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Abstract

The mechanism for the direct photolysis of 4-(methylthio)phenylacetic acid (4-MTPA) in acetonitrile was investigated using steady-state
and laser flash photolysis. A variety of primary stable photoproducts was found under steady-state, 254 nm irradiation of acetonitrile solutions
including carbon dioxide (photodecarboxylation), phenylacetic acid, dimethyl disulfide, npetibiyl sulfide, 4-(methylthio)benzaldehyde,
4-(methylthio)benzyl alcohol and secondary stable photoproducts including toluene, benzyl alcohol, benzaldehyde, 1,2-diphenylethane
These stable photoproducts were identified and characterized using HPLC, GC, GC-MS, and UV-Vis methods. Quantum yields were
determined for the formation of the various stable products in steady-state irradiations in the absence and in the presence of oxygen. Followin
laser flash photolysis (266 nm Nd:YAG laser) a variety of transients (e.g., the 4-MTPA triplet state and the sulfur-centered radical cation,
H3C—S**—CgsH,;—CH,—COOH) was found. A detailed mechanism of the primary and secondary processes is proposed and discussed. The
photoinduced €C bond cleavages are shown to result from an excited-singlet reaction pathway, areStheril cleavages follow a triplet
pathway. The validity of this proposed mechanism was supported by an analysis of the quantum yields of stable products and their transier
precursors. The results from excited-state quenching by oxygen are also consistent with the proposed mechanism.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction photolabile and provides a standard against which to measure
C-S bond cleavage.

In recent years there has been interest in the nature of Sulfur-centered free radicals and radical ions play impor-
photolytic C-S bond cleavage, specifically whether it leads tant roles in diverse areas of chemistry. Sulfur compounds
to radical-like or ionic productfl—3]. The conditions that  have found applications in industry for many decafifs
determine which type of process occurs are of interest to and sulfur-centered radicals are important intermediates in
synthetic organic chemis{d]. Furthermore, the relatively  specialized organic synthegts-7]. Sulfur-centered radicals
low ionization potential of sulfur centers in molecules make are also involved in atmospheric and environmental chem-
photoionization also a potential source of sulfur-centered istry [8—10]. Their importance has been recognized in bio-
radicals following photoexcitation. The source of photo- logical system$11], for example, biological inactivation of
chemically generated sulfur radicals is the subject of the peptides, proteind2,13], hormone$14], and enzymefL5],
current work. The molecule chosen for investigation, 4- oxidative stres§l6], biological aging17], pathologies such
(methylthio)phenylacetic acid, has a-C bond that is also  as Creutzfeldt—Jacob and Alzheimer’s dised$8s19], and

radical repair mechanisnfig0].
* Corresponding author. Tel.: +48 61 829 1327; fax: +48 61 865 8008, Recently sulfur-centered radicals, derived from aromatic
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shown to be effective when functioning as coinitiators in pho- ode Array UV-Vis Detector. Analytical HPLC was car-
topolymerizatior[21]. A tendency for sulfur radical cations ried out on a Waters XTerra R® reverse phase column
to deprotonatg22] forming carbon-centered radicals situ- (4.6 mmx 250 mm, Sum particle size), eluent: phosphate
ated adjacent to the sulfur atoms is significant for effec- buffer (70%)—acetonitrile (30%), flow rate: 1 ml/min, with
tive free-radical polymerization. Another mode of reactivity optical detection at 210, 255, and 315 nm. HPLC-MS anal-
that is very important for initiating free-radical polymeriza- yses were performed on this same system using a ZQ (elec-
tion, is the decarboxylation of S-centered radicals derived trospray) mass detector (Waters & Micromass).
from sulfur-containing carboxylic acid21]. Most of the re- Gas chromatographic (GC) analysis was performed on
sults published so far on sulfur-containing carboxylic acids a Hewlett-Packard 5890 Il series instrument equipped both
concern the photochemistry of aliphatic sulfur-containing with FID and TCD detectors in order to quantify ¢@nd
carboxylic acids. Sensitized photooxidation of various aro- also to identify stable products formed during steady-state
matic sulfur-containing carboxylic acids has been recently photolysis. Analysis was done with both HP-HFAP and UL-
described?23]. In the present work, the mechanisms of di- TRA 1 capillary columns (0.32 mm 25 m) using a temper-
rect photolysis of the sulfur-containing carboxylic acid, 4- ature program operating between 120 and Z2(heating
(methylthio)phenylacetic acid (4-MTPA) are elucidated. rate, 10°C/min) and a flow rate of 1.5 ml/min. GC-MS anal-
ysis was performed on a Varian Saturn 2100T instrument
equipped with an ion trap. Analysis was done with a DB-5

2. Experimental capillary column (30 m).
The quantum yieldsp were measured using uranyl oxy-
2.1. Materials late actinometry at 254 nm taking its quantum vyield to be
0.602[24].

4-(Methylthio)phenylacetic acid (4-MTPAR-H3C-S-
CsHs—CH,—COOH, was purchased both from Aldrich 2.3. Laser flash photolysis
and Lancaster. 4-Carboxybenzophenone (CB) was from
Aldrich. Methyl p-tolyl sulfide, p-H3C—-S-CgHs—CHs; The nanosecond laser flash photolysis and its data ac-
4-(methylthio)benzaldehyde p-H3C-S-CgHs—CHO; 4- quisition system have been previously described in detail
(methylthio)benzyl alcohol, p-H3C-S-CgH4—CH>—OH,; [25,26] The Nd:YAG laser (PRO 230, Quanta-Ray Co.) pro-
dimethyl disulfide, HC—S-S—CHs; and phenylacetic acid, vides 10-12 ns pulses. For the experiments described herein,
CsHs5—CH,—COOH; were purchased from Aldrich. The the laser was operated at 266 nm and 10-12 mJ/pulse. The
deionized water for laser flash photolysis was purified in transients were monitored with a pulsed 1 kW xenon lamp,
a reverse osmosis/deionization water system from Serv-A- having the monitoring beam perpendicular to the laser beam.
Pure Co. Acetonitrile (for spectroscopy) was purchased both All experiments were carried out with a gravity-driven flow
from Merck and J.T. Baker. All gases 484, CO;, Ha, He, system and a rectangular quartz optical cell (0.5ctncm).
Ar, N2, Op) were purchased both from BOC and Mittler The monitoring-light pathlength was 0.5cm. A solution
Supply (South Bend, IN). of CB (2mM) at neutral pH was used as a relative acti-

nometer[27] by monitoring its triplet-triplet absorption
2.2. Steady-state photolysis: analysis of stable products  (s535=6250 M~tcm~1) [28].
and determination of quantum yields
2.4. Pulse radiolysis

Steady-state photolysis experiments were carried out in
lcmx 1cm rectangular UV cells on a standard optical- A Titan Beta model TBS 8/16-1S linear accelerator at the
bench system. A low-pressure mercury lamp (Original Hanau Notre Dame Radiation Laboratory provided 2—3 ns pulses of
TNN 15W) was used as the excitation source for 254 nm 8 MeV electron$29], and the 10 MeV LAE 10 electron accel-
irradiation. Solutions of 4-MTPA (4.55mg) in acetonitrile erator at the Institute of Nuclear Chemistry and Technology
(25ml) were purged with high-purity argon (30min) or in Warsaw[30] provided 8ns pulses. The data acquisition
oxygen (15min) and then irradiated. Irradiated solutions system allows for kinetic traces to be displayed on multiple
were analyzed when the conversion of 4-MTPA was ap- time scales and has been described previd@4ly Absorbed
proximately 30% complete, i.e., 10-20 min of irradiation as doses per pulse were on the order of 6 Gy y=@ Jkg ™).
monitored by high-pressure liquid chromatography (HPLC) Dosimetry was based on ;®-saturated solutions con-
analysis. taining 102M KSCN, taking a radiation chemical yield

UV-Vis spectrawere measured atroom temperature usingof G=6.13 radicals produced per 100eV of absorbed
both a diode array spectrophotometer HP 8452A and a Caryenergy (0.63fM J~1) and a molar extinction coefficient of
300 Bio Varian spectrophotometer. 7580 Mtcmt at 472 nm for the (SCN}~ radical[32].

The photolysis of 4-MTPA was monitored by HPLC us- An absorbed dose of 6 Gy produces [(SEN)]=3.5uM
ing a Waters 600E Multisolvent Delivery System pump. in N2O-saturated aqueous solutions based @h
The detection system consisted of a Waters 996 Photodi-=6.13.
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Fig. 1. UV-Vis absorption spectrum of 0.11 mM 4-MTPA in acetonitrile,
taken in 1 cnmx 1cm UV cell, Amax=257 nm.

3. Results and discussion
3.1. Steady-state photolysis of 4-MTPA

The UV-Vis absorption spectrum presented-ig. 1is
very similar to the spectrum of thioanisdi@3]. Based on
this similarity to thioanisole, the absorption band of 4-MTPA
in the neighborhood 260 nm, can be attributed ta-ar"
transition[34].

Solutions of 4-MTPA in acetonitrile, were irradiated in
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Fig. 2. (a) GC-MS chromatogram recorded after a 75 min irradiation of
4-MTPA (20 mM) in Ar-saturated acetonitrile. (b) GC-MS chromatogram
recorded after a 30 min of irradiation of 4-MTPA (20 mM) inp-Gaturated
acetonitrile.

4-(methylthio)benzaldehydep-H3C-S-CsHs—CHO, and
4-(methylthio)benzyl alcoholp-H3C—S—CgHs—CHo—OH.
Supplementary gas chromatographic (GC) analyses were per-
formed in order to identify C@and to quantify its yield.

All of the primary and secondary stable photoproducts
formed during the direct photolysis of 4-MTPA are shown
in Scheme 1The scheme is organized to indicate how the
observed stable photoproducts were likely to form from
competing and sequential bond cleavages. The presence

the absence and presence of oxygen. The spectrophotometriof CgH5—CH,—COOH indicates that homolytic-€&S bond
changes were monitored by taking UV-Vis spectra at regular cleavage is a primary photolytic process. By the same token
time intervals. The resulting spectra show the development of the presence gb-Hz3C—S—CgHs—CHgz in the product mix-

an absorption band between 200 and 240 nm (in the absenceure indicates that-@C bond cleavage is a competing primary
of oxygen) and the development of a new absorption peak atphotolytic process. Various observed products that are miss-
about 320 nm (in the presence of oxygen). These spectra alsang both the methylthio group and the acid group, i.e. toluene,
show a decrease in the absorption intensity at 257 nm, whichindicate that secondary photolysis also occurred under our ir-

reflects the decomposition of 4-MTPA.

GC-MS chromatography and HPLC were used for
the identification of stable products formed during the
direct steady-state photolysis of 4-MTPA. Oxygen-free
acetonitrile solutions of 20mM 4-MTPA were irradi-
ated at 254nm for 75min and analyzed by GC-MS.
A typical GC-MS chromatogramF{g. 2a) shows a va-
riety of primary and secondary stable photoproducts;

radiation conditions. In the absence of oxygen, all the other
observed products, except for g@re free-radical combina-
tion products from the various radical fragments generated by
the various €S and G-C bond cleavages. The special prod-
ucts, mentioned above, that were observed in the presence of
oxygen can be seen to arise following either via primary or
secondary photolysis.

Since standard samples of the major products (vide supra),

these same products were detected in the HPLC analy-were commercially available, it was possible to determine

sis of the same irradiated solutions. The following main

stable photoproducts were identified: phenylacetic acid,

CsH5—CHo—COOH; dimethyl disulfide, BIC—-S-S—CHg;
methyl p-tolyl sulfide, p-H3C—S-CgHs—CHgs; COp; and
H3C-S-CgHs—CHy,—CH>—CgHs—S—CHs. On the other

hand, when a similar analysis was performed on oxygen-

saturated acetonitrile solutions of 4-MTPA, the resulting
chromatograms showed different photoprodugig.(2b) that
appear in quite large concentrations following only 30 min

their quantum yields by applying various chromatographic
methods (mainly HPLC). The initial concentrations of 4-
MTPA were varied from 1 to 5.4mM in acetonitrile. The
changesAc, in the concentrations of substrate and the var-
ious stable photoproducts were determined both by GC and
HPLC measurements, using the authentic compounds as con-
centration standards. All quantum yields were extrapolated
back to zero irradiation time or back-to-zero-percent con-
version, in order to get the initial quantum yields. These

of irradiation. The additional stable photoproducts that were procedures were necessary because of the absorption of the
identified in irradiated oxygen-saturated acetonitrile were photolytic light by the photoproducts. Quantum yields de-
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termined by these methods are presentefaible 1 It can
be seen fromTable 1that, in the presence of oxygen, all

radiolysis of aqueous, Nsaturated solutions containing
0.2mM 4-MTPA, 2mM NaS$S;0g, and 0.1 Mtert-butanol

the quantum yields (decomposition of substrate and forma- (t-BuOH) at pH 5.5 yields a complex spectrum with ab-
tion of products) change significantly in comparison to the sorption maxima akmax=270, 320, and 560 nm. The ref-
deaerated system. The participation of oxygen in the reactionerence spectra of the sulfur-centered radical zwitterions,

mechanism is discussed below.
3.2. Pulse radiolysis—reference spectra

From the presence of formal € bond cleavage
products (HC-S—CgHs—CH3 and HC-S-CgHs—CHo—
CH>—CgH4—S—CHg), we anticipated that the C-centered
radical, *CH,—CgH4—S—CHs, would be formed follow-

ing the nanosecond laser flash photolysis of 4-MTPA.

Previously, this radical was identified in the pulse ra-
diolysis of 4-MTPA where it is formed following the
decarboxylation of the sulfur-centered radical zwitterion,
H3C-S**—CgHs—CH,—COO~. In order to characterize

H3C-S*—CgH4—CH,—COO~, and the C-centered radical,
*CH,—CgH4—S—CHs, were obtained by resolution of the
complex spectrum obtained in the pulse radiolysis exper-
iment. The resolution procedure was described previously
[23]. The analysis is a multivarient linear least squares re-
gression[35]. The fitting parameters in the regression are
the products of each transient’s concentration multiplied
by the optical pathlength of the monitoring ligf#6]. The
data points, being fit, are the changes in optical density at
each wavelength in the observed spectra at the time win-
dow in question. The other inputs to this procedure are the
spectra (extinction coefficients) for each of the suspected
transients. The reference spectruRig( 3) of the sulfur-

the spectral properties of these intermediates in detail, centered radical zwitterion, €-S**—CgHs—CH>—COO~
we used this same pulse radiolysis technique to gener-is an expanded spectrum compared to that shown previously
ate these transients and to record their spectra. The puls¢23]. This spectrum is characterized by two absorption max-

Table 1

Quantum yields for the decomposition of 4-(methylthio)phenylacetic acid and formation of primary photogtitsteady-state photolysis at 254 nm, and
formation of 4-methylthiobenzyl radicain laser flash photolysis at 266 nm in acetonifrile

4-MTPA GCgHsCHy,—  H3CSGHs— H3CSGHs—  H3CSGH4—CHs H3CSSCH;d (H3CSGH4—CHy), CO, H3CSGH4—*CH;
COOH CH,OH CHO
-0, 0.26 0.17 0.001 0.001 .M -0.07 Q03 0.04 -0.14
+O, 0.09 0.002 0.005 0.07 <0.001 —0.002 <0.001 £ -

2 From steady-state measurements, extrapolated to zero-percent conversion of 4-MTPA, estimated @¥ors
b From laser flash photolysis, estimated values with eftc26% (see text{[4-MTPA] =60 M }.

€ [4-MTPA] =1.0-20.3mM /o = (2.07-4.35) 10~* einstein dn min~2,
d Estimated errot= 20%.
€ Not determined.
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Fig. 3. Reference spectra of (i) GB*—CgHs—CH,—CO,~: . . . .
6550=7000MLcm-2, recorded 2-@s following pulse radiolysis Fig. 4. Transient absorption spectra following 266 nm laser flash photoly-

of an Np-saturated aqueous solution (see text dad]), and (ii) sis of '_"3$_S_C6Hd4;CH2f__C%%H (4-MdT||3A) t(_GQLM)' |IntAr-satL:_ratedt _
HsC—S—CoHa—* CHp: £500= 1200 ML cmL, recorded 11Qus following acetonitrile, recorded at five different delay times, relative actinometry:

pulse radiolysis of an Nsaturated aqueous solution, pH 5.5, for 0.2mM 11 =23.4uM. Inset shows experimental trace for decays taken at 390 nm
CHs—SGsHa—CH,—COO™ (3), 2mM NaS,0g, and 0.1 Mt-BUOH. Inset ((a) triplet state of 4-MTPA) and 560 nm ((b) sulfur-centered radical cation).

shows experimental trace for decay ogGt+S—CgHs—°*CH, taken at

270nm. A significant contribution to the transient spectra shown

in Fig. 4, is due to the spectrum of the triplet state of 4-
ima located atimax=320 and 560 nm with the respective MTPA. The triplet-state spectrum is characterized by a broad
molar extinction coefficientsego0=20,300 ML cm~1 and absorption band covering almost the whole of the accessible
e560= 7000 M~1 cm™1) [23]. spectral region (280—650 nm), with an absorption maximum

The reference spectrum of the C-centered radical, around 390 nm. This spectral assignment to the triplet state
*CH—CeHs—S—CH3 (Fig. 3 is characterized by three is based on a comparison of the transient absorption spec-
absorption maxima located akmax=270, 320, and train the absence{g. 4 and presence~g. 5 of oxygen.

500 nm with the respective molar extinction coefficient The spectra shown ifig. 5 (for the oxygen-saturated so-

(6270=11,900 ML cm1, £300=8900 M1 cm~1, andesgo= lution) are generated from kinetic traces and displayed at

1200 M—1em™D). several selected time delays (between 40 ns angsptol-
lowing the laser pulse. Inset (a) Fig. 5 shows a 390 nm

. kinetic trace that represents the decay of the triplet state
3.3. Nanosecond laser flash photolysis of 4-MTPA P y P

Solutions of 6QuM 4-MTPA in acetonitrile were irradi- 0,075 4 o .
ated with 10 ns pulses from the fourth harmonic (266 nm) ] ——1-15 us
of a Nd:YAG laser. Transient absorption was seeninthere- | o et i
gion of 280—700 nm in argon-saturated solutions,Kge4. '

The transient spectra shown fiig. 4 were assembled from R T YI T

kinetic traces and displayed at a few selected time delays 2% 1 0091 (b) = 560 nm

(between 60 ns and g) following the laser pulse. Inset (a) 3 1 0.006 "

in Fig. 4shows a 390 nm kinetic trace on an expanded time o0 { A 0,003

scale. This kinetic trace can be fit to an exponential decay ] / \

with a rate constant of 8.6 10°s~1 or a lifetime of 1.1us. .

The transient signal is assigned to the decay of the triplet state

of 4-MTPA, see below. On the same time scale, the kinetic

trace at 560 nm (inset 4b) shows a decay with a rate constan 0% 1 . : , 1 , s

equal to 2.6< 10° s~1 or a lifetime of 3.8.s which is differ- 300 400 500 600 700

entfrom that recorded at 390 nm. These observations indicate Wavelength (nm)

that there are at least two different transient species presentinF_ 5 Transiont absoroi 2 tollowing 266 laser flash ohoto!
H H H H 1g. o. lransien rption I wWin nm r -

the solution. Spectral resolution of the transient spectra into Sig of 1 C""_gfceli;%ﬁ';csgga ?4—K/I'(I)'PA)9(6(1LM), ir?soez—s:tsur;teg oly

corr_lpon_ents (based on r_eferer_]ce s_p_ectra obtained !n puIS('glcetonitrile, recorded at four different delays times, relative actinometry:

radiolysis[23]) was used in the identification of these inter- [11=23 4uM. Inset shows experimental trace for decays taken at 390 nm

mediate products. ((a) triplet state of 4-MTPA) and 560 nm ((b) sulfur-centered radical cation).
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of 4-MTPA on an expanded time scale. In the presence of 3.4. Mechanism
oxygen, the 390 nm transient decays with a rate constant of
6.2x 10" s 1or a lifetime of 16 ns. This enhanced decay in Even a cursory examination of the primary photoprod-
the presence of oxygen can be explained as being due to theicts and their quantum yields Table 1reveals two striking
rapid quenching of the triplet state of 4-MTPA by oxygen generalizations. First the photoproducts fall into two groups
(kg ~7x 10°M~1s71, based on the two pseudo-first order each of which is derived from a formal bond cleavage $C
decay constants). versus GC). Second, in the presence of oxygen, the photo-
The kinetic trace at 560 nm for the sulfur-centered rad- products are predominately from the group derived from a
ical cation (inset 5b) shows a decay with a rate constant formal C-C bond cleavage. The effect of oxygen on the tran-
of 2.6x 10°s~ 1 or a lifetime of 3.8us. This intermediate  sient absorptions was already used (see above) to assign the
species was assigned following spectral resolutions into com-390 nm transient to the triplet state of 4-MTPA. Therefore, if
ponent spectra using reference spectra obtained from pulseéhe phenomena of triplet-state quenching by oxygen is jux-
radiolysis[23]. We did not observe any faster decay of the taposed with the lack of-€S bond cleavage in the presence
560 nm absorption band when oxygen was present. This isof oxygen, it is reasonable to conclude that theSCbond
consistent with the assignment of the 560 nm band being duecleavage in 4-MTPA is all, or in large part, a triplet-state re-
to the sulfur-centered radical cation because such radicalsaction. By elimination, the €C bond-cleavage products (in
normally have small rate constants for their reactions with particular, BC—S-CgHs—CHO) that remain in the presence
oxygen[37]. of oxygen are likely formed via an excited-singlet pathway.
We could not accurately resolve the spectra of the various  Based on the hypothesis that these pathways are indepen-
C-centered radicals since their absorption spectra clustereddent, a mechanisns¢heme 2for the direct photolysis of 4-
at the edge of our effective spectral window of observation MTPA is proposed. The following examination of the quanti-
which was limited by the absorption of the substrate itself. tative results shows thatthis hypothesis holds to alarge extent.
For instance, the absorption spectrum the phenyl radical of Overall, the 4-MPTA decomposition quantum yield of 0.26
phenylacetic acid is expected to be below 300 nm resemblingis broken down into 0.17 going intos€Bl5—CH,—COOH (via
phenylacetic acid itself. Phenyl radicals tend to resemble their the triplet pathway) and 0.09 which still decomposes via the
parent compoundf38,39} presumably the unpaired elec- single pathway when oxygen is present. The 74% of the pho-
tron being in ac orbital minimally effects ther system. tons not leading to decomposition of 4-MTPA (in the absence
This difficulty (narrowness of the spectral window) did not of oxygen) can be partitioned into radiationless transitions,
allow us to sample a wide enough range of wavelengths to either internal conversion (IC) from the excited-singlet state
accomplish a reliable spectral resolution. Therefore it was or intersystem crossing (ISC) from the triplet to the ground
only possible to estimate the quantum yields of the remain- state. From the data we do not know how the radiationless
ing transients taking changes in transient absorbances at aptransitions are partitioned into these two pathways. The value
propriate wavelengths in the presence or absence of oxy-of 0.17 is the product of the quantum yield of triplet forma-
gen. All quantum yields were extrapolated back to time zero tion times the probability that-€S bond cleavage occurs in
(end of laser pulse) in order to ascertain the initial quantum the triplet state.

yields. Examination of the quantum yields associated with the
One quantum yield so estimated by this method is pre- singlet mechanism demonstrates that the measured yields are
sented in the last column dfable 1 In spite of the lim- largely consistent with the propos&theme 2The quan-
itations described above, it can be seen froable 1that tum yield of 0.09 from the decomposition of 4-MTPA in the
the quantum yield for the formation of4@—S—-CgHs—*CHy presence of oxygen should occur whether or not oxygen is

radicals &0.14) is roughly the same as the sum of the presentifthe mechanism is due to photochemistry from arel-
steady-state quantum yields (0.04) for the formatiorp-of  atively short-lived singlet state which is minimally quenched
H3C-S-CgH4s—CHz and twice (0.03) for the formation of by oxygen. The values in the absence of oxygen are con-
H3C-S-CgHs—CH>—CHy,—CgHs—S—CHs. These are allthe  sistent with this. In particular, one of the main products is
observed primary photoproducts that can be formed from the H3C—S—CgHs—CH,—CH»—CgH4—S—CHgs which is formed
H3C—S-CgH4—°*CHy radical. Thusthere is a correspondence with a quantum yield of 0.03. However, since it is formed by
between quantum yields determined separately by steady-combination of two HC—S-CgH4—°*CHjy radicals, this prod-
state and laser flash photolysis, and they match within exper-uct accounts for % 0.03=0.06 of the 0.09 quantum yield.
imental error. Further rationalization for the discrepancy is The additional quantum yield (0.04) for the formationpsf
given below. H3C-S-CgHs—CHs accounts for the rest of the quantum

It can be seen from the valuesTable 1that the presence yield of the singlet degradation of 4-MTPA in the absence
of oxygen significantly changes the quantum yields (i.e., the of oxygen, as least within experimental error. When oxygen
decomposition of the substrate from steady-state analysis ands present, the quantum yields of 0.07 for aldehyde formation
also the formation of the transients). As discussed below, and 0.005 for alcohol formation is, within experimental er-
these oxygen effects give critical clues to the mechanism of ror, the quantum yield of 4-MTPA degradation (0.09) in the
direct photolysis. presence of oxygen.
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H3C—SOCH2—COOH

H3;C—S CH;
IC D =0.04
noncombination + COZ
hv d
product
® =009 =004

inferred

1 % (see text)
. L]
(H;,C—SO CHZ—C()()H> = H3CS@CH; + COOH
©=2x0.03 +0.04
=0.10
inferred from *6
products £

Products aldehyde Products
—0.03 + alcohol
ISC b g.ojO:’
combination @ =0.075
product

\ ®=0.17
inferred

3 # (see text) o
chs{% CH,—COOH| —> H;CS + CH,—COOH
no oxygen

©=2x007=0.14
inferred from

ISC combination
> Lo = E
+4
Quenching H,C-5-5-CH; QCHI—COOH

© =007 d=0.17

Scheme 2.

The second reaction pathway, i.e. that occurring through whered§ and@;, are the quantum yields of phenylacetic acid
the excited triplet state, involves a homolytie€bond cleav- formation in the absence and presence of oxygen, respec-
age. It leads to formation of thecarboxymethylenephenyl tively. The concentration of oxygen is 9.1 mM in acetonitrile
radical, *CgHs—CH,—COOH, and by implication its com-  [40], and the triplet lifetimerT, in argon-saturated solutions
plementary product the methylthiyl radicalg&-S*. Inthe  was measured to be 15, see above. The resultikgfrom
absence of oxygen, the quantum yield of 0.17 for the for- Eq.(1)is ~8 x 10° M~1s~1. The agreement between the
mation of GHs—CH,—COOH is consistent with the differ-  values from the @ quenching of the triplet absorption and
ence in the quantum yields of 4-MTPA degradation in the ab- the O, quenching of the phenylacetic acid quantum yields
sence and the presence of oxygen. The other primary produckupports the assertion that the homolytieShond cleavage
that suggests-€S fragmentation, i.e. §€-S-S-CHgz, must  arises from the triplet-reaction pathway.
come from two GS fragmentations and thus contributes Another possible process needs to be considered when
2x 0.07=0.14 which matches the quantum yield (0.17) for |arge numbers of photons are present. In the laser flash
its complementary product, i.e.sB5—CH,—COOH. Onthe  photolysis experiments, there is the possibility that bipho-
other hand, when oxygen is present, the triplet pathway tonic, or multiphotonic, absorption can lead to the for-
is inhibited by efficient triplet-state quenching by oxygen mation of the sulfur-centered radical cationgG+S**—
(kg~7x10°M~1s71, see above). In the presence of oxy- CgH4—CH,—COOH. This radicalis actually observed in tran-
gen, little or no steady-state products can be ascribed as besjent spectra following laser flash photolysis. This sulfur-
ing formed from the two radical$ C¢Hs—CH,—COOH and  centered radical cation can decay by at least two processes.

H3C-S°) from homolytic C-S bond cleavages. One of them is deprotonation, and the other is decarboxy-
The plausibility of the triplet mechanism can be checked |ation which occurs by €C bond cleavage leading to the
by calculatingky from the Stern—\Volmer equation 4-methylthiobenzyl radical, §C—S—CgHs—*CH,. The pro-

duction of these extra multiphotonically generated radicals
&0 is why, the quantum yield for formation of this radical
P14 trkg[O2] 1) (@~ 0.14) via laser flash photolysis is higher than sum of
Pp guantum yields for formation of steady-state products formed
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from this radical ¢ ~ 0.10). Unfortunately we do not have

a good estimate of the laser-induced quantum yield of the 4-
methylthiobenzyl radical, sC—S—-CgHs—*CHo, formed by
this pathway in acetonitrile (i.e., from the sulfur-centered
radical cation). Such a multiphotonic process is not possi-

ble under our steady-state photolysis conditions because of

low probability of two-photon absorption. Thus Stheme 2
we do not show processes involving sulfur-centered radical
cations.

What carboxyl fragment results from the-C bond cleav-
age depends on the state of protonation of 4-MTPA and the
nature of the cleavage itself. In acetonitrile, 4-MTPA almost
certainly exists in its protonated form. This supposition is
based on the expectation that thi€;pof 4-MTPA in ace-
tonitrile is approximately the same as those of benzoic acid
[41] and acetic acif42] which have K5 values of 20.7 and
22.3, respectively, in acetonitrile. The-C bond cleavage
in Scheme 2s shown as being homolytic. This is based on
the analogy with phenylacetic acid that has been ascertaine
[43,44] after some controversy, as being homolytic in some
common nonagueous solvents. The HOCadical would be
formally the result of such a homolytic bond cleavage of the
protonated form of the acid. The HOQ radical is known in
gas phase world5].
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[11] M. Friedman, The Chemistry and Biochemistry of the Sulhydryl
Group in Amino Acids, Peptides and Proteins, Pergamon Press, New
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switch’ central to cellular oxidative stress, in: Z.B. Alfasi (Ed.), S-
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The one quantum yield that has not yet been discussed iS20] c. chatgilialoglu, K.-D. Asmus, Sulfur-centered Reactive Interme-

that of CQ. Its quantum yield (0.04 in the absence of oxy-
gen) does match the quantum yield ofGS—-CgH4—CHj3
which might indicate that C®is formed in a geminate re-
action of the pairs of radicals formed from the-C bond
cleavage. The geminate reaction would not involve the re-
forming of the G-C bond but would involve an H-abstraction
yielding CG and the stable molecule 38—S-CgHs—CHa.
However, this accounts for only half of the HOQ radi-
cals that should be formed (0.09). No irradiation products
related to HOCO other than C® were found as stable
compounds.
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