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Abstract: The strong solvent-dependence of the tautomeric equilibrium exhibitddhygroxypyridine-4(H)-

thione (4-NHPT) and the distinct absorption properties of the thione and thiol tautomers offer the rare opportunity
to investigate the photochemistry of each form independently. Laser flash photolysis studies have revealed
that triplet state formation was the main photoprocess undergone by the thione tautomer of 4-NHPT in protic
solvents 1 = 0.90,1exc = 355 nm), whereas pulsed excitatioty,& = 308 nm) of the thiol form in apolar

media resulted in a less efficient intersystem crossihg € 0.19) accompanied by homolytic-$ bond
cleavage ©s-n = 0.24). The latter process leads to the production ofNkexy-4-pyridinethiyl radical (4-
PyNOS). In most organic solvents, however, the thione and thiol tautomers of 4-NHPT coexist. Under these
conditions, the form absorbing the excitation light was observed to undergo the expected primary photochemistry
followed by secondary processes involving reaction with the ground state of the nonexcited tautomer (i.e.,
electron transfer from the thione triplet state to the thiol form and addition of 4-PyN&i&e carbor-sulfur

double bond of the tautomeric thione). Contrary to the closely refdtegidroxypyridine-2(H)-thione, 4-NHPT

was not found to be a primary photochemical precursor of hydroxyl radieg@ld)(in organic solvents. The
results obtained in this work are discussed in terms of structure/photoreactivity and with regard to the reported
photobiological effects oN-hydroxypyridinethiones.

Introduction sociative (i.e., intramolecular, dimeric, or solvent-mediated)
proton transfer, whereas in the case of 4-hydroxy- (and
4-mercapto-) derivatives, the longer distance between donor and
acceptor sites prohibits an intramolecular process and tautomer-

Tautomerism of heteroaromatic compounds is thought to play
a significant role in a number of biochemical processes such as
proton transport, enzymatic catalysis, and spontaneous or¢“*: ; ) e
induced mutagenesis. This has motivated numerous investiga 2ation can only proceed via a dissociative mecharfism.
tions devoted to the determination of tautomeric stabilities or  In addition to these biologically relevant properties, hydroxy-
aimed at understanding protomeric equilibria and photoinduced Pyridine—pyridone related systems, and in particular their sulfur
tautomerizatiort. Model molecules have been utilized in an analogues, have also been found to exhibit pharmacological as
attempt to simplify the study of these complex biological Well as photodynamic activiti€sRecently, the 2-isomer of
phenomena. In this respect, hydroxypyridigyridone systems ~ N-hydroxypyridinethione (2-NHPT) has been the subject of
and their sulfur analogues have often been considered asconsiderable interest, initiated mainly by the discovery of its
prototypes for tautomerism in nucleic acid bases and deriva- potential use as a photochemical source of hydroxyl radicals
tives2 Both theoretical and experimental studies have demon- (*OH) suitable for both chemical and biological investigatiorss.
strated strong environmental effects on the tautomeric equilib- The process giving rise teOH is a photoinduced homolytic
rium and have led to the following consensus: the enol (thiol) cleavage of the nitrogeroxygen bond, as described by eq 1.
species is favored in the gas phase or in nonpolar solvents, while”A detailed laser flash photolysis study of 2-NHPT led us to
the keto (thione) form predominates in polar meki& Tau- conclude that (i) contrary to the initial belief, 2-NHPT cannot
tomerization has long been known to take place by proton — ——
transfer. However, the exact mechanism depends on the isomeriqsg). ((";‘3)) %%zkk"PF;j;ng\'/?r?é?gﬁ,Jj‘Bé_;vvsh&gﬁh‘J'S“_"é)_ r%\,ﬁt‘:ﬂlgMSQ ;g’igler‘
substitution pattern of the system studied: 2-hydroxy- (and j. m.J. Org. Chem198Q 45, 1345.
2-mercapto-) pyridines were observed to undergo both dissocia- (4) (&) Amoldi, A.; Grass, S.; Meinardi, G.; Merlini, [Eur. J. Med.

; ; ; ; ; io_ Chem1978 23, 149. (b) Aarbakke, J. Jankaschaub, G.; Elison, GirBnds
tive (i.e., stepwise protonation and deprotonation) and nondis Pharmacol. S¢i1997 18 3.

(1) (a) Les, A.; Adamowicz, LJ. Phys. Chem199Q 94, 7021. (b) (5) (a) Boivin, J.; Crepon, E.; Zard, S. Zetrahedron Lett199Q 31,
Colson, A. O.; Bester, B.; Sevilla M. Ol. Phys. Chem1992 96, 9787. 6869. (b) Reszka, K.; Chignell, C. Photochem. Photobiol995 61, 269
(c) Stewart, M. J.; Leszczynski, J. Rubin, Y. V.; Blagoi, Y. P.Phys. and references therein.

Chem. A1997, 101, 4753. (d) Broo, AJ. Phys. Chem. A998 102 526. (6) Adam, W.; Ballnier, D.; Epe, B.; Grimm, G. N.; Saha-Moller, C. R.
(e) Orozco, M.; Hernandez, B.; Luque, F.JJ.Phys. Chem. B998 102, Angew. Chim. Int. Ed. Engll995 34, 2156.
5228. (7) Epe, B.; Ballmaier, D.; Adam, W.; Grimm, G. N.; Saha-l\o, C.

(2) (&) Nowark, M. T.; Lapinski, L.; Fulara, J.; Les, A.; Adamowicz, L.  R. Nucl. Acids Res1996 24, 1625.

J. Phys. Chenil992 96, 1562. (b) Barone, V.; Adamo, Q. Phys. Chem. (8) Theodorakis, E. A.; Wilcoxen, K. MChem. Commuril996 1927.
1995 99, 15062. (c) Sobolewski, A. L.; Adamowicz, LJ. Phys. Chem. (9) Aveline, B. M.; Kochevar, I. E.; Redmond, R. \W. Am. Chem. Soc.
1996 100, 3933. 1996 118 10113.
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be considered asselectve precursor odOH since, in addition S
to N—O bond homolysis, it undergoes several other photopro-

cesses leading to the production of various highly reactive |
species and (ii) contribution from the thiol form is negligible, N
such that the observed photochemistry can be entirely attributed H
to the thione structurg. .

\ N A 2a R=H
(L —CL e v o o i
NZ SH ']‘ s N Se 2b R=Cl
! oH

Z B y)
v o2 )

2c R=NO,
In contrast, we report here that thiorthiol tautomerism (eq R 2B\ /A
2) plays a crucial role in the case Nfhydroxypyridine-4(H)- 3 NC>~S-S‘CN
thione (4-NHPT). Although only sparse literature is available 3a RoH — —
on this compound, it was recently shown to cause DNA 3b R=OH 4
photodamad® and to induce photooxidation of purin&syith 3¢ R=NH,

',OH F’mposed as the reactive Species respons!ble for theFigure 1. Chemical structures of 4-mercaptopyriding, (pyridine
.b|olog'|cal'effects. In the Iatter. studies as well as in a recent n_oxides 0), thiophenols 8), and 4,4-dipyridyl disulfide @).
investigation of the photochemistry of 4-NHPTthe tautomer-
ism was not taken into consideration. However, since 4-NHPT ppjished datd.2-NHPT was provided by Aldrich and recrystallized
is soluble in both polar and apolar media, its localization in twice from aqueous ethanol before ¥sé-Mercaptopyridinel, the
biological systems may vary, and consequently, the molecule pyridine N-oxides 2a—c, the thiophenols3a—c, and 4,4-dipyridyl
may exist in the thione and/or thiol form(s), depending on its disulfide (Aldrithiol-4) 4 (see Figure 1) were also from Aldrich. All
biological microenvironment. pyridine derivatives were stored as solids-&0 °C. Solution samples
were prepared immediately before use and protected from light at all

S SH times. All other reagents were purchased from Sigma-Aldrich or Fisher
N Chemical and were of the highest purity availablei@i-butyl peroxide
m _— O (2) was percolated through activated alumina immediately prior to use.
f}‘ N All trans3-carotene was purified by recrystallization from benzene/
OH é methanol. Benzhydrol and benzophenone were recrystallized twice from

aqueous ethanol and ethanol, respectively. Solvents were of spectro-

In the present work, the photochemistry of each tautomer of SCOPIC 9rade from Fisher and used as received.

4-NHPT has been investigated by laser flash photolysis after Laser Flash EhotolysisDetagls of the Ia}se_r flash photqusis systgm
careful selection of the experimental conditions (i.e., solvent Nave been provided elsewhéfé®Laser excitation was carried out using
o . the 266- or 355-nm harmonic of a Quantel YG660 Nd:YAG laser (8-
_and excitation wavelength). The re§ults obtaln_ed reveal the ns pulse duration) or the 308-nm emission line from a Lambda Physik
importance of the role of the thionhiol tautomerism on the gy 103 MSC XeCl excimer laser (12-ns pulse duration). For some
photochemistry of 4-NHPT and the influence of the isomeric of the experiments with the excimer laser, modified, laboratory-built
substitution pattern (i.e., 2- or 4-position) on the photochemical data acquisition electronics were used. Briefly, the voltage on the PMT
behavior ofN-hydroxypyridinethiones. This study also points load resistor was preamplified by an operational amplifier and fed into
out that an accurate knowledge of the tautomeric structure a summing amplifier, where the DC offset voltage (backoff) was
absorbing the excitation light is essential for correct interpreta- compensated by addition of an equal voltage of opposite sign. An active

tion of the data. 3rd order Bessel low-pass filter (bandwidth of 4.5 MHz, corresponding
to a rise time of 90 ns) was used to filter the DC-compensated signal,
Experimental Section which was then captured by the digital oscilloscope. This arrangement

) ) ) ] greatly suppressed the interference of electromagnetic noise generated
General. Ground-state absorption properties were studied using a py the excimer laser.

Hewlett-Packard HP 8453 UWisible spectrophotometer (Hewlett-
Packard Company, Palo Alto, CA). Corrected steady-state emission
and excitation spectra were recorded with a Fluoromax spectrofluo-
rimeter (Spex Industries, Edison, NJ). Fluorescence quantum yie{fjis (
were determined at an excitation wavelength of 300 or 360 nm as
previously describetf with 2-aminopyridine ¢ = 0.60+ 0.05 in 50

mM sulfuric acid® and/or anthracene&b§ = 0.27+ 0.03 in N-saturated
ethanol¥) as standard(s).

Materials. 4-NHPT was prepared as reportedsing 4-chloropy-
ridine N-oxide and thiourea, from Sigma-Aldrich, as starting materials.
Recrystallization from ethanol led to yellow needles of 4-NHPT, the
absorption spectrum of which displayed a maximum at 322 e (

18 600 M cm™) in neutral phosphate buffer, in agreement with

Laser intensities (from 1 to 18 mJ chpulse?) and gases (Qair,
or Np) used for saturating the solutions are specified in the text or in
the figure legends. Samples were contained inxX1Q0 mn? quartz
cuvettes. Due to the photolability ofMHPT, flash photolysis data
were predominantly acquired under continuous flow conditions, and a
high flow rate was maintained to ensure irradiation of a completely
fresh volume of sample with each laser pulse€Quenching rate
constants were measured using static cells, and the sample was
submitted to a limited number of laser pulses. Quantum yiedels (
were determined by comparative actinom&tnysing benzophenone
(for which ®r@gp) = 1.0"° ander@py = 7220 M- *cm™* at 530 nnd® in
deaerated benzene) as reference and calculated using eq 3, as previously

described.

(10) Vieira, A. J. S. C.; Telo, J. P.; Dias, R. M. B.Chim. Phys1997,
94, 318. (16) Krieg, M.; Redmond, R. WPhotochem. Photobioll993 57, 472.

(11) Alam, M. M; Ito, O.; Grimm, G. N.; Adam, WJ. Chem. Soc., (17) The use of static samples led to completely different results, due to
Perkin Trans. 21998 2471. secondary photochemistry of photoproducts.

(12) Aveline, B.; Hasan, T.; Redmond, R. Whotochem. Photobiol. (18) Bensasson, R. V.; Land, E.Trans Faraday Socl971 67, 1904.
1994 59, 328. (19) Inbar, S.; Linschitz, H.; Cohen, S. G.Am. Chem. S0d981, 103

(13) Rusakowicz, R.; Testa, A. Q. Phys. Chem1968 72, 2680. 1048.

(14) Melhuish, W. HJ. Phys. Chem1961, 65, 229. (20) Hurley, J. K.; Sinai, N.; Linschitz, H’hotochem. Photobiol.983

(15) Jones, R. A.; Katritzky, A. RJ. Chem. Socl96Q 2937. 38 9.
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The photoconductivity setup, which allows both optical and conductivity

detection on the same sample, has been described in detail elséwhere.
Hydroxyl Radical Formation. The consumption of,N-dimethyl-

4-nitrosoaniline (RNO) by chemical reaction wi#BH can be followed

by monitoring the bleaching of its characteristic 420-nm absorption

band, and constitutes an indirect way to probe the photoinduced

generation odOH .22

e (10° M'em ')

Results
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1. Thione—Thiol Tautomerism of 4-NHPT.23 In aprotic,
nonpolar solvents, such as methylene chloride AQlb),
chloroform (CHC}), and benzene, the spectrum of the thiol form
of 4-NHPT exhibits a single absorption maximum around 295
nm, as shown in Figure 2A. A linear Beetambert plot was
obtained in the measured range of concentrations from 5 to 500
uM (at 295 nm,e = 18 200 Mt cm™tin CH,Cl,, 20 100 Mt
cm1in CHCls, and 17 600 M* cm~tin benzene$* Excitation
of 4-NHPT in these solvents leads to an emission spectrum with
a maximum at 388 nm. Identical fluorescence emission spectra
were recorded irrespective of the excitation wavelength used,
which demonstrates the presence of only one fluorescing species.
From the overlap of the emission and excitation (or absorption)
spectra, the (80) S—S energy of the thiol tautomer was
estimated to be 334 kJ mdl A fluorescence quantum yield of
~2 x 1078 was determined in C¥Cl, and CHC}, under air-
saturated conditions. Figure 2. (A) Absorption spectra of the thiol and thione tautomers of

On the other hand, the absorption spectrum recorded for low 4-NHPT in CHCI, (—) and 2-propanol-{ — -), respectively and
concentrations of 4-NHPT<(5 uM) in polar, protic solvents,  corresponding fluorescence emission spectra obtained iCkkt-)
was found to display a single maximum at 330 nm. An and 2-propanol (- - -) afte_r excitation at 300 and 350 nm, respectively.
example is shown in Figure 2A in the case of 2-propanghy (B) Grqu_nd—state absorption spectrum of 4-NHPT in ethyl acetaje (
= 335 nm,e = 16 000 Mt cm™). The fact that the composition acetonitrile (- - -) and methanot-¢).
of the tautomeric equilibrium is reversed by transfer from apolar
to polar solvents has been established for hydroxypyridines
pyridones and related systeRtsherefore, the absorption band
was assigned to the thione tautomer of 4-NHPT. Excitation o
4-NHPT, under these conditions, leads to an emission spectrum
with a maximum at 450 nm. A (B0) S—% energy value of

400 50 0
wavelength (nm)

300

e (10 M cm ')

350
wavelength (nm)

300

of 4-NHPT, as excitation under static conditions led to
completely different results, due to secondary photochemistry
f of photoproducts.
2. Photochemistry of the Thiol Form of 4-NHPT. Figure
3 shows the time-dependent transient absorption spectrum
293 kJ mot! and a very low fluorescence quantum yiesi( recorded after excitatioruxcz 308 nm.)_of the thic_)I tautomer
x 1073) were determined, as described above. in CH,Cl,, under air-saturated cpndltlons. S|m_||€ir transient
In most solvents, however, the ground-state absorption SPectra were formed on photolysis of 4-NHPT in Ckl@hd

spectrum of 4-NHPT exhibits two absorption bands with P€nzene.
maxima at 295 nm and 3460 nm, which were attributed to The absorption bands with maxima at 360 and 710 nm, the
the thiol form and thione tautomer, respectively. The ratio Weak shoulder at 420 nm and the negative band around 300
between the two absorption bands, which reflects the tautomerichm, all result from primary photoprocesses taking place within
equilibrium mixture, was found to be solvent-dependent, as the pulse duration. The similarity in the second-order decays
illustrated by Figure 2B. Selective excitation into these bands recorded at 360, 420, and 710 nm indicates that all these
leads to different emission spectra displaying single maxima at absorption bands originate from a single long-lived species.
388 nm and 406450 nm, respectively. Under both aerated and deaerated conditions, the signals in the

Consequently, by choosing the solvent and excitation wave- 280-330 nm region, were composed of an instantaneous
length, it is possible teelectielyinvestigate the photochemistry ~ depletion and a subsequent slow growth in absorbance, which
of each one of the tautomeric structures of 4-NHPT, by itself follows second-order kinetics. A fast partial recovery with a
in solution or in the presence of the other form. It should again ise time of 500 ns (see inset of Figure 3) was also detected in
be stressed that, in all cases, the use of a flow-through systenmthe absence of oxygen, suggesting that, in addition to the long-
was necessary for a correct interpretation of the photochemistrylived species, excitation of the thiol tautomer of 4-NHPT
produces a short-lived, oxygen-sensitive intermediate.

The primary long-lived species absorbing at 360 and 710 nm
decays via second-order kinetics in a radical-like manner and,

: o ation of the thi ol i 4 self based on numerous reports concerning photolysis of tHiotg,
asggi)aﬁg:xlt;résg;/golggezggit_lmth Zst ;)r}ﬁ;]tct'%r:ag}‘)?;c:m s not @ reasonable hypothesis for the generation of this intermediate

attempted. The results described in this section are directly relevant to theiS @ photoinduced homolytic-SH bond cleavage of the thiol
study of the photochemistry of 4-NHPT by laser flash photolysis.

(21) Aveline, B. M.; Matsugo, S.; Redmond, R. \l..Am. Chem. Soc.
1997 119, 11785.

(22) Baxendale, J. H.; Khan, A. Ant. J. Radiat. Phys. Cheml969 1,
11

(24) Experimental errors oavalues are<5%.
(25) Beak, P.; Fry, F.; Lee, J.; Steele,J>*.Am. Chem. Sod.976 98,
171.

(26) Tyrion, F. C.J. Phys. Cheml1973 77, 1478.
(27) Pryor, W. A.; Olsen, E. GJ. Am. Chem. Sod.978 100, 2852.
(28) Ito, O.; Matsuda, MJ. Am. Chem. Sod979 101, 1815.
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(Aexc= 266 nm) of ditert-butyl peroxide in @-saturated CkCl,

0.06}
z (which produces$-BuOs) carried out in the presence of 4-NHPT
0.04f o gave rise to a secondary transient species, the absorption
e spectrum of which was found to be identical to that produced
0.02} b by direct excitation Aexc = 308 nm) of the thiol tautomer of

200 400 600 f
time (ps) W 15082,

4-NHPT in CHCl,, whereas the same experiment performed
in Oy-saturated DMSO, under conditions where the thione was
the predominant tautomer, did not. The rate constant for

"0-02 § hydrogen abstraction from the thiol tautomer of 4-NHPT by
0.04 z t-BuOs was estimatet to be 3.5x 10° M~1sL. This value is
' < higher than that reported in the case of hexanethigl 6.5
.0.06 | o T ] x 10" M~1 571,35 which can be rationalized in_terms of-§i
300 200 500 . 600 700 bc_)nd s_trengths, known to be Iovye_r for aromatic thiols than for
wavelength (nm) aliphatic thiols®” The same reactivity pattern was also reported

. ) . . in the case of aromatic and aliphatic alcoh@ls.
Figure 3. Time-dependent transient absorption spectrum recorded for D . fth ield of h \vtie-8 bond
the thiol tautomer of 4-NHPT in air-equilibrated G, 5 us (@), 25 etermination of the quantum yield of homolytie-5l bon

us (), 50 us (&), and 150us () after flash photolysisiee = 308 cleavqge Qs-n) underg.one. by thg thiol form of 4-NHPT is
nm, 8.5 mJ cm? pulse’l). The absorbance of the solution was 0.3 at complicated by the high intensity of the absorption band
the excitation wavelength. The second-order decay measured at 710exhibited by 4-PyNO&in the ground-state depletion region.
nm is presented in one of the insets. The other inset displays the kineticHowever, an estimation obs_y was obtained indirectly. In
signals at 300 nm observed in the presence and the absence of oxygerCH,Cl,, the ratio k/e, between the recombination rate constant
) o _and the molar absorption coefficient of 4-PyNQO& 710 nm,
tautomer of 4-NHPT, as described by eq 4. A similar mechanism 55 determined to be (1.48 0.25) x 10° cm st using the
was verified to take place upon pulsed excitatigg{= 355 second-order decay of the 710-nm band. On the basis of the
nm) of the structurally closely related 4-hydroxythiopher&i)( assumption that the rates of recombination of thiyl radicals are
in methanol and 4-aminothiophendd in CH,Cl,, producing  giffusion-controlled® ¢ was calculated to be (11 0@9 2 000)
the corresponding thiyl radicals, identified through their absorp- \j-1 ¢m-1 which is comparable to the molar absorption

tion maximum at 528 and 580 nn? respectively. coefficients reported for similar 4-substituted benzenethiyl
oH - radicals®140 Using thise value, the quantum yield of photo-
production of 4-PyNO®& (which is equivalent toPs_y) was
fﬁ _hv s @ ) estimated to be 0.24 by comparative actinométry.
N” Typical reactions undergone by thiyl radicals include hydro-
é ({) gen atom abstraction, addition to conjugated and nonconjugated

unsaturated bonds and electron transfé#*3The reactivity of
4-PyNOS was investigated by monitoring the decay of the 360
and 710 nm bands for several concentrations of potential
scavengers. The quenching rate constants obtained in this way
are reported in Table 1. They show that 4-PyN@Shibits a
higher reactivity toward electron acceptors than toward hydrogen
donors. It is also worth mentioning that the rate constants
determined for addition reactions of 4-PyNO® 1,3-cyclo-
hexadiene and methyl methacrylate are much lower than those
measured in the case of the 2-pyridinethiyl radical, for which
ko=2.6x 10°and 1x 108 M~1 s, respectively’. This lower
reactivity results from the radical stabilizing properties of the
4-pyridyl N-oxide group (vide infra).

Energy transfer experiments unambiguously identified the
short-lived, oxygen-dependent species produced by the thiol
tautomer of 4-NHPT as an excited triplet state. The transient

Se
A

2 @ ——— 0= Yss<¢ N—0 absorption spectrum recorded after photolygis.(= 308 nm)
- Basal :

4-PyNOS»

Homolytic cleavage of the-SH bond in the thiol tautomer
of 4-NHPT results in the formation of tié-oxy-4-pyridinethiyl
radical (4-PyNO$). The fact that the spectral profile of the long-
lived species (see Figure 3) is similar to those reported for
different 4-substituted benzenethiyl radi&f&32is a first
argument in favor of SH bond photohomolysis. Furthermore,
the second-order decay of the long-lived species giving rise to
a permanent product absorbinglat 330 nm (see Figure 3) is
consistent with the recombination of 4-PyN{Q8q 5) resulting
in the formation of 4,4dithiobis(pyridineN-oxide), which has
been identified as a photoproduct of 4-NHPT.

of 4-NHPT in deaerated Ci€l, in the presence of perylene

o (35) Encinas, M. V.; Lissi, E. A.; Majmud, C.; Olea, A. Ft. J. Chem.
Kinet. 1989 21, 245.
To further confirm the hypothesis of homolytic-$ bond (36) The rate constant was determined by monitoring the growth of the

- . thiyl radical at 710 nm in the presence of several concentrations of 4-NHPT.
cleavage, 4-PyNOSwas generated independently using the The experimental pseudo-first-order rate constant was plotted against the

known property oftert-butoxyl radicals £BuOs) to abstract  substrate concentration to gikg from the slope.

hydrogen atom&-3*especially from thiol$> Flash photolysis (37) Handbook of Chemistry and Physics/th ed.; CRC Press: Boca
Raton, Florida, 19961997; p9-65.

(29) Alam, M. M.; Fujitsuka, M.; Watanabe, A.; Ito, Q. Chem. Soc., (38) Scaiano, J. CHandbook of Organic Photochemisti@RC Press:
Perkin Trans. 21998 817. Boca Raton, Florida, 1988; Vol. II.

(30) Ito, O.; Matsuda, MJ. Am. Chem. Sod.982 104, 568. (39) Ito, O.; Matsuda, MJ. Am. Chem. S0d.981, 103 5871.

(31) Armstrong, D. A.; Sun, Q.; Tripathi, G. N. R.; Schuler, R. H; (40) Ito, O.; Matsuda, MJ. Am. Chem. S0d.982 104, 1701.
McKinnon, D.J. Phys. Chem1993 97, 5611. (41) Experimental errors on thie values obtained in this work are15%.

(32) Ito, O.; Matsuda, MJ. Am. Chem. Sod.979 101, 5732. (42) Alnajjar, M. S.; Garrossian, M. S.; Autrey, S. T.; Ferris, K. F.; Franz,

(33) Small, R. D.; Scaiano, J. @. Am. Chem. S0d.978 100, 296. J. A.J. Phys. Chem1992 96, 7037.

(34) Paul, H.; Small, R. D.; Scaiano, J. £ Am. Chem. Sod978 100, (43) Forni, L. G.; Manig, J.; Mora-Arellano, V. O.; Willson, R. LJ.

4520. Chem. Soc., Perkin Trans.1083 961.
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Table 1. Reactivity of the Main Transient Species Formed by 0.02
Pulsed Excitation of the Thione and Thiol Tautomers of 4-NHPT in
Organic Solvents 3
kQ (Mfl Sfl)b o " Coa
quenchers 4-PyNOS* 3(4-NHPT)* thione

1,3-CHD 1.6x 108 < -

MMA <5 x 10¢ < e £

DABCO 1.8x 108 -0.02r 8

TMB 4.6 x 10° 2.0x 107 =

Mv 1.2 x 10w 3

a-tocopherol 4.9% 1¢°

3b 6.0 x 107 2.0x 10 -0.04f 20 30

time (ys)

@ The abbreviations used in this table correspond to 1,3-cyclohexa- . . . .
diene (1,3-CHD), methyl methacrylate (MMA), 1,4-diazabicyclo[2,2,2]- 400 500 600 700
octane (DABCO), 3,35,5-tetramethylbenzidine (TMB), and methyl wavelength (nm)

viologen (MV#Y). ® Unless otherwise stated, the rate constants were _. . .
determined by monitoring the decay of the appropriate transient _Flgure 4. Transient absorption spectra recorded for 4-NHPZ (M)

absorption for different substrate concentratioris. CHxClo. ¢ In Np- in N-saturated 2-propanol s (@), 2 us (©), and 14us (a) after
saturated methanol. flash photolysis 4exc = 355 nm, 3.5 mJ cn? pulse’?) and under @

saturated conditions 3fs (a) after the pulse. The inset shows an
example of kinetic signals produced at 335 nm by excitatior. &
' 355 nm) of a solution of 4-NHPT in 2-propanol (absorbarce.06 at
355 nm) in the presenc®j and absence®) of O..

exhibited an absorption band with a maximum around 490 nm
which is characteristic oP*, the triplet state of perylen€.By
monitoring the buildup corresponding to the sensitized formation
of 3P* at 490 nm for several concentrations of triplet energy
acceptor (from 25 to 20@M), the rate constant for energy
transfer was found to be (12 0.3) x 10 M~1s1. Since a

experimental conditions used to record the spectrum). The
corresponding species was identified as the triplet state of the
- . thione tautomer of 4-NHPT, through its efficient quenching by
— OpM-—1lg 0L

similar rate constankg = 1.5 x 10/ M~* s™%) was obtained 0O, (ko = 1.5 x 10° M~ s71) and the observation of sensitized

by following the fast growth at 300 nm (see inset of Figure 3), ¢, mation of the triplet state of merocyanine 540 at 660%hm
this secondary process was assigned to ground-state recovery,, _ 6.0 x 1° M1 s3) and of perylene at 490 rith(ko =

of 4-NHPT due to intersystem crossing,(* So) of the triplet 1 5, 1510 -1 572). The lifetime of the triplet state of 4-NHPT

state. was found to be highly dependent on the ground-state concen-

The fast recovery at 300 nm was used to estimate the quantuMyation, A plot of the observed decay constant against [4-NHPT]

yield of triplet state formationdr, assuming that the thiol triplet 5+ 400 and 600 nm led to a bimolecular rate constant 062.5
state exhibits only negligible absorption at that wavelength. The 19 \j-1 5147 A relatively short lifetime and an efficient

amplitude of the recovery was monitored as a function of laser q,enching by the ground-state are typical characteristics of
pulse intensity and a lower limit fobr was found to be 0.12  thione tripletst849

from eq 3** ®r was also determined by an indirect method e guantum yield of intersystem crossir of the thione
based on the sensitized generation of the triplet state of perylene, tomer of 4-NHPT was estimated from the ground-state
In the presence of enough perylene260uM) to trap all the — recovery at 335 nm, using the same approach as previously
triplet states produced by the thiol tautomer, the quantum yield gascribed in the case of the thiol foBhA lower limit for ®1

of 3P* formation is equivalent tabt. The variations of the was calculated to be 0.90 from ed8Similarly, the quantum

amplitude of the signal recorded at 490 nm were monitored as ;e\ of permanent photobleaching was determined to be 0.06,
a function of laser intensity anet determined by this method | ,nder Q- and N-saturated conditions. By direct comparison

was found to be*04.éL9, using an value of 13 400 M* cm™ of the AA values of the recovery signals at 335 nm and the
at 490 nm, for’P*. _ _ maximum absorption of the triplet state at 600 rm the molar
3. Photochemistry of the Thione Form of 4-NHPT Figure absorption coefficient of the thione triplet was calculated to be

4 presents the time-dependent transient absorption spectruns>oo M-t cm~t at 600 nm using eq 6.

recorded after flash photolysifec = 355 nm) of a solution of

4-NHPT (4uM) in 2-propanol. Similar spectra were obtained €r = 54335 NM)AA(600 nm)AA(335 nm) (6)
by excitation of the thione tautomer of 4-NHPT in other protic TG
solvents (e.g., methanol). Undep-@aturated conditions, little
transient absorption was observed except for the negative ban
around 336-335 nm, which corresponds to photochemical
consumption of starting material. After the initial instantaneous

d The thione triplet was found to react efficiently with both
electron donors and acceptors but higher rate constants were
measured for reactions with acceptors than donors (Table 1).

: oo : Figure 5 shows the time-dependent transient absorption spectrum
depletion, the kinetic signals recordediat 360 nm display o ™ A
no changes over several milliseconds, suggesting permanen{?czrﬂadp?rﬂ?r 3XCII&II?%§XC —;‘;55 r1|m) c::}the thione tau;ometrh |
bleaching of 4-NHPT and formation of stable photoproduct(s). of & In deaerated methanol In the presence of methy

. " hy .
Under deaerated conditions, the transient absorption spectrumvIOIOgen (MV2). In addition to the ahsorption bands of ktv

recorded immediately after the pulse, exhibits a broad absorption  (46) Redmond, R. W.; Srichai, M. B.; Bilitz, J. M.; Schlomer, D. D.;
with a maximum at 600 nm and a shoulder around 400 nm, in Kr'?fhﬁhzhccggggﬁg‘ét; 203?3'3&32‘# ?A(/Jés?"\l/gr ed from 1 10 120
addition to the negative band. Both absorptions follow identical  (4g) de Mayo, PAcc. Chem. Re€976 9, 52. '

decay kinetics (a lifetime of #“s was measured under the (49) Bhattacharyya, K.; Ramamurthy, V.; Das, PJKPhys. Chenil987,

91, 5626.
(44) In eq 3, are value of 18 200 M* cm~! was used for the molar (50) The triplet state of the thione tautomer of 4-NHPT is assumed to
absorption coefficient of the ground-state of 4-NHPT inCH. exhibit only negligible absorption at that wavelength.
(45) Carmichael, I.; Helman, W. P.; Hug, G.L.Phys. Chem. Ref. Data (51) In eq 3, are value of 16 000 M* cm~* was used for the molar

1987, 16, 239. absorption coefficient of the ground-state of 4-NHPT in 2-propanol.
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Figure 5. Time-dependent transient absorption spectrum obtained after Figure 6. Absorption properties of the 4-pyridinethiyl radical produced

pulsed excitationAexc = 355 nm, 7 mJ c? pulse™) of the thione
tautomer of 4-NHPT in deaerated methanol in the presence pf60

of methyl viologen. The spectra were recorded 400@ L us (O),

and 2us (a) after the pulse. The inset shows the variations of the time
constants measured at 400 n®),(360 nm ©O), and 720 nm4) as a
function of MV?" concentration.

(the reduced form of M¥") at 395 and 610 nr¥? one observes
the formation of two additional absorption maxima at 360 and
710 nm. The rise time of the latter absorption bands was found
to be identical to that measured at 395 #hand the time
constants of all the secondary growths were similarly affected
by an increase in M%" concentration, as shown in the inset of
Figure 5.

These results indicate that the species absorbing at 360 an
710 nm is produced concomitant to MWia electron transfer.

The similarity between the absorption spectrum of this species

and that of 4-PyNO&(see Figure 3) suggests that the radical
cation (4-NHPTY", which is expected to be formed in the
electron-transfer reaction (eq 7a), undergoes a fast deprotonatio
leading to the formation of the neutral 4-PyNO@q 7b).

3 s * S
f‘j + MV —= f‘j + MV (7a)
N \
(l)H OH
Se Se
~ O
| J——=H [ ]

An important question is whether 4-NHPT, similar to its
structural isomer 2-NHPT, is a photochemical precursor of
hydroxyl radicals in organic solvents. The formatione«@iH
was probed usindl,N-dimethyl-4-nitrosoaniline (RN Pulsed
excitation gexc = 355 nm) of 4-NHPT in @-saturated aceto-
nitrile in the presence of RNO did not lead to any detectable
bleaching at 420 nm on the time scales of flash photolysis
experiments. This result implies that, contrary to what was

(52) Farrington, J. A.; Ebert, M.; Land, E. J.; Fletcher, Biochim.
Biophys. Actal973 314, 372.
(53) Due to the similarity in the absorption properties of the thione triplet

and MV** between 500 and 700 nm, one cannot clearly observe the decay

of the triplet state and the formation of MVin that spectral region.
(54) Due to the absorption of RNO at 355 nm, the highest RNO

by flash photolysisAexc = 266 nm, 3 mJ cr? pulse!) of compound
4 in air-saturated acetonitrile. The spectra were recordes @), 10
us ©), 30us (a), and 70us (») after the pulse.

observed for 2-NHP7?, singlet-state mediated NO bond
homolysis producing the hydroxyl and corresponding thiyl
radicals (eq 1) does not take place in the case of the thione
tautomer of 4-NHPT. This was further confirmed by experiments
where the 4-pyridinethiyl radical was generated independently
by 266-nm photolysis of 4;4dipyridyl disulfide @) in air-
saturated acetonitrile. Photoinduced homolytic cleavage of
disulfide bonds to give sulfur-centered radicals has previously
been observed in the case of diphenyl disulfiti2,2-dipyridyl

flisulfide and 2,2dithiobis(pyridineN-oxide) 26 Under these

conditions, the 4-pyridinethiyl radical exhibits an absorption
band with a maximum at 370 nm, a shoulder around 420 nm
and a weak, broad absorption at 58D0 nm (see Figure 6). It
was found to be unaffected by the presence pb@ efficiently
uenched by methyl methacrylate and 1,3-cyclohexadiene
known thiyl radicals scavenger®®’ The absence of this
species on irradiation of the thione tautomer of 4-NHPT shows
that N—O bond cleavage is not significant.

4. Photochemistry of Tautomeric Mixtures. In solvents
where both tautomers coexist, the profile of the transient
absorption spectra was observed to depend on the excitation
wavelength used. In all cases, the tautomeric form absorbing
the excitation light was found to undergo its expected primary
photochemistry followed by secondary processes involving
reaction with the ground state of the nonexcited tautomer.

The time-dependent transient absorption spectrum obtained
by 308-nm irradiation of 4-NHPT in deaerated acetonitrile is
presented on Figure 7A. Itis similar to that produced by pulsed
excitation exc = 308 nm) of the thiol tautomer in Ci&l, (see
Figure 3). The only difference between the two transient spectra
is a bleaching around 345 nm, in the spectral region corre-
sponding to ground-state absorption of the thione fefrm.

The signal recorded at 345 nm was found to be a composite
of two processes (i.e., decay of 4-PyNO&hd slow ground-
state depletion) that follow the same first-order kinetics with a
time constant of 8@&s. This indicates that, in this system, one
of the deactivation pathways undergone by 4-PyN@Sa
chemical reaction involving the thione tautomer. On the basis
of the known reactivity of the closely related 2-pyridinetR#/
andN-oxy-2-pyridinethiy? radicals toward their thione precur-

(55) Ito, O.; Matsuda, MJ. Am. Chem. S0d.979 101, 5732.
(56) Alam, M. M.; Watanabe, A.; Ito, Ql. Org. Chem1995 60, 3440.
(57) Aveline, B. M.; Kochevar, I. E.; Redmond, R. . Am. Chem.

concentration which can be used in these experiments was determined toSoc.1995 117, 9699.

be 50u4M. Under these conditions, the lowest measurable quantum yield
of «OH production was estimated to be 0.005.

(58) The absence of a transient absorption around 600 nm allows to rule
out a direct excitation of the thione tautomer of 4-NHPT at 308 nm.
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Figure 7. Time-dependent transient absorption spectra recorded for
(A) 4-NHPT (18uM) in N.-saturated acetonitrile s (@), 50us (O),
100us (a), 300us (2), and 60Qus (@) after excitation at 308 nm (8.5
mJ cn? pulse’?) and for 4-NHPT (5Q«M) in Nj-saturated methanol
(B) 1us (@), 6 us (©), and 14us (a) after excitation at 355 nm (3 mJ
cm~2 pulse) and(C) 1 us (@), 2us ©), 5us (a), and 15us () after
excitation at 308 nm (8.5 mJ crhpulse™).

sors, the interaction between 4-PyNGC#id the thione form of
4-NHPT can be described by eq 8. Addition of 4-PyNQ&
the carbor-sulfur double bon#f is then expected to giveOH
(vide infra) and the unsymmetrical disulfide, which has been
identified as a photoproduct of 4-NHPT.

Figure 7B illustrates the case where the thione tautomer in

J. Am. Chem. Soc., Vol. 121, No. 43,908

S

() o ssd o w
w e

OH

Se
X
| +
Z
z

thermore, the decay at 600 nm and the growth at 360 nm have
identical time constants and are similarly reduced with increasing
[4-NHPT]. Since (i) quenching of structurally similar thione
triplets by their ground-state precursor is known to proceed via
physical deactivatioi-5° and (ii) formation of a secondary
species absorbing at 360 and 710 nm is not observed when only
the thione is present in solution, a thione triplet state/thione
ground-state interaction can be ruled out, and reaction of the
triplet state of the thione form of 4-NHPT presumably takes
place instead with the thiol tautomer. The transient spectrum
of the species produced by this reaction was found to be identical
to that of 4-PyNOs$formed either by photoinduced homolytic
S—H bond cleavage of the thiol tautomer (see Figure 3) or by
electron transfer from the thione triplet state to methyl viologen
and subsequent deprotonation of the radical cation, (4-NHPT)
(see Figure 5). At least two different mechanisms can be
considered for the reaction between the thione triplet and thiol
ground-state of 4-NHPT: abstraction of the thiol hydrogen atom
(eq 9a) or electron-transfer involving tioxide part of the
thiol molecule (eq 9b). Since photoconductivity experiments
showed no detectable formation of secondary, charged species,
the electron transfer reaction, if it takes place, must be
immediately followed by proton transfer. Both mechanisms are
therefore expected to give rise to the same neutral species,
involving 4-PyNOS.

SH Se
. N 9
hydrogen S P (%92)
abstraction '}‘ N
[ s T* SH / OH é
X
L]+ _ proton
f;l N transfer
OH é
Se SH
electron
transfer | N |
"ﬁ/ + . (9b)
OH o

To get some insight into the mechanism, we have studied
the reactivity of the thione triplet of 4-NHPT toward relevant
model molecules, namely thiophenols and pyridiexides,
with which the reaction occurs exclusively by hydrogen
abstractiof?®1 and electron transfé?, respectively. Rate con-
stants for the quenching of the triplet state of 4-NHPT by the
thiophenols3a—c were determined to be43.5 x 10’ M~1s71,

The reactions were identified as hydrogen abstractions based

deaerated methanol is selectively excited at 355 nm. Concomi- ., the observation of the characteristic absorptions of the

tant with the decay of the thione triplet state at 600 nm, a buildup
of new absorption bands with maxima at 360 and 710 nm is
observed; these bands are not formed in the presence of O

1,3-cyclohexadiene (triplet state quenchers) in solution. Fur-

(59) On the basis of the ground-state absorption properties of 4-NHPT

corresponding thiyl radicals. Higher rate constakts€ 5 x

1 — 5 x 1® M~1s71) were measured for the electron transfer
from the thione triplet state of 4-NHPT to the pyridiNeoxides
2a—c. The transient absorption spectra recorded after pulsed
excitation of 4-NHPT fexc = 355 nm) in the presence of

in acetonitrile (see Figure 2B), the thione concentration can be estimated compound<®a, 2b, and2c all show the formation of absorption

to be equal to that of the thiol tautomer (i-e9 «M under the experimental
conditions used). Since the lifetime of 4-PyNO®Bas measured to be 80
us at 360 and 710 nnikg[thione] must be<12, 500 s?, which implieskq

< 1.4 x 1° M~1 s7. This kg value is comparable to the reaction rate
constants determined for the addition of similar thiyl radicals to their thione
precursorskg = (3—4) x 10° M~1 s71).57

(60) Bhattacharrya, K.; Das, P. K.; Ramamurthy, V.; Rao, \d.”Ehem.
Soc., Faraday Trans. 2986 82, 135.

(61) Colle, T. H.; Lewis, E. SJ. Am. Chem. S0d.979 101, 1810.

(62) Bakac, A.; Butkovic, V.; Espenson, J. H.; Lovric, J.; Orhanovic,
M. Inorg. Chem.1996 35, 5168.
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bands at 360 and 710 nfhThe higher reactivity displayed by  long been known to have specific or “anomalous” effects on
3(4-NHPT)* toward pyridineN-oxides than thiophenols favors  the properties of aromatic molecules in solution. As already
the hypothesis of an electron-transfer mechanism immediately mentioned, 2-isomers of hydroxypyridia@yridone related
followed by proton transfer (i.e., eq 9b). systems can undergo hydrogen bonding either intra- or inter-

Finally, Figure 7C shows an example where both tautomeric molecularly (with another molecule within a dimer or with a
forms absorb the irradiation light. Such behavior was observed solvent molecule}.This hydrogen bonding, which does not take
after pulsed excitatioméy = 308 nm) of 4-NHPT in deaerated  place to such a large extent in the case of 4-NHPT, decreases
methanol. The spectral features suggest that the thione and thiothesr character of the carbersulfur double bond and therefore
tautomeric structures undergo their own primary (mainly explains the unusual photochemistry of 2-NHPT. However, if
intersystem crossing and homolytic—8 bond cleavage, the isomeric substitution pattern (4- vs 2-position) was the only
respectively) and secondary (electron transfer and addition, factor responsible for the difference between the photochemistry
respectively) photochemistry. In this last case, which corre- of the thione tautomer of 4-NHPT and that of 2-NHPT, a similar
sponds to a “nonselective” excitation of 4-NHPT, the profile situation would be expected to be observed for the structurally
of the transient absorption spectra was found to strongly dependclosely related pyridine-2(3)-thione and pyridine-4(d)-thione

on the experimental conditions used (i.e. solvent asg and (compoundl). A recent investigation of the photochemistry of
to reflect the relative absorbances of the thione and thiol these molecules by laser flash photolySibas revealed an
tautomers at the excitation wavelength. identical photochemical behavior characterized by a highly
efficient intersystem crossingb > 0.75), in agreement with
Discussion the thione structure of these compour@®:6 This suggests

that, in addition to the isomeric substitution pattern, the nature

To the best of our knowledge, 4-NHPT is one of the rare of the substituent-hydroxy group in the case of 2-NHPT and
examples of a tautomeric heteroaromatic system for which the 4-NHPT vsN-H group in the case of the pyridinethiones) must
photochemistry of both its thione and thiol forms can be ga|so play an important role.
investigated in a specific manner. A comprehensive study of  F|ash photolysis of the thiol tautomer of 4-NHPTef. =
the photoprocesses undergone by 4-thiouridine is crucial to 308 nm, in CHCl,) was found to induce intersystem crossing
understand its central role in the photo-crosslinking of tRNA. (1 = 0.19) and homolytic SH bond cleavageds + = 0.24).
However, identification of the tautomeric structures of the g—H pond homolysis has long been recognized as the major
transient species and of the ground-state precursor is NOtphotoprocess undergone by thidte’ Intersystem crossing, on
straightforward and requires the use of analogues that do notihe other hand, is not so typical for this type of molecl&
tautomerizé* The same experimental approach was applied to However, the thiol tautomer of 4-NHPT can also be described
the elucidation of the photochemistry of 6-mercaptoputine. a5 a 4-substituted pyridinal-oxide, for which triplet state
This compound, which is a metabolite of azathioprine (a formation is known to be a typical photoproc%g'L It is worth
common immunosuppressant for renal transplant recipients), ismentioning here that the photochemistryNsbxide compounds
thought to be responsible for the side effect of severe skin canceras peen intensively studied for the last two dec&idhe
frequently associated with the drfigin the case of 4-NHPT,  jnterest mainly lies in the photochemical oxygen atom transfer
the strong solvent dependence of its tautomeric equilibrium and ygaction of heterocyclidN-oxides, which is considered as one
the distinct absorption properties of its thione and thiol forms  of the best mechanistic model systems for biological oxidations
allow the investigation of the photochemistry of each tautomer catalyzed by monooxygenase enzymes. As far as the photode-
to be carried out in an unambiguous manner, which makes the oxygenation of heterocyclitN-oxides is concerned, various
use of nontautomeric analogues unnecessary. chemical mechanisms have been suggested in the literature and

The photochemical behavior of the thione tautomer of are still the subject of discussiéh’2 In the case of the thiol
4-NHPT was found to be very different from that of 2-NHPT.  tautomer of 4-NHPT, we have no experimental evidence which
Similar to most thiones previously studi€tf%®upon pulsed  would allow us to conclude whether photodeoxygenation is
excitation fexc = 355 nm, in 2-propanol), the 4-isomer significant in CHCl,, under flow-through irradiation conditions.
undergoes a very efficient intersystem crossidg ¢ 0.90) to TheN-oxy-4-pyridinethiyl radical (4-PyNO§, generated by
a triplet state exhibiting properties (such as short lifetime, homolytic S-H bond cleavage of the thiol tautomer of 4-NHPT,
efficient quenching by the ground state, high reactivity toward \yas observed to be long-lived, compared to similar species such
both electron donors and acceptors) which are characteristicsas the 2-pyridinethiyl and N-oxy-2-pyridinethiy?:73 radicals.
of thione triplet state$?¢7.630n the other hand, photolysis of |t was also found to exhibit a lower reactivity, in particular
2-NHPT under similar experimental conditiong = 355 nm,  toward unsaturated systems. This behavior is readily explained
in methanol) mainly causes homolytic-XD bond cleavage by the fact that the 4-pyridyiN-oxide has been reported to be
(®n—o = 0.28) and intersystem crossing, as a minor primary an excellent radical stabilizing grodpThe potent stabilizing
photoprocess®r = 0.04)? Thus, contrary to 4-NHPT, 2-NHPT  effect is attributed to spin delocalization, which imparts nitroxide
does not behave as a typical thione. Ortho (2-) substituents haveadical character to the intermediate (eq 10).

(63) (a) The different pyridin&-oxides used do not absorb light at 355 Discrepancies exist between the present work and a recent

nm. (b) In these experiments, the concentration of 4-NHPT w&g:M, report on the photochemistry of 4-NHPTwhere the molecule

so that only the thione tautomer was present in solution and secondary was assumed to exist exclusively in the thione form. The main
formation of the 366-710 nm absorbing species could not result from

reaction with the thiol form. (69) Albini, A.; Alpegiani, M.Chem. Re. 1984 84, 43.
(64) Milder, S. J.; Kliger, D. SJ. Am. Chem. So0d.985 107, 7365. (70) Hata, N.; Ono, |.; Tsuchiya, Bull. Chem. Soc. Jpnl972 45,
(65) Hemmens, V. J.; Moore, D. Photochem. Photobiotl986 43, 2386.
247. (71) Hata, N.; Ono, |.; Osaka, Kull. Chem. Soc. Jpri971, 46, 3363.
(66) Ramamurthy, V.; Steer, RAcc. Chem. Re 1988 21, 380. (72) Bucher, G.; Scaiano, J. G. Phys. Chem1994 98, 12471.
(67) Maciejewski, A.; Szymanski, M.; Steer, R. .Am. Chem. Soc. (73) Alam, M. M.; Watanabe, A.; Ito, CPhotochem. Photobioll996
1988 92, 6939. 63, 53.
(68) Alam, M. M.; Fujitsuka, M.; Watanabe, A.; Ito, Q. Phys. Chem. (74) Creary, X.; Mehrsheikh-Mohammadi, M. Eetrahedron Lett1988

1998 102 1338. 29, 749.
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conclusions of that study are that upon pulsed excitatigg; (

= 355 nm), 4-NHPT in tetrahydrofuran (TH#S)or acetonitrile
undergoes (i) intersystem crossing, (ii) homolytie-® bond
cleavage giving rise to the hydroxyl and 4-pyridinethiyl radicals,
and (iii) O—H bond homolysis generating the nitroxide radical
4-S=PyNOs (see eq 10), which is reported to exhibit an
absorption with a maximum around 720 nm. Differences in the

J. Am. Chem. Soc., Vol. 121, No. 43,9585

production ofefOH may well arise from secondary reactions such
as shown here in eq 8. Alternatively, the high photolability of
4-NHPT absolutely required continuous flow conditions in our
experiments and the use of static samples may give rise to
secondary photoproduct reactions if such precautions are not
observed.

From a biological point of view, the most significant outcome
of this work is that neither the thione nor the thiol tautomer of
4-NHPT was found to be a primary photochemical source of
hydroxyl radicals in organic solvents. This result seems a priori
in contradiction with reports of DNA damagéand oxidation
of purineg? induced by 4-NHPT via photochemical release of
+OH. However as already mentioned, although hydroxyl radicals
were not detected under the flow-through conditions used in

experimental conditions may explain to some extent the different this study, secondary processes such as eq 8, which are favored
results obtained. The concentrations used in the present studyn static samples, can take place and prowidgl. Furthermore,

were typically<50uM for spectral measurements whereas they
were much higher in the recent publication (200-400). This
may explain the lack of significant triplet-state absorption at

the results presented here were obtained in organic solvents
while irradiations of 4-NHPT in the presence of DRAand
purined® were carried out in more biologically relevant environ-

600 nm in their spectra as the thione triplet state has been showrments. In addition, in aqueous media, the 4-isomer exhibits an
here to display a high reactivity toward both the ground-state acid—base equilibrium with a reportedkp of 3.825 and
thione and the thiol tautomer and can therefore be expected totherefore exists as an anion (eq 11) under physiological

be efficiently quenched under high concentration conditions.

Evidence of this quenching is provided by the transient

absorption spectrum recorded in THF, which shows growth of

an absorption at 720 nm, similar to that observed in our
experiments on reaction of triplet thione with the thiol tautomer.

As this reaction requires the presence of the thiol form and does
nottake place when only the thione tautomer exists in solution,

we prefer to assign this band to tNeoxy-4-pyridinethiyl radical
(4-PyNOS) rather than to the nitroxide radical 4®yNOCs.
This conclusion is supported by the fact that the thiol alone in

conditions.

(11)

S S~
0 — 0
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Studies are currently under way to get some insight into the
photoprocesses undergone by 4-NHPT in neutral buffer solutions
and verify whether the reported higher efficacy at inducing DNA

solution gives rise to the same transient absorption spectrumphotodamage exhibited by 4-NHPT, compared to 2-NHPT,

resulting from homolytic SH bond cleavage. Spectral com-
parisons are also made difficult by the different detection

corresponds to a more efficient photochemical generation of
hydroxyl radicals. Results from preliminary experiments seem

systems used. The recent study utilized a multichannel diodetq indicate that this is not the case, as the anionic form of

array system, which limits the observable spectral randgexto

4-NHPT was not found to be a primary photochemical precursor

400 nm, thereby truncating the spectra at the short wavelengthgs ,oH.

end. Thus, the large absorption band of 4-PyN@S360 nm

was, for example, not detected. The apparent absorption band Acknowledgment. We gratefully acknowledge Hans-
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