1)
[44,45] under the assumption that the quantum yield of the
TI triplet state formation by intersystem crossing is ¢t =1. This
assumption is justified because, in general, the formation of the T,
state in thiocarbonyl compounds, was found to be very efficient (e.g.
TU, ¢7=0.9+0.1 in H,0 [1,12], and 6-thiopurine, ¢ =0.99 in THF
[46]). The value of e7=3850M~'cm~! at A=675nm obtained for
TI is similar to that reported for other N-heterocyclic thiocarbonyl
compounds (6r=6100M-'cm~! at A=475nm for 6-thiopurine
in THF [46]; er=2400M~'cm~! at A=540nm for TU in H,0
[12,14]).

The T; — T, transitions for the thione tautomer of Me°TP
were calculated at the CIS/aug-cc-pVTZ level of theory using the
CPCM model for the ACN solvent, and the results are given in
Supplementary material.

Table 3
Quantum yields and rate constants of the deactivation processes of the T; excited
state of TI and TU in ACN solution.

TI TU
E(Ty) [em~1]2 22,000 20,500

% 0.2x 1073 25x1073
Gar >0.99 >0.99

Bpch <10-4 0.008¢

70 [us] 32 2.0

ksq [M~1s71] 7.4 % 10° 5.1 x 10°
kp [s71] 60 1250

knr [s71] >3.1 x 10° >4.9 x 10°

aFrom phosphorescence spectrum; Psubstrate disappearance in argon-saturated
solution at ¢y =(1-5) x 10~4 M, “substrate disappearance in argon-saturated solu-
tion at cry =5 x 10-4 M, from ref. [48].
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3.3. The Ty excited state deactivation processes

3.3.1. Photophysical processes

Transient absorption spectroscopy was used for the study of the
kinetics of the TI excited T; state decay. The rate of the transient
absorption decay and, as a consequence, the excited T; state lifetime
was found to be dependent on the solute concentration. This con-
centration dependence is characteristic of aliphatic and aromatic
thiocarbonyl compounds. It is a result of a significant contribu-
tion from the self-quenching process to the deactivation of the T
state of the compounds [9-11,47]. The concentration independent,
intrinsic lifetime, t?, was obtained from the A =625nm transient
absorption decay measurements performed for a series of argon-
saturated solutions of Tl at concentrations in the range of 0.1-1 mM.
The experimentally measured lifetimes were analyzed according to
the Stern-Volmer relation (Eq. (1))

1/11 =1/ + ksq x €11 (1)

where 77 is the experimental lifetime determined by a fitting of the
A =625 nm absorbance decay with a single exponential function, ksq
is the self-quenching rate constant and cy is the concentration of TI
in the solution. An example of an experimental transient absorption
decay curve and a Stern-Volmer plot are displayed in Fig. 4. The
values of ‘L'-? and ksq derived from a linear plot of 1/tt vs. ¢y are
shown in Table 3.

Using the quantities: 1'.?, ksq, ¢p and the quantum yield of pho-
tochemical decay ¢, (vide infra, Table 3) determined for TI in
argon-saturated ACN solutions, the values of the phosphorescence
quantum yield at infinite dilution (¢g), the quantum yield of radi-
ationless processes (¢n,), radiative (kp) and nonradiative (kn,) rate
constants were calculated from Eqgs. (2)—(5). In the calculations, the
quantum yield of T; formation in TI was assumed to be ¢ =1. The
results are shown in Table 3.

¢g:¢p x (1 + ksq XT—IQXCT]) (2)
kp = ¢p/ 0 x pr (3)
Por = pr — (5 + P (4)
knr = ¢nr/ T x 1 (5)

As follows from the results in Table 3, the radiative process is
very slow, and it plays only a very minor role in the deactivation
of the excited Ty state of the investigated compound. This, in fact,
could be expected because the T; excited state has a m,7* configu-
ration. In dilute solutions of TI (cr; <0.01 mM), the Ty state decays

0.04
< 64
w
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= =4
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£ ,]
& 0024
[{e]
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3:] 0.0 05 TI/mM
0.00

T T T T T T

T
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T T T T T

——

1000
time / ns

Fig. 4. Experimental traces of the 625nm absorbance decay of TI: (a) in

argon-saturated (tr=248ns) and (b) air-equilibrated (zr=52ns) ACN solution

(cii=0.51 x 103 M). Inset: Stern-Volmer plots of reciprocal of triplet lifetime (1/t1)

vs. concentration of TI in argon-saturated solution.

T T T T

T T T T

T
0.005
quencher concentration / M

Fig. 5. Stern-Volmer plots of reciprocal of triplet lifetime (1/tr) of TI vs. con-
centration of quenchers: 9-methyladenine (A), 2',3',5'-tri-O-acetyl-guanosine (G),
2',3',5'-tri-O-acetyl-uridine (U) and 3',5'-di-O-acetyl-thymidine (T).

mainly through photophysical nonradiative processes, which can
be either intramolecular or intermolecular (interaction with sol-
vent molecules) [15]. Under these conditions less than 19% of all
molecules in their T; state decay by self-quenching (i.e. the contri-
bution of the s-q process to the overall decay of the TI molecules
in the T; state equals to s-q (%)=19%, calculated from Eq. (6)) [16].
In the concentration range cr;=0.1-0.5mM the T; state decay is
dominated by self-quenching (contribution from s-q = 70-92%), but
apparently the interactions do not lead efficiently to stable photo-
product formation (¢pcp < 104, Table 3).

contribution of s-q (%) = 100 x (ksq x c11)/(ksq x c11 + 1/1:?) (6)

As mentioned above, molecular oxygen and KI quench the T,
state of TI. In addition, the presence of purine and pyrimidine
derivatives (natural relatives of TI with respect to their incorpo-
ration into nucleic acids) was also found to accelerate the decay
of the Ty state of TL In these latter quenching experiments 9-
methyladenine and acetylated derivatives of guanosine, thymidine,
uridine were used. They are denoted as A, G, T and U, respectively,
in Fig. 5. In these experiments no formation of stable photoproducts
could be detected by UV absorption spectroscopy of these solutions.
In the presence of a quencher, the rate of the T; decay is described
by Eq. (7)

1/t =1/ + ksq x o1 + kg x ¢q (7)

For KI, as well as purine and pyrimidine quenchers, the bimolec-
ular quenching rate constants (kq) were determined from the linear
dependence of the first-order rate constants of the T; state decay
(1/77) on the concentration of quenchers (cq) measured at a given
concentration of TI (cr; =0.26 mM) (Fig. 5 and Table 4).

The kq for quenching by O, was approximated from Eq. (7) using
the experimental value of 1/t1 and previously determined quan-
tities 1'.?, ksq, and the concentration of oxygen co, = 1.9mM (in
air-equilibrated ACN) [29].

Table 4
The rate constants? (kq x 10~°, [M~! s~1]) for the quenching of the Ty state of Tl in
ACN solution.

0, KIP AP ub GP ™
6.8 5.9(6.4)° ~0.2 0.18 0.25 0.54

aFrom transient absorption measurements; Pin argon-saturated solution; ‘from
phosphorescence quenching and 71 = 2.5 s calculated from Eq. (1) for Tl in solution
atcr =012 x 1074 M.
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Fig. 6. UV absorption spectra of TI (c=1 x 10~ M) in air-equilibrated ACN before
(solid line) and after irradiation at A =313 nm; spectra measured at time intervals of
1 min, the spectrum after 11 min corresponds to 87% conversion of substrate.

The quenching of the T; state of TI by O, and KI occur at very
high rates, approaching the diffusion-controlled limit. The values
of kq for the purine and pyrimidine quenchers are all an order of
magnitude lower, and, with the exception of thymidine (T), are very
similar.

3.3.2. Steady state photochemistry

In contrast to the photostability of TI in argon-saturated ACN
solutions in (Table 3), the photodecomposition of the compound is
significantly enhanced (¢pcn =0.014) when irradiations were per-
formed in the presence of atmospheric oxygen. T; is the reactive
state since the subnanosecond lifetime of the singlet excited state
makes its quenching unlikely at co, < 1072 M. The sequential UV
absorption spectra of Tl upon A =313-nm irradiation are shown in
Fig. 6. The spectral changes are compatible with the expectation
that the thiocarbonyl group is engaged in the photoreaction. The
reversed-phase HPLC analysis of the solution irradiated to ~50%
conversion of the substrate reveals the presence of four major pho-
toproducts (Scheme 1): peracetylated sulfinic acid (1a), sulfonic
acid (1b), inosine (2) and disulfide (3). The photoproducts were
formed with chemical yields (from HPLC) indicated in Scheme 1.
They account for ~80% of the substrate consumed.

SOzH SOzH
XN
—_—
T “AcNrar | N/) ’ )
% 1a 1b )
Y
chem. yield 39%
SOH
N = N
¢ 1
NT N
R 4

99

The photoproducts 1-3 were identified as described in Section
2.2.2. The photoproducts’ concentration profiles (Supplementary
material) showed that they all are present at very low substrate
conversion. Therefore, they do not arise from the secondary photo-
chemistry of a stable intermediate.

Oxygenated sulfur compounds, like sulfinic and sulfonic acids
as well as the carbonyl analogs of the substrates have been previ-
ously reported to be the products of the photochemical oxygenation
of a variety of heterocyclic compounds containing the thioimide
function including 6-thiopurine [49-51] and TU [52,53]. These oxy-
genated sulfur products were suggested to arise from the reaction
of thiocarbonyl compounds in the Sy state with singlet oxygen
0,(1 Ag). This reactive oxygen species was produced in these reac-
tions by an energy transfer from the excited T; state of the thiones to
the ground state of the oxygen molecules [14,46,49-51]. Disulfides,
however, have not been previously identified among the products
of these photooxidation reactions.

Two possible reaction pathways were considered for the mech-
anism of the disulfide formation in the current work. Compound
3 could be formed by homolytic cleavage of an S—H bond, a typi-
cal primary photoreaction of thiols, followed by a combination of
two sulfur centered (thiyl) radicals. However this route can be cer-
tainly ruled out, because both, theoretical and experimental results
obtained in this work have given no evidence for the existence of
a significant, detectable fraction of TI in its thiol form. The sec-
ond mechanism relies on the fact that the formation of 3 requires
the presence of oxygen. This would point to the involvement of an
electron transfer process. Molecular oxygen is known to act as an
electron acceptor whether it is in its ground state (3Xg~) or in its
excited singlet state ( Ag) [54]. Both processes are presented below
with the participation of TI in its T; excited state or in its ground
state (Sg) (Egs. (8) and (9), respectively).

(8)
(9)

Of these two processes, only the one in Eq. (8) is feasible (AG<0)
on thermodynamic grounds. The values of the free energy changes
(AG) [29] were approximated from data available in the literature
(E(02/02°~)=-0.6V vs. NHE in DMF [14,55]; E(TI**/TI) approxi-
mated by the redox potential for thioinosine E(TI**/TI)=0.24V vs.
SCE [56], ~#0.5V vs. NHE in H,O0, the Ty excited state energy of TI,
AE~ 64 kcal/mol in ACN (Table 3)and AE[O; (1 Ag)] =22.6 kcal/mol

TI(T1) + 023 X7 ) — TI*F + 05°~

TI(Sp) + 02(1 Ag) — TI** + 0y°~

(0]
XN
E 4|
2 3
19% 29%
AcO_ 5
(0]
R: 43 271
OAc OAc

Scheme 1.
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in organic solvents [57]). The results for the calculated free energy
changes in the reactions are: AG~ —39kcal/mol for (Eq. (8)) and
AG ~ +3 kcal/mol for (Eq. (9)).

Attempts were made to detect the products from an electron
transfer reaction. In particular, evidence for the presence of the
radical cation TI** was sought in transient absorption measure-
ments. In these experiments, nitroblue tetrazolium [58] was used
as an indicator to detect any presence of superoxide O,°~. Neither
experiment showed evidence for an electron transfer reaction.

Onthe other hand, the photoproducts 1,2 and 3 were found to be
formed when methylene blue or rose bengal were used to generate
0, (' Ag) in air-equilibrated ACN solution. In conclusion, it appears
reasonable to postulate an unstable intermediate is involved in the
production of the disulfide 3 from TI in the reaction with 0, (1 Ag).
A sulfenic acid derivative of TI (4, Scheme 1) could be a likely candi-
date, as sulfenic acids are chemical oxidation products of a variety
of thiols [59,60] and thioimides, including 9-methyl-6-thiopurine
[61]. Guanine-6-sulfenate was also postulated as an unstable inter-
mediate in the photooxidation of thioguanine [7]. The formation
of disulfides from sulfenic acids (e.g. 2-pyridine-sulfenic acid [62])
has been reported [59,60].

4. Conclusions

Using combined experimental and quantum chemical
approaches, the important parameters characterizing the Ty
state of TI in ACN solutions were determined. The thione form
was found to be the exclusive tautomer of the compound in its Sy
state. The T; state of this tautomeric form was observed directly
by room-temperature phosphorescence and nanosecond transient
absorption spectroscopy. The T; (m,m*) excited state of TI was
characterized in terms of its phosphorescence, photochemical
decay quantum yields, intrinsic lifetime, rate constants of the
self-quenching, phosphorescence, nonradiative and radiative pro-
cesses. Finally, it was of interest to compare the results obtained in
this work for the thiopurine nucleoside (TI) with the parameters
characterizing the Ty (m,7") excited state of the thiopyrimidine
nucleoside (TU, Chart 1). The data for TU are included in Table 3, and
they were determined as described previously using ACN instead
of carbon tertrachloride as a solvent [15,16]. As it can be seen from
the information in Table 3, most of the parameters characterizing
the two thione triplets are similar despite the significant structural
differences between TI and TU (Chart 1). The notable differences
between the two compounds refer to their phosphorescence
and photochemical processes. The phosphorescence quantum
yield of TI is an order of magnitude lower than that for TU. The
photochemical decay of Tl is a very inefficient process; the photo-
chemical quantum yield of TI is about 100 times smaller than that
for TU.
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