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Abstract: The photochemistry ofN-hydroxypyridine-2(H)-thione (N-HPT) has been investigated in aqueous and
organic solvents using laser flash photolydis{= 308 or 355 nm). Independent of the environment, UV excitation

of N-HPT causes homolytic NO bond cleavage, which leads to formation of the 2-pyridylthiyl (y&d hydroxyl

(*OH) radicals. In aqueous media, this process occurs efficiently from both the anionic and neutraldfqras(
0.20-0.30). In addition to N-O bond scission, N-HPT undergoes other primary photoprocesses which are pH-
dependent. At pH= 7, photoionization ¢ = 0.09 @exc = 308 nm) and 0.054¢x. = 355 nm)) of the anionic form
generates the hydrated electron as well as the semioxidized radical of N-HPT. Fast rearrangement of the latter
species produces tioxy-2-pyridylthiyl radical. At pH= 2, where the uncharged structure predominates, formation

of an excited triplet stateEf > 59.5 kcal mot?) is observed®t = 0.05 usinglexc = 355 nm) but photoionization

does not take place. The neutral form of N-HPT displays similar photochemical behavior in organic solvents,
generatingOH, PyS, and the triplet stated{y—o = 0.30-0.45 and®t = 0.03-0.05 usingAexc = 355 nm). In
nonpolar, aprotic media, the subsequent reaction of Rit8 the thiol tautomer of N-HPT leads to the formation of

an unsymmetric disulfide radical. Reactivities of the different transient species toward potential scavengers have
also been investigated. The results obtained show that the simultaneous generation of several highly reactive
intermediates is a major drawback in the use of N-HPT as a clean and simple photolytic soée of

Introduction

Recently, UV excitation oN-hydroxypyridine-2(H)-thione

(N-HPT) has been proposed as an attractive method for the

production of hydroxyl radicals@H).1~3 N-HPT, an analogue

of aspergillic acid, is known for its antimicrobial, anticancer,
and antifungal activitie$;® and the industrial use of its zinc
and sodium salts in antidandruff shampdo3his compound

is also the starting material in the preparation of Barton salts,

which are extensively used as radical generators for synthetic

purposes (see revidwand references therein), and, more
recently, for kinetic investigations of radical reactivityi!
Although the photosensitivity of N-HPT has long been recog-
nized!?13its ability to generateéOH under irradiation has only
been discovered in the last few ye&rd1* ESR4and chemical
trapping experiments have shown that formatiorr©H from
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this molecule occurs in agueous méditas well as in organic
solvent$:215 sia homolytic cleavage of the NO bond (eq 1).
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N-HPT was consequently concluded to be a versatile reagent
which can generateOH under a variety of mild conditions
suitable for both chemickand biological investigations. This
result appeared all the more important since none of the existing
methods developed for producir@H are fully satisfactory for
the selective study of*OH reactiong®

However, we recently communicated a preliminary investiga-
tion of the photochemistry of N-HPT in neutral aqueous
solutior” where the molecule was indeed demonstrated to
produce*OH, but not in a selective manner. Photoionization
was an equally efficient process generating highly reactive
solvated electrons {g) in good yield. The 2-pyridylthiyl
radical (Py9®), formed concomitantly withOH, as a result of
N—O bond cleavage (eq 1), was also found to possess a high
reactivity toward various substrates. These results indicate that,
at least under neutral pH conditions, N-HPT cannot be
considered as an ideal photolytioH generator.

In addition to complications arising from production of
multiple reactive species, other factors may exert a significant
influence on the photochemistry of N-HPT. This compound is
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potentially tautomeric (eq 2) and the thione/thiol equilibrium
(A) is solvent-dependent: the thione structure predominates
in polar media while the less polar thiol tautomer is more
likely to exist in nonpolar and aprotic solverifs Furthermore,

in the latter environments, N-HPT can undergo intramolecular
hydrogen bonding (eq 2). In aqueous solutions, the predomi-
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nance of the thione form over the thiol has been demonstrated,
and the molar ratio between the two tautomeric structures
was determined to be 54. As shown by eq 2, N-HPT also
exhibits an acid/base equilibrium (B) with a reportel,p
of 4.6718

Since N-HPT is soluble in both water and organic media, its
localization in biological systems may vary from hydrophilic
to hydrophobic sites. Therefore, we have extended our pre-
liminary investigation and studied the influence of the nature
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Figure 1. Chemical structures of 2-mercaptopyridiig, @,2-dipyridyl
disulfide @), 2,2-dithiobispyridine mondN-oxide @) and 2,2-dithiobis-
(pyridine N-oxide) @).

Fisher, and buffers (10 mM; NaCI/HCI for pH 2; potassium hydrogen
phthalate/NaOH for pH= 4.5, 5 and 5.5; KHPOy/NaOH for pH= 6,
7, and 8, and NaHC#NaOH for pH = 10) were prepared using
deionized water.

Laser Flash Photolysis. The equipment has been described in detail
elsewheré®2! Excitation was provided by either the frequency-tripled
output of a Quantel YG660A Nd/YAG laser (355 nm, 8 ns duration
pulse, up to 10 mJ cnd pulse?) or a Lambda Physik EMG 103 MSC
XeCl excimer laser (308 nm, 8 ns pulse duration, up to 18 m¥cm
pulse’?). Quenching rate constants were measured using static samples
whereas transient absorption spectra and kinetic signals were recorded
employing a flow system ensuring irradiation of a completely fresh
volume of solution with each laser pulse. In all cases, the sample was
contained in a 10 mnx 10 mm quartz cuvette.

Quantum yields @) of photoprocesses undergone by N-HPT were

of an aqueous and a nonaqueous environment on its Photo-yetermined by comparative actinometry as previously desc#odd.
chemistry. We report here a comprehensive study of the effectsyajues were calculated for optically matched solutions of sample and

of acid/base equilibrium and thione/thiol tautomerism on the
photoprocesses undergone by N-HPT. This compound, far from
leading to clearOH formation, exhibits a rich photochemistry.
The transient intermediates produced by the different forms of
N-HPT have been identified and spectroscopically characterized.
We have also quantified their generation and studied their
reactivity toward various substrates. The detailed description
of the photochemistry of N-HPT given in this paper is aimed
at providing new information which should be taken into account
when UV excitation of N-HPT is used as a means to generate
*OH.

Experimental Section

General. *H NMR spectra were measured with a Varian XL 500
instrument or a Brucker AC 200 spectrometer. Ground-state absorption
properties were studied using a Cary 2300 -tXsible spectropho-
tometer or a Hewlett-Packard HP8451A BVisible diode array
spectrophotometer.

Materials. N-HPT was purchased from Aldrich and recrystallized
twice from aqueous ethanol before usd NMR (CDCl) 6 6.30 (1H,
dt), 6.67 (1H, dd), 7.34 (1H, dt), 7.74 (1H, dd) and 8.91 ppm (1H,
broad, s)). 2-Mercaptopyridinel), 2,2-dipyridyl disulfide @), and
2,2-dithiobis(pyridine N-oxide) @), whose chemical structures are
presented in Figure 1, were also supplied by Aldrich. Compadind
was recrystallized twice from methanol/water before use. All pyridine
derivatives were stored in solid form a20 °C. No degradation with

time was observed under these storage conditions, as verified by

standard (absorbance /. between 0.3 and 0.5) using the following
equation:

D5 = Drry(ASArR) (ErR)/ES @)
where the subscript T(R) refers to the triplet state of the reference
used and S refers to the species produced or consumed by the
photoprocess considered.values are the molar absorption coefficients
of the appropriate species at their monitoring wavelengths, A&nd
values are the slopes of the linear energy dependence plots of their
maximum absorbance following excitation. In these experiments,
2'-acetonaphthone (for whickbt = 0.84° and et = 10500 M*
cm! at 430 nnd?) and benzophenone (for whighr = 1.0** ander =
7220 Mt cm™! at 530 nn®) in deaerated benzene were used as
standards.

Pulse Radiolysis. The setup at the Paterson Institute for Cancer
Research (Manchester, U.K.) has been described previusyperi-
ments were carried out under flow conditions. In agueous solution,
radiolysis results in the formation of several reactive species including
*OH and gq~. The reaction rate constantgy) of ;- were determined
using deaerated solutions containitegt-butyl alcohol (-BuOH, 10
mM) to remove*OH. Thekg values for‘OH were measured under
N2O-saturated conditions to scavengg e

High-Pressure Liquid Chromatography. HPLC analyses were
performed on a Hewlett-Packard HP1090 liquid chromatograph equipped
with a HP1040 UV~ visible diode array detector and controlled using
a HP300 computer. Separation was achieved on a 250n® mm
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immediately before use and were protected from light at all times. 2,2
Dithiobispyridine monadN-oxide @) was prepared using a solution of
an equimolar mixture of compoundsand4, known to result in the
formation of the unsymmetric disulfidg?!?
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Table 1. Absorption Propertiesifax ande) of N-HPT in Different T T T T
Environments 2.0

Amax (NM) [e (M~ cm1)]2

hexane 220 292 [16800] 361 [3800]

cyclohexane 220 292 [20900] 361 [3550] < 1.5
benzene 290 [17800] 360 [3900] LE,
2-propanol 223 283 [16350] 350 [4550] i
methanol 224 284 [11850] 348 [5150] VE 1.0 1
acetonitrile 224 282 [14150] 348 [5000] ()
buffer (pH= 2) 216 274 [11450] 334 [5900] Z
buffer (pH=T7) 246 283 [11600] 334 [3600] w 0.5
aThe absorption properties were studied for concentrations of

N-HPT between 10 and 500M in aqueous media and between 10

and 300uM in organic solvents. Experimental errors enalues are 0

<5%.

LC18 (5um) column preceded by a 50 mm 4.5 mm guard column
(Waters). A mixture of deionized water and acetonitrile (3:1, vol:vol)
was used as eluent at a flow rate of G162 mL/min. The identity
of the products was established by comparison of their absorption ~ 1.2
spectra and retention times with those of authentic samples. TE
Solutions of N-HPT <1 mM) in buffer were irradiated in a static =~ _© ;
cell or a flow-through system immediately before injection (200 = o8k
aliquots) on to the HPLC column. The irradiated sample was treated <
with 2-3 drops of an aqueous solution of Fe(.15 M) and the purple =
precipitate formed, which corresponds to the chelate, tris-(N-HPT)- « 0.4
iron(111),%” was removed by filtration prior to injection. This treatment ’
simplifies the analysis of the chromatogram by eliminating the starting
material, which is otherwise not eluted as a sharp peak but rather over 0

20 40 60 80
dielectric constant

several minutes. The photoproducts of N-HPT were verified to be 200 360 ' \ZOO
unaffected by addition of Fegby use of authentic standards. When wavelength (nm)

the irradiations were carried out in organic solvents, the samples, which
turned purple after addition of Fe{lvere passed through a 10 mm ;
8 mm silica gel column in order to remove the chelate (under these N-HPT, recorded in aqueous buffer at pH7 (=) and pH= 2 (- - -),

Figure 2. (A) Absorption spectra of the anionic and neutral forms of

respectively. (B) Absorption spectra recorded for N-HPT in hexane
(—), in acetonitrile (- - -), and in buffer at pi 2 (— - —). The inset
presents the relationship between the longer wavelength absorption
Results maxima and the dielectric constants of the solvents used.

conditions, the photoproducts of N-HPT are quickly eluted).

The primary photochemistry of N-HPT was found to be i _ . _ o
strongly affected by the acid/base equilibrium undergone by the @Psorption at 375 nm which decays very rapidly with a lifetime
molecule in aqueous media, whereas the variation in the thione/Of 130 ns. Increasing the N-HPT concentration (up to &0

thiol tautomerism with organic solvents had greater influence OF 1aser intensity (from 1 to 18 mJ crhpulse™®) does not
on the secondary reaction processes. modify this time constant, suggesting that the species at 375

. . . decays through an intramolecular process. Siraes,-
(1) N-HPT in Aqueous Media. Ground-State Absorption. nm ! s : .
The absorption properties of N-HPT were studied in agueous tran32,4-i;e3§adlen-l-ol (2,4-HD), an efflment thiyl radical
buffers of pH= 2—8. In all cases, the BeeLambert plots quenchef?30 does not affect the absorption band at 375 nm,

were found to be linear in the measured range of ground-statethe _Coff‘?spond'r!g species is assigned to the one-_eler_:tron
concentrations (from 10 to 50@M)). The maxima fma) and semioxidized radical of N-HPT, generated on photoionization
corresponding molar absorption coefficientsdetermined for (eq 4).
N-HPT are reported in Table 1. Figure 2A displays the
absorption spectra of the anionic and neutral forms of N-HPT l N hv (\/\L _
(eq 2) recorded in buffer at pet 7 and pH= 2, respectively NS T I +  eaq “4)
(i.e. under conditions where they predominate over their (l)_ H0 ’}' S
conjugate). O
Laser Flash Photolysis. The results obtained using 308 and
355 nm excitation were virtually identical except for quantum  The negative band around 335 nm, also visible in Figure 3A,
yield values of the primary photoprocesses of N-HPT, as given is due to photochemical consumption of starting material.
in the text. Kinetic signals recorded on a short time scale (time window of
(a) Photochemistry of the Anionic Form of N-HPT. Figure 1 #4S) in this spectral region~300-350 nm) are composed of

3 shows the time-dependent transient absorption spectrum@n instantaneous depletion followed by a rapid growth in
recorded after flash photolysigek: = 308 nm) of N-HPT in absorbance with a rise time of 1650 ns. Due to the

deaerﬁted buffer at ph _7' As re_ported In-our pre"m'”ar¥ (28) Buxton, G. V.; Greenstock, W. P.; Helman, A. @ritical Review
study;’ the broad band with a maximum around 720 nm, which of Rate Constants for Reactions of Hydrated Electrons, Hydrogen Atoms
is quenched in the presence of & N,O and decays with a and Hydroxyl Radicals*QH/O"™) in Aqueous SolutignNational Bureau

; ; ; ; ; of Standards: Washington, DC, 1988; Vol. NSRDS-NBS 17, p 523.
time constant of 450 ns in deaerated solution, is assigned to (29) Alam, M. M.. Watanabe. A.- Ito, Q. Org, Chem1995 60, 3440-

€xg 28 The transient spectrum (Figure 3A) also displays a strong 3444.
(30) Aveline, B. M.; Kochevar, I. E.; Redmond, R. W. Am. Chem.
(27) Robinson, M. AJ. Inorg. Nuclear Chem1964 1277-1280. Soc.1995 117, 9699-9708.
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Figure 3. Spectra recorded for 308 nm excitation (8 mJ&mulse™) Figure 4. ldentification of the transient and permanent species
of 160 uM N-HPT in deaerated aqueous buffer at neutral pH produced by pulsed excitatione. = 308 nm, 8 mJ cre pulse’?) of
(absorbance= 0.35 at 308 nm): (A) 100 n#), 200 ns 0©), and 1us 140 uM N-HPT in N,O-saturated buffer (pH= 7), containing 1 M
(a); (B) 6 us (@), 20us (O), 70us (a) and 35Qus (») after the laser  t-BuOH. (A) Spectra recorded for N-HPT in the presence of 2,4-HD
pulse fexc = 308 nm). (4004M), 500 ns @), and in the absence of 2,4-HD, 42 (@), 40us
(O) and 8Qus (a) after the excitation pulse. (B) The composite spectrum
similarity in time constant for this growth and the decay at 375 of the transient specie®j corresponds to the sum of the spectrum of
nm, we concluded that these two processes are correlaed, PyS (O), generated by irradiation of a thiohydroxamic esteg(=
the intramolecular decay process undergone by the semioxidized308 nm) in neutral buffer, and that of PyNO®\), generated by
radical of N-HPT generates a species which absorbs aroundexcitation of 2,2dithiobis(pyridineN-oxide) dex-= 308 nm) in aqueous
300-350 nm. The species formed was observed to be unaf- Solution (pH= 7).
fected by the presence of,®ut very efficiently scavenged by ) ) )
2,4-HD, i.e. thiyl radical type behavio??-31 d[zed radical of N-HPT which gpsorbs strongly at 375 nm (see
Following decay of g~ and semioxidized radical of N-HPT, ~ Figure 3A) and could not be efficiently quenched out. However,
longer-lived absorption bands with maxima at 370 and 460 nm @S shown on Figure 4A, the generation of the stable product is
become visible (Figure 3B). The transient spectrum also already complete 500 ns after the excitation pulse. This product
displays another maximum at 305 nm. Under the conditions formation was also found to be independent of the excitation
used to record the spectrum, the analysis and identification of Wavelength and of the laser energy. Involvement.gf,€OH,
these absorption bands are complicated by secondary reactiongnd thiyl radicals in the formation reaction was excluded by
involving the highly reactive.g~ and*OH, the starting material, ~ SPecific quenching experiments. These results suggest that the
and/or its photoproduct(s). In order to simplify the system, Stable species is a primary photoproduct of the starting material.
different experimental conditions were employed. Although we have insufficient information to identify the
Figure 4A presents the transient spectrum obtained after 'éaction, an intramolecular process (rearrangement) of N-HPT
excitation gex.= 308 nm) of N-HPT in a MO-saturated neutral 1S the most likely hypothesis, due to the short time needed for
solution containing-BuOH and 2,4-HD?2 In addition to the  itS completion £500 ns). . .
negative band at 335 nm, the transient spectrum recorded 500 Figure 4A also presents the time-dependent transient absorp-
ns after the pulse displays maxima at 305 and 375 nm. Thesetion spectrum recorded after flash photolysis,{ = 308 nm)
bands exhibit no absorption changes over several secondsOf N-HPT in a NO-saturated solution containirtgBuOH (1
indicating formation of a stable photoproduct. This spectrum M). Under these conditions, the absorption band at 370 nm
is identical to that recorded for a similar solution in the absence @nd the shoulder at 460 nm decay with similar monoexponential
of 2,4-HD, after decay of all the transient absorption bands ( kinetics (lifetime of~25us) although a_Iarge residual absorption
t > 80 us) (Figure 4A). Investigation of the kinetics of (due to the permanent photoproduct) is present at 370 nm. These

formation of the photoproduct is complicated by the semioxi- absorption bands were also observed to be efficiently quenched
by 2,4-HD but unaffected by the presence of ehavior which

31) Ito, O.; Matsuda, MJ. Am. Chem. Sod.979 101, 5732-5735. i i imi i i i
E32; U(r)1der thei:léoﬁditionsag reac?;nwiti?l‘ﬂo gnd'éH is scavenged is typical of similar thiyl radical$®= The composite spectrum

by reaction with-BuOH. In the presence of 2,4-HB-G00uM), the species ~ Of these species is presented in Figure 4B. The band at 460
absorbing at 370 and 460 nm are quenched. nm is attributed to PySsince an identical absorption was formed
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by excitation of various thiohydroxamic esters (Barton salts)
in aqueous solution (pH= 7)3% As shown by eq 5, under

X
+ RCOO» ©))
Se

&

Re + CO,

irradiation, these compounds undergo homolytie ® bond
cleavage leading to the formation of Py53034 A blue shift
of the absorption spectrum of Pyi8 aqueous media (compared
to that in organic solvents where the maximum is situated around
490 nn?9) is not surprising since a similar shift is also observed
in the case of the closely related benzenethiyl radital.

The spectrum of the other transient species (Figure 4B)

J. Am. Chem. Soc., Vol. 118, No. 42, 18967
0.16} [¢) ]
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laser intensity (mJ cm™ pulse™)
Figure 5. Laser energy dependence of the maximum absorbance of

displays absorption bands at 305 and 370 nm and was assigne@ea_at 720 nm @) under N-saturated conditions compared to the triplet

to theN-oxy-2-pyridylthiyl radical (PyNOS9, since it is in full
agreement with the spectrum recorded following photolysig (
= 308 nm) of compound in buffer at pH= 7. Similar to the
closely related disulfid®,2° under UV irradiation, compound
4 undergoes a SS bond cleavage which generates PyNOS
(eq 6), as recently reportéél.

N

P

N

s

To verify that homolytic scission of the NO bond is the
photoprocess responsible for Py®rmation, we looked for
evidence of concomitant production oOH. Due to its
absorption propertie®, *OH cannot be observed directly.
Thiocyanate ions (SCN were used to probe the presence of
*OH: the reaction witlfOH, according to egs 7 and 8, gives
(SCN)*~, which is easily detectable by its absorption around
480 nm?’

hv |

4 —» 2

6
Se

SCN™ + 'OH— SCN + OH- @)

SCN + SCN = (SCN)," (8)

The transient spectrum recorded following flash photolysis
of a neutral solution of N-HPT in the presence of KSCN displays
a broad band with a maximum around 480 #fhwhich is
characteristic of (SCN)".3? When DMSO,t-BuOH, phenol,
or ascorbic acid (known to be efficiem®H scavengers) are
added to the solution, the band is not observed, clearly indicating
that *OH is generated upon UV excitation of N-HPT. The
formation of (SCN)'~ was found to be a rapid process following
pseudo-first-order kinetics. No additional detectable production
of (SCN)*~ was observed, suggesting that the generation of
*OH is solely due to photoinduced-ND bond cleavage. In
the presence of }D (which scavenges,g& and gives additional

(33) Since the ester derivatives of N-HPT are hydrolyzed in agueous
media, cold buffer was used as solvent to retard the degradation. Thiohy-
droxamic esters with R= (CH3)3sC and R= CgHs (eq 5) were studied,
usingAexc = 308 or 355 nm.

(34) Bohne, C.; Boch, R.; Scaiano, J.X2Org. Chem199(Q 55, 5414~
5418.

(35) Scaiano, J. CHandbook of Organic Photochemistr@RC Press,
Inc.: Boca Raton, FL 1988; Vol. II.

(36) Alam, M. M.; Watanabe, A.; Ito, CPhotochem. Photobioll996
63, 53—59.

(37) Ellison, D. H.; Salmon, G. A.; Wilkinson, PProc. R. Soc. London,
Ser. A1972 328 23-36.

(38) See Figure 3 in ref 17.

state formation of 2acetonaphthone in deaerated benzene monitored
at 430 nm Q). The samples were optically matched at 355 nm
(absorbance= 0.3).

Table 2. Quantum Yields of Photoionizatiornbg-), N—O Bond
Cleavage ©n-0), and Triplet-State Formationb{) Determined for
N-HPT in Aqueous Buffer (at pH= 7 and pH= 2) Using 308 or
355 nm as the Excitation Wavelength

Aexc= 308 nm Aexc= 355 nm
pH=7
D N2 0.094 0.048
Do (KSCN) N, 0.12 0.15
air 0.14 0.13
N.O 0.24 0.21
Do (cleavage) N2 <0.28 <0.21
air <0.26 <0.19
pH=2
D1 N2 >0.05
Pn-o (KSCN) No 0.19
Do (cleavage) O, 0.27 0.31

aThe second method used to measdge o is based on the fact
that, under the experimental conditions employ€&H production is
only due to photoinduced NO bond cleavage, which also gener-
ates PyS The molar absorption coefficient of PySiecessary
for the calculation ofPy_o was beforehand determined to be 600 and
450 M~* cm?t using various thiohydroxamic esters in buffer at pH
7 and pH= 2, respectively (see ref 5). Errors on tlevalues are
<10%.

*OH?), the intensity of the absorption band at 480 nm was found
to be significantly enhanced.

On UV irradiation in buffer at neutral pH, N-HPT undergoes
instantaneous electron ejection and homolytie-® bond
cleavage® The quantum yield of photoionizatiombt™) was
determined using the comparative technique by monitoring the
variation of the maximum absorbance gjeat 720 nm (where
€ = 19000 M1 cm™1 28 with laser energy. Irrespective of
the excitation wavelength used, the intensity dependence of the
solvated electron absorbance was found to be linear (Figure 5),
indicating that photoionization of N-HPT occurta a mono-
photonic process. As shown by the data reported in Table 2,
the ®¢~ values obtained for N-HPT are wavelength-dependent,
increasing with decreasingxc

For determination of the quantum yield ®®H generation
(®Peor), enough KSCN was used to quench all tt@H
produced. Under these conditions, the quantum yield of
(SCN)*~ formation is equivalent tdeoy, which was calculated
from eq 3 using: = 6550 Mt cm! at 500 nm?for (SCN)* .41

(39) The lack of energy transfer to merocyanine 540 was used to verify
that N-HPT in buffer at pH= 7 does not undergo intersystem crossing,
leading to triplet state formation.
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Table 3. Reactivities of the Transient Species Formed by Pulsed 0.02 v ' T ' '
Excitation of N-HPT in Aqueous Media A
ko (M~ts79)2 i ; :
€ *OH PyNOS PyS  3(N-HPT)* T Sa—_— i

(o)} nre nre 25x 10°
2,4-HD 1x 1 2.8x 1 35x1¢ < - g 0:008
N-HPT 8.1x 1¢° 4x 10 7x 10 < g

(pH=7) 9x10°¢ 9x 1(°° -0.021 @ .
N-HPT 35x 10 55x 1¢° oo

(pH=2) L < ]

aUnless otherwise stated, the rate constants were determined by
monitoring the decay of the appropriate transient absorption for different 0.04} 7 3 T
substrate concentrations (from 20 to 3@ in N-HPT and from 40 time (us)
to 450uM in 2,4-HD). In the case of the thiyl radicals, a®tsaturated 300 : 460 : 560 : 600

solution of N-HPT containing-BuOH (1 M) was used. Thie, values

for reaction with oxygen were calculated using the approximation of a
complete removal of @under N-saturated conditions and.©oncen-
tration of 9x 107* and 1.8x 1074 M in Oz and air-saturated buffer,
respectively? The thiyl radicals were found to be nonreactive (nr)
toward oxygen® Thesekq values were determined by pulse radiolysis
using N-HPT concentrations between 36 and 400 0.008

wavelength (nm)

T

This method requires the presence of high salt concentrations
which could influence the photoprocesses and affect the <
experimental results. Since generation@f from N-HPT was
demonstrated to result solely fromD bond cleavagepeon
(therefore equivalent toPpye, the quantum yield of PyS
formation) was also determined by monitoring the maximum
absorbance of PySat 460 nm with laser energy. The data
obtained by the latter method should be considered as an upper 200 22 : p— 00
limit since PyNOS the other thl_yl radical produced, has a weak wavelength (nm)

absorption at 460 nm (see Figure 4B). Table 2 presents the

values of®egy (=PN-0) determined for N-HPT in buffer at  Figure 6. (A) Spectra recorded for 128M N-HPT (absorbance=
neutral pH. Taking into account the intrinsic limitations of the 0.39 at 308 nm) in deaerated buffer at pH2, 350 ns @), 1 us (),
methods employedpeoy is < 0.27 usinglex. = 308 nm and 2 us (a), and 3us (2) _after the excitation puls_e{{x_c = 308 nm, 8.5 _

< 0.22 usinglexc = 355 Nm. In contrast to a recent repb‘h, mJ cnT? pulse?). The inset presents the kinetic signal corresponding

. . he sensitized formation d{M540)* recorded at 660 nm for a
0O, was not found to affect the production WH. It is also to the ; -
worth noting that ®eox measurgd in the presence obO\ solution of N-HPT (4QuM) in deaerated buffer at pH 2 containing

Ly . merocyanine 540. (B) Absorption spectra 3-HPT)* (®) and of
corresponds (within experimental error) to the sundgf- and PyS (O) generated by flash photolysis of N-HPT at p2.

®depy determined in the absence of®L

As mentioned above, identification of the primary intermedi- jystantaneous decrease in absorbance due to photochemical
ates generated by UV excitation of N-HPT was complicated gepjetion. By monitoring the slow bleaching for several
by the high reactivity of g~ and*OH toward their precursor.  concentrations of N-HPT, a bimolecular rate constant of 5
The rate constants of reaction betweeq &OH, and N-HPT 147 \-1 51 j5 obtained, corresponding to the combination of
were determined by flash photolysis and pulse radiolysis. The iye reactions of PySand of PyNOSwith their precursor.

ko values obtaine_d are reported in T_ablé23. ) Thekg values measured for the reaction of the thiyl radicals
We have previously noted for thiohydroxamic esters that \ith N-HPT are much lower than those determined for the

secondary reactions with Pyiad to further consumption of  4qgition of Py to thiohydroxamic esters in organic solvents

starting materia$® As similar thiyl radicals are produced from [(3—4) x 10° M1 5.3 Two different hypotheses can be

N-HPT, the reactivity of PySand PyNOS toward their considered to explain this discrepancy: the rate of addition
precursor was investigated using N-HPT concentrations from ,a5ction of thiyl radicals to carbersulfur double bond is

20 to 300uM.#* Very similar bimoleculark, values were  gojyent-dependent or the interactions of Pgsd PyNOSwith
obtained for PySand PyNOS(Table 3). The reactions of these  N_{pT and with its ester derivatives are of different nature. In

radicals with their precursor result in further loss of N-HPT o qer to distinguish between these hypotheses, the reactivity of
which appears as a slow bleaching process subsequent to theyg toward thiohydroxamic esters was studied in aqueous

ia33 7 M~-1 g1 (i i
(40) Lambert, C.; Sarna, T.; Truscott, T. & Chem. Soc., Faraday Trans. ~ Media?® kg values of (2-5) x 10" M~ s™ (i.e. very similar
199Q 86, 3879-3882. to those determined in the case of N-HPT) were obtained,

(41) In order to correct for the absorption of the thiyl radicals at that supporting the former hypothesis. This conclusion is also

wavelength, two sets of experiments were carried out: one in the absence - ; :
of KSCN (where only PySand PyNOSabsorb), the other in the presence confirmed by the high rate constants measured for the reaction

of 0.2 M KSCN. Ascnyz- was calculated as the differential between the Of PyS with N-HPT in organic solventsi{de infra).
two initial slopes of energy dependence plots obtained. (b) Photochemistry of the Neutral Form of N-HPT. The

42) Pulse radiolysis experiments revealed that the interactions between - - :
the( e,q)‘, *OH, and l)\ll-HPTr;ieId intermediates which absorb around 345 transient absorption spectrum formed on 308 nm photolysis of

and 420 nm, respectively, and subsequently lead to the formation of other & deaerated solution of N-HPT buffered at g2 and recorded
transient absorptions complicating the identification of the reaction products. using a short time scale is shown on Figure 6A. This spectrum

(43) For [N-HPT] > 300 u«M (i.e. for high concentrations of radicals i ; ikt inni
produced), the decays at 370 nm (for PyNDShd at 460 nm (for Py$; differs markedly from that obtained on excitation of the anionic

which are originally first-order, become increasingly second-order in form of N-HPT (see Figure 3). It displays an absorption band
character as the radical-radical reaction processes become more probablewvith a maximum at 470 nm. The corresponding kinetic signal

0.004
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is composed of two exponential decays (with time constants of T - - - - T T - T

T
1 and 30us), indicating the presence of two different species T o 110 93:
absorbing around 470 nm. Both components were found to be - =
efficiently quenched by 2,4-HD, butQvas observed to affect 0.8} 18 2
only the shorter-lived intermediate. Using-€aturated condi- = =
tions, one can obtain the spectrum of the longer-lived species S o6l 16 S
(Figure 6B). It was assigned to Py&s a similar absorption £ g
was formed by photolysis of different thiohydroxamic estersat -2 4| 14 2
pH =233 & 5
A negative band with a maximum at 345 nm which 02l 15 3
corresponds to loss of starting material is also visible. From e e
320 nm to the isosbestic point at 390 nm, the instantaneous ol . . ‘ ‘ . ‘ . ‘ o 2
depletion of N-HPT is followed by a fast partial recovery of 4 5 6 7 8
absorbance. The rise time of the secondary process, which is pH

not o_bserved in the presence Qf 2,4-HD (300) or O in the Figure 7. Variations of the photoionization quantum yield of N-HPT
solution, was found to be 850 ris;. close to that of the shorter- (@) as a function of pH compared to the corresponding variations of
lived species absorbing at 470 nm. In addition, the time relative concentration of the anionic form present in the solutie) (
constants of the fast decay at 470 nm and of the growih<at

390 nm were observed to be similarly strongly reduced with  Wwith the knowledge ofbr, an estimation otr, the molar
increasing N-HPT concentratiomide infra), which is typical  absorption coefficient of the triplet state of N-HPT in buffer at
of thione tripletst**> Energy transfer was used to unambigu- pH = 2 can be obtained using the comparative technique and
ously identify the short-lived species as a triplet state. The henzophenone as actinometer. The maximum amplitude of the
transient spectrum recorded after photolysis of N-HPT in signal at 470 nmi(e. the Amax0f 3(N-HPT)*) was monitored as
deaerated buffer at pH 2 in the presence of merocyanine 540  a function of laser energy. In order to correct for the absorbance
(50 uM) exhibits an absorption band with a maximum around of pyS at that wavelength, two sets of experiments were carried
660 nm, which is characteristic M540)*, the triplet state of  out: under N- and Q-saturated conditions. Using eq &

the cyanine dyé%4” The kinetic signal corresponding to the was determined to be2100 M cmL.

sensitized formation of(M540)* is presented in the inset of Table 3 presents the reaction rate constakgsmeasured
Figure 6A. The.refo.re, .the shortfar-liyed species (the ab"s.orptionfor PyS and3(N-HPT)* generated by N-HPT at p& 2. The
spectrum of Whlqh is displayed in Figure 6B) was identified as pimolecular rate constant for the reaction of Py@th its
3(N-HPT)*, the triplet state o_f N-HPT and the growth observed precursor is very close to that obtained at pH7, suggesting
between 320 and 390 nm (Figure 6A) was attributed to recovery tnat pys reacts very similarly with the neutral and the anionic
of the ground state of N-HPT due to the intersystem crossing fqrms of starting material. The higky, value determined for
(T1 — So) of the triplet state. the reaction of(N-HPT)* with 2,4-HD, indicates that N-HPT
Similar to N-HPT at neutral pH, the transient spectrum has 3 triplet state energfy > 59.5 kcal mot2,5° which is in
recorded in deaerated buffer at pH2 in the presence of KSCN agreement with theEr upper limit value of 63 kcal mot

displays the characteristic absorption band of (SCNgt 480 extracted from a published phosphorescence spectrum recorded
nm. This band was significantly reduced by additiorr©H for N-HPT in a methanol/ethanol mixtubé.

quenchers. @was found to have no effect on its intensity
indicating that the triplet state of N-HPT is not involved in the o characteristic absorption band qfeat 720 nm in the
generation ofOH.%® transient spectrum recorded at pH2 is not itself indicative
Thus, under UV excitation at pH 2, N-HPT undergoes at  of 3 |ack of photoionization since, in acidic media, any solvated
least two different primary photoprocesses: homolytic cleavage g|ectron produced would be rapidly quenched by protons. In
of the N—-O bond, which leads to the formation of Py&hd  order to determine whether or not N-HPT undergoes photoion-
"OH, and intersystem crossing producii@y-HPT)*. Thedn-o ization from the neutral formp.— was measured, by compara-
values obtained are reported in Table 2. The quantum yield of tje actinometry, in buffers of different pH values which bracket
intersystem crossingl{y) cannot be determined accurately, as e K. Figure 7 illustrates that the values @&.— obtained
the molar absorption coefficient of the triplet state is unknown. for N-HPT correlate with the relative concentration of anionic
However, @1 can be estimated by comparative actinometry, form present in solution as a function of pH. We conclude that
using the recovery process observed at 345 nm, assigned t0 T (1) the anionic form of N-HPT is responsible for photoionization
— Sintersystem crossing. The amplitude of this recovery was ang (2) the efficiency of photoinduced electron ejection from

(c) Influence of pH on Photoionization. The absence of

monitored as a function of laser enery The lower limit of  this negatively-charged structure is identical, over the pH range

@ was calculated from eq 3 and found to be 0.05 uding= studied.

355 nm. Photoproducts of N-HPT. HPLC analysis of irradiated
(44) de Mayo, PAcc. Chem. Red.976 9, 52-50. samples of N-HPT in aqueous media revealed _that the mgin
(45) Bhattacharyya, K.; Ramamurthy, V.; Das, PJKPhys. Chenl987, photoproducts are various disulfides. Irrespective of the ir-

91'(22)2&3%’}}5(1 R W.: Srichai M. B Bilitz. 1. M.: Schiomer. b. b, "2diation conditions used,compoundss, 4, and2 were found

Krieg, M. Photochem. Photobioll994 60, 348355, '~ 7 to be the major products. This observation is in agreement with

(47) When merocyanine 540 alone was excited under the same conditions,results from previous published studies carried out under steady-
the intensity of the 660 nm band was about 5% of that recorded in the
presence of N-HPT. (50) Murov, S. L. InHandbook of Photochemistriylarcel Dekker: New

(48) The absorbances at 480 nm due to formation of (SCN)nder York, 1973; p 29.

N2- and Q-saturated conditions were compared after correction for the (51) Sakurai, T.; Inoue, Hl. Chem. Soc., Perkin Trans1884 2031-
absorption of the triplet state and Py& this wavelength. 2036.

(49) The triplet state of N-HPT is assumed to have no absorption at 335  (52) N-HPT in NO-, Np-, air, or Q-saturated buffer at pH 2, 7, or 10
nm. In eq 3, ar value of 5900 M'* cm~! was used for the molar absorption ~ was irradiated using 308 or 355 nm as excitation wavelength, the laser
coefficient of the ground-state. intensity was varied from 1 to 18 mJ cipulse ™.




10120 J. Am. Chem. Soc., Vol. 118, No. 42, 1996 velke et al.

state irradiation conditions in aqueous media or in organic

solventst2121315 As shown by eqs 9 and 10, addition of the 0.0 §
~ 0 °
E\‘ls + g 2+ °OH ) -0.01}
OH ] I
g J\/j -0.03+
(N\/LS + N = 3+ °OH (10)
b ) P o om
thiyl radicals, PySand PyNQOS to the carborsulfur double 300 ' 460 ' 560
bond of the parent molecule givéBH and disulfide® and3, wavelength (nm)

respect[vely. Formation of can result from raolllca+rad|c.al Figure 8. Transient absorption spectra recorded 3008)s L s (O),
recombination of PyNOSand/or from the slow disproportion- 5 5’ 4), and 3us (1) after excitation fexc = 355 nm, 8 mJ cr?
ation undergone by the unsymmetric disulf@ie? As observed  puise?) of 90 uM N-HPT in deaerated methanol (absorbarc®.37
by HPLC, UV excitation of N-HPT in aqueous media also at 355 nm). The inset presents the absorption spectrum of the
generates other products with very low yield. The presence of photoproduct of N-HPT®) and that of PyS(O).
such minor compounds in the photoreaction mixture of N-HPT
has previously been reportétl. However, in biological systems,  photolytic precursors in organic solveffs. As previously
these product formations are likely to be less important as the noted3° the higher electrophilicity of PyScompared to that of
thiyl radicals may be in the presence of better substrates. substituted and unsubstituted benzenethiyl radicals, is respon-
(2) N-HPT in Organic Solvents. Ground-State Absorp- sible for its higher reactivity toward unsaturated systems.
tion. Figure 2B displays the spectra recorded for N-HPT in  The transient absorption spectrum of N-HPT in methanol
hexane and in acetonitrile and, for comparison, in aqueous buffer(Figure 8) also displays a negative band with a minimum at
at pH= 2, where the same neutral form (eq 2) predominates. 350 nm (due to loss of starting material) and an isosbestic point
In all studied media (cyclohexane, benzene, hexane, methanolat 430 nm. All the kinetic signals recorded between 300 and
acetonitrile, and 2-propanol), the Bedrambert plots were 430 nm have in common a fast growth in absorbance with rise
found to be linear in the measured range of concentrations (fromtime of 2-3 us. Subsequent to this process (which is not
10 to 300uM). The results obtained (Table 1) show that the observed in the presence of MMA but is unaffected by, e
absorption spectrum of N-HPT undergoes a blue shift with signals do not change over several seconds. Increasing N-HPT
increasing solvent polarity and that this hypsochromic effect is ground-state concentration was found to have identical effect
more pronounced for the longest than the shortest wavelengthon the kinetics of decay of Py&ind the growth, suggesting
bands. A linear relationship was observed between the longerthat the thiyl radical mediates formation of a stable product (the
wavelength absorption maxima of N-HPT and the dielectric absorption spectrum of which is presented in the inset of Figure
constant of the solvent. As seen on the inset of Figure 2B, the 8). The ground-state absorption properties of this photoproduct
absorption properties of N-HPT in aqueous solution fit perfectly and its retention time in HPLC correspond to those of the
into this trend. By analogy with other pyridiré-oxides, the 2-mercaptopyridinel().>*
thiol tautomer of N-HPT is expected to display no absorption A transient spectrum was also recorded for N-HPT in the
above 340 nm, hence if present in solution, will not be excited presence of 1,3-CHD (5 mM, in order to quench the transient
at 355 nm. speciesy® In addition to the precursor depletion, it exhibits an
Laser Flash Photolysis. (a) Photochemistry of N-HPT in absorption with a maximum around 305 nm. This band is
Polar Solvents. The transient absorption spectra formed on formed within the laser pulse and does not undergo any changes
photolysis of N-HPT in methanol, acetonitrile, and 2-propanol over several seconds. Similar to aqueous media, the corre-
were very similar under aerated and deaerated conditions. Theirsponding product most probably results from an intramolecular
profile was also unaffected by an increase of laser intensity rearrangement of N-HPT.
(from 1 to 18 mJ cm? pulse’!). Figure 8 shows an example As the neutral form of N-HPT was observed to generate a
of the time-dependent transient spectrum recorded for N-HPT triplet state in buffer at pH= 2, the same process was
in Nz-saturated methanol using 355 nm excitation. The investigated in organic solvents. However, the absence of
spectrum displays an absorption band with a maximum at 495 obvious spectral differences under aerated and deaerated condi-
nm which is assigned to PySince it is identical to that observed  tions (ide suprg suggests an inefficient intersystem crossing.
following pulsed irradiation of various thiohydroxamic es- The inset A of Figure 9, which displays the kinetic signals
terg1:39.34or by flash photolysis of 2;dipyridy! disulfide?® in recorded for static samples of N-HPT under Bhd Q-saturated
organic solvents. The thiyl radical decays monoexponentially conditions, shows evidence of the formation of a short-lived (
with a lifetime determined to be-23 us under the experimental  ~ 500 ns), oxygen-dependent species. In addition, in the
conditions used to record the spectrum. Monitoring the 495 presence of merocyanine 540 (14), the transient absorption
nm decay as a function of N-HPT concentration (from 30 to
300uM) gave a rate constant of¥4 10° M~1 s~ for the reaction

(53) The concentration of MMA was varied from 10 to 100 mM, that of
1,3-CHD from 0.5 to 10 mM. Oxygen-saturated conditions were used to

of PyS with its precursor. Similarlykg values of 1x 108 and determined thég values of PyS

2.6 x 10° M~1 s 1 were obtained for the guenching of Py&y (54) The identification of this compound is facile since it is the only
methyl methacrylate (MMA) and 1,3-cyclohexadiene (1,3- ghotoproduct of N-HPT to present an absorption at long waveleaf2b@
CHD), respectively? This reactivity is identical to that (55) 1,3-CHD was used instead of MMA as only the former reagent

observed for PySwhen thiohydroxamic esters were used as quenches both Py@nd the triplet statev{de infra).
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of the energy dependence plots obtaiftdbt determined by
this method was found to be 0.030 in acetonitrile and 0.036 in
methanol fexc = 355 nm).
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0.16 i A i [ _*= B o eq 3 was calculated as the differential between the two slopes
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: es | (b) Photochemistry of N-HPT in Nonpolar Solvents. The
e time L] ; spectra recorded at the earliest detection times after pulsed
] excitation ¢ < 300 ns) of N-HPT in cyclohexane, benzene, or
4 T hexane resemble those obtained in polar media: they display
- the characteristic absorption of Py& 495 nm, the ground-
0.04 : 1 state depletion around 360 nm and another maximum at 305
J v i nm. In these solvents, the presence’®-HPT)*, which is
- - 7 not easily observable, was evidenced by the sensitized formation
= of the triplet state of3-carotene at 540 niAf. By monitoring
0 ! B = S T R, f the kinetic signal at that wavelength for several concentrations
laser intensity (mJ em™ pulse )} of carotenoid (from 15 to 25@M), a rate constant of 1.5
Figure 9. Determination of the quantum yield of intersystem crossing 109 M~! s~1 was obtained for the reaction &N-HPT)* with
for N-HPT in methanol using 355 nm as excitation wavelength. Laser 3-carotene in benzerf@. These results indicate that the primary
energy dependence of the maximum absorbance of the signal at 660photoprocesses undergone by N-HPT in nonpolar, aprotic media
nm recorded for N-HPT in the presence of M540 (26@) (O) and are identical to those occurring in polar solverits, intramo-
for M540 alone (25Q:M, see ref 58) &) compared to the triplet-state n!ecular rearrangement, homolytic-ND bond cleavage and

formation of benzophenone in deaerated benzene monitored at 530 n - - -
(®). The samples were optically matched at 355 nm (absorbance ~ INtersystem crossing. Using. = 355 nm and the method

0.35). Inset A presents the kinetic signals recorded for N-HPT at 470 described abovePy-o was determined to be 0.34 in benzene
nm in N»- (@) and Q- (O) saturated methanol. Inset B displays an and 0.45in hexane. Energy transfeftoarotene was employed
example of signal corresponding to the sensitized formation of to measured,51 which was found to be 0.047 in benzene.
*(M540)*. As seen in Figure 10A, on longer detection times, the transient
) o ) absorption spectrum recorded for N-HPT in nonpolar media
spictrum was found to désplay the characteristic absorption bandy,esents significant differences compared to that shown in Figure
. S
of ('\g540) arf 660 nnt: dBy rr;onlt.orlng thfog*rOth(Sgo”e' 8. Over the whole spectral domain considered (300 to 700 nm),
sponding to the sensitized production*#540)* at MM the kinetic signals display a secondary growth in absorbance

for se_veral concentrations of cyanin(_-': (from 15 to 238), the (with a rise time of +-2 us). This process generates a transient
Liagtfnlggel\ﬂc_oln:f?% ?g:;ﬁam*;:,'éhgl\_ﬂgfoew,?ﬂs—?:jﬁrfo species £ ~ 12 /4_3), the a_bsorption spectrum of _which is_,
acetonitrile. presente_d in the inset of Figure 10A. The formation of this
. ... intermediate was found to be unaffected by the presence of O
The results described above show that under UV excitation or t-BUOH in the solution (excluding the involvement of
(fexe = 308 or 355 nm) in polar organic solvents, N-HPT 3(N-HPT)* or *OH in the process). On the other hand, MMA,

undergoes intramolecular rearrangement which gives a photo- . . . .
product, homolytic N-O bond cleavage leading to the formation 1,3-CHD, and 2,5-dimethyl-2,4-hexadiene, known thiyl radical
guenchers, inhibited this secondary reaction. In addition, by

o H i - *
of *OH and PySand intersystem crossing generai(tg-HPT)". monitoring the growth (for example at 550 nm, as in the inset

dn_o was determined by following the variations of the ) .
mgx?mum absorbance ofyPyﬁt 4959nm with laser energy of Figure 10B) for several concentrations of N-HPT (from 30
, . 0
under Q-saturated conditions. Th@y_o values calculated @ 3004M), bimolecular rate constants of 13 101 and 6.3
M~1 s were obtained in hexane and in benzene,

from eq 3 using the known molar absorption coefficients of > 10° ) . 4
PyS in organic medi®-® were found to be 0.35 and 0.28 in respectively (Figure 10B). It is concluded that the secondary

acetonitrile and methanol, respectivels¢ = 355 nm). species is formed by reaction of Py&ith the ground state of
Since 3(N-HPT)* cannot be easily observédl,®r was N-HPT. However, addition of Py®n the carbon-sulfur double
determined by an indirect method based on the sensitizegPond of the thione form of starting material cannot be
generation of the triplet state of merocyanine 540. In the 'esponsible for the generation of the secondary intermediate as
presence of enough cyanine dye to trap3-HPT)* photo- this reaction gives compourzland*OH, as depicted by eq 9.
produced i(e. for [M540] = 250 «M),5” the quantum yield of The amplitude of the secondary growth (which was not detected
3(M540)* formation is equivalent t@r. The variations of the in polar media) was also observed to increase with decreasing
amplitude of the signal recorded at 660 nm were monitored as Solvent polarity (ethyl acetate< benzene< cyclohexane<
a function of laser energy (Figure 9). Two sets of experiments hexane), suggesting that the transient species rather may result
were carried out: one in the absence of N-FRWhere a small from reaction of PySwith the thiol tautomer of N-HPT. Since
amount of3(M540)* is generated by direct excitation of the the secondary intermediate is unaffected bya@d its absorption
cyanine) and the other in the presence of N-HPT (where further

n
=
o
o
...‘i
-
.
&

(59) Aner of 7.1 x 10* M~ cm~* was used fof(M540)* at 660 nm®

(56) In acidic buffer, the differences between the lifetime&(NEHPT)* to calculatedr from eq 3.
(~1 us) and PyS(~30 us) make possible the observation of the triplet (60) This experiment was carried out in the presence of methyl
state even though the absorption spectra of the two species are very similamethacrylate in order to quench PySvhich was also found to react
(see Figure 6B). In organic solvents, the decrease of the lifetime of the efficiently (kg = 7.3 x 10° M~ s71) with -carotene.

thiyl radical (~2—3 us) complicates the observation #N-HPT)*. (61) This value was obtained for deaerated solutions of N-HPT containing
(57) This method could not be used to determine the quantum yield of 250 uM of p-carotene, by monitoring the amplitude of the signal at 540

intersystem crossing of N-HPT in aqueous buffer atp8 as the solubility nm with laser energy. Ther value for3(3-car)* at 540 nm was estimated

of M540 in that solvent was found to be too low. from a published spectruthto be 23 300 M! cm™%. To simplify the

(58) In that case, 2-hydroxybenzophenone, a photoinert reagent, wasanalysis, MMA was added to the solution to quench Ry&l prevent the
added to the solution to mimic the filter effect due to N-HPT in the second formation of the secondary species which is otherwise visible at that
experiment. wavelength.
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Scheme 1Primary Photochemical Processes Undergone by
the Anionic and Neutral Forms of N-HPT in Aqueous Media

X
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Investigation of the photochemistry of N-HPT as a function
of pH has demonstrated that the neutral and anionic forms
involved in the acid/base equilibrium (eq 2) undergo different
reactions upon UV excitation. Scheme 1 summarizes the results
obtained. A common factor is that, irrespective of pH,
irradiation of N-HPT in agueous media causes homolytic
scission of the N-O bond. This process takes place within the
laser pulse, suggesting that P@Bd*OH are primary intermedi-
ates and are not produced by long-lived excited state precursors.
Although additional generation ®®H could possibly occur by
reactions of PySand PyNOSwith N-HPT (eqgs 9 and 10), their
contribution to the formation ofOH was not observed by laser
flash photolysi& and must be considered as negligible under
these conditions. In the case of the neutral form of N-HPT,
the photoinduced homolytic NO bond cleavage can be
depicted by eq 1. In order to rationalize the productiorQi

= 0.35 at 355 nm). The inset presents the absorption spectrum of thefrom the anionic form, one may consider the involvement of a
secondary transient species. (B) Variations of the experimental first- molecule of water (linked to N-HPT by hydrogen bondifg
order growth constant recorded at 550 nm as a function of N-HPT As shown by eq 12, in addition to Py&8nd*OH, this process

concentration in i (®) and Q- (O) saturated benzene and in deaerated
hexane 4). The inset displays the growth corresponding to the
formation of the secondary species at 550 nm following excitation of
a deaerated solution of N-HPT in hexane.

spectrum is close to that reported for disulfide radféalg 11
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can be tentatively proposed to describe the formation of this 5,50 generates the hydroxyl anion. Involvement of a molecule

transient species.
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Discussion

A preliminary investigation of the photochemistry of N-HPT
in neutral aqueous medfaled us to the conclusion that the

of water in the photoproduction of hydroxyl radicals has recently
been proposed for another compound also bearing a nitrogen-
oxygen bond?

One of the main differences between the neutral and anionic
forms of N-HPT is that, under UV excitation in agueous media,
only the latter photoionizes. This behavior can be compared
to the photoionization of phenols and related compounds, which
were reported to undergo monophotonic electron ejection from
the anionic forré® and biphotonic photoionizatiasia the lowest
triplet state from the uncharged struct@?é® Assuming a
similar photochemical mechanism for N-HPT, the absence of

primary photoprocesses undergone by this compound on UV electron ejection from the neutral form is not surprising since
irradiation are much more complex than expected from pub- its excited triplet state displays no significant absorption,at

lished studied:2 The detailed description given in this paper

< 400 nm (Figure 6B), therefore making unlikely the absorption

expands on this work by showing that the photochemical of a second photonig. = 355 or 308 nm), to cause
behavior of N-HPT is also pH-dependent and influenced by the photoionization.

polarity of the solvent. A consequence of the rich photochem-
istry of this molecule is that it cannot be considered as a clean

photolytic source ofOH for theselectie study of*OH reactions
under any circumstances.
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At neutral pH, in addition to £, *OH, PyS, and the properties of the triplet state produced by UV irradiation of the
semioxidized radical of starting material, UV excitation of neutral form of N-HPT in aqueous or organic solvents, in
N-HPT also produces thd-oxy-2-pyridylthiyl radical (PyNOS, particular, its short lifetime~1 us at pH= 2 and~500 ns in
which is not observed at pH 2. At least two possible  methanol) and its highly efficient quenching by the ground-
formation pathways can be considered for the generation of state, are characteristic of those of a thione triffiéb. The
PyNOS. In neutral aqueous media, although the thione presence of¥(N-HPT)* (with Er = 59.5 kcal/mol) makes
tautomer predominaté§, the negative charge can also be probable the formation of singlet oxygen£QGAg) by energy
localized on the sulfur atom. An electron transfer between this transfer to oxygen, further complicating the photochemistry of
thiolate (which is a reducing agén) and PySwould produce N-HPT and compromising its use as an unequivoaH
PyNOS. This hypothesis can be ruled out because the generatof®
formation of PyNOSwould then be a slow process, even if it Discrepancies exist between our results and aspects of
occurred at the maximum diffusion controlled rate, due to the previous published reports. In particular, the production of an
low concentration of thiolate present in soluti®n The actual excited triplet state from the neutral form of N-HPT in aqueous
mechanism for the formation of PyNO8wolves the short- and organic solvents has not been reported, and until very recent
lived species absorbing at 375 nm which was identified as the laser flash photolysis investigatioh&36 photoionization of the
one-electron semioxidized radical of N-HPT (see eq 4). This negatively-charged structure of N-HPT was thought not to
oxygen-centered radical was found to undergo a fast intramo- occur!* These discrepancies can be explained by the fact that,
lecular process yielding a species efficiently quenched by 2,4- due to the high reactivity of the transient species generated,
HD but unreactive toward £a thiyl radical behavior. A likely investigation of the primary photochemistry of N-HPT requires
explanation for this process is given in Scheme 1, where the the use of conditions which prevent the occurrence of secondary
semioxidized radical of N-HPT converts to PyNQ& more photochemical reactions, precaution which was not taken in most
stable chemical structure. published studies.

Another difference between the neutral and anionic forms of
N-HPT is that triplet state formation only takes place from the
former species. It is also worth noting that, irrespective of the
nature of the solvent (aqueous or nonaqueous, polar or nonpolar)

the uncharged structure displays identical primary phOtOChem'Calsurements. Technical assistance from Michael Bamberg and

behavior under UV excitationig,. = 355 or 308 nm). In Dr. Nadia Zanetti was greatly appreciated. We gratefully
addition, the quantum yields of the photoprocesses undergoneacknowIedge Drs. Chris Lambert and Paul Wood for helpful

by the molecule (N-O bond cleavage and intersystem crossing) discussions. This work was supported by the MEEL program

were found to be independent on the environmeby (o =
- . _ of the ONR under contract NO0014-94-1-0927 and NIH Grant
0.30-0.45 and®t = 0.03-0.05 usinglexc = 355 nm). The No RO1 GM30755 (IE.K.).
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