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The mechanism of théOH-induced oxidation o,S-diacetyl+ -cysteine ethyl ester (SNACET) was investigated

in aqueous solutions using pulse radiolysis and steady-statdiolysis combined with chromatographic and
ESR techniques. The reaction of hydroxyl radicals with SNACET at slightly acidic to neutral pH results in
the degradation into acetaldehyde. The underlying mechanism involves a very fast fragmentation of an initially
formed hydroxysulfuranyl radicakfagm = 7.9 x 10’ s7%) into acyl radicals (HC—COs) and the respective
sulfenic acid (RSOH). Subsequently, these intermediates react via a hydrogen abstraction reaction that yields
acetaldehyde and the respective sulfinyl radical (RS contrast, in very acidic solutions (pH 2), the
«OH-induced oxidation results in the formation of the monomeric sulfur radical cation (SNAGETY which
absorbs afimax = 420 nm. This intermediate is formed with the absolute bimolecular rate constarg.9

x 10° M~1 s7L, It decays in a SNACET concentration independent prodess-(2.5 x 1®° s'1) and in a
SNACET concentration dependent processd = 2.2 x 10’ M~! s1). The first process involves mainly
fragmentation of the carbersulfur bond and yields acetylthiyl radical (GHC(OH)—Ss). The latter
intermediate was identified via its reaction with oxygen as the thiylperoxyl radical (R@karacterized

by a transient absorption band with.x = 540 nm. The second process represents the association of the
monomeric sulfur radical cation (SNACETe") with a second nonoxidized SNACET molecule to form
intermolecularly three-electron-bonded$] S<)* dimeric radical cation. The low rate constaké () is in

line with the high stability of the monomeric sulfur radical cation (SNACES") because of spin
delocalization in the carbonyl group. The monomeric radical cation (SNACET) is alternatively produced

in slightly acidic solutions using the sulfate radical anion,;SOas an one-electron oxidant. This paper
provides further evidence that the nature of the neighboring group affects the ultimate course of the sulfide

oxidation.
Introduction cations by reaction with a second sulfide molecule (reaction
5).
A large research effort has been undertaken to characterize N B
reactive intermediates, which are involved in the oxidation of R;S—OH + R,S— (R;SSR,) " + OH (2)
organic sulfides and their corresponding reaction mechahigm. . N
Hydroxyl radicals, owing to their electrophilic character, are R;S—OH+H" — RS + H,0 3)

well-known to initiate oxidation of sulfides, 43, by addition
to the free electron pair at sulfur (reaction 1).

R,S+ «OH — R,S»—OH ) RS’ +R,S= (R,SOISR)" ®)

The participation of neighboring groups has been identified

The resulting hydroxysulfuranyl radical {&—0OH) has been  as a crucial mechanistic det&iRecently, detailed studies were
experimentally identified, ” and several routes for its decom-  concerned with the hydroxysulfuranyl radical stability, particu-
position have been established? 2 The RSs—OH radicals  |arly, if the substituent R contained some functional groups.
derived from simple aliphatic sulfides generally have rather short For example, the formation of relatively stable hydroxysul-
lifetimes, slightly less than Ls. Depending on the sulfide  furanyl radicals of 2-(methylthio)acetic acid methyl ester and
concentration and pH, hydroxysulfuranyl radicals can yield 3-(methylthio)acetaldehyde dimethyl acetal has been repbrted,
dimeric sulfur-sulfur (S1S) three-electron-bonded radical \hich decompose ca. 20-fold and 6-fold slower, respectively,
cations (reaction 2}'34monomeric sulfur radical cations via  than the corresponding hydroxysulfuranyl radical from dimethyl
spontaneous and/or proton-catalyzed dissociation (reaction 3).sulfide® due to the intramolecular hydrogen bonding of the H

carbon-centered atalkylthio)alkyl radicals (reaction 4), or  atom of theso*-bondedsOH to an oxygen atom of a carbonyl

dimeric sulfur-sulfur (SJS) three-electron-bonded radical or methoxy groug.In contrast, hydroxysulfuranyl radicals are
- : significantly less stable for the corresponding 2-(methylthio)-
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fecting the stability of hydroxysulfuranyl radicals occur in
(carboxyalkyl)thiopropionic acid derivatives, where intramo-
lecular sulfur-carboxylate oxygen (SO) bonded radicals are
formed? and in 2-(methylthio)ethanol and 2,@ihydroxydiethyl
sulfide, where a rapid intramolecular hydrogen transfer from
the adjacent hydroxyl groups leads to (alkylthio)ethoxy raditals.

Varmenot et al.

A = 419 nm with an extinction coefficierts;g = 1.91 x 10*
M~1 cm™1. The lowest detection level is typically AM.
y-Irradiations were performed with an IBL 637 irradiator
composed of &3Cs source (222 TBq, Institut Curie, Paris)
using a dose rate of 9.8 Gy mih UV—vis absorption spectra
were recorded using a Beckman DU 70 spectrophotometer.

The present paper investigates the radical-induced oxidation Acetaldehyde was analyzed based on the derivatization

mechanism oN,S-diacetyl+ -cysteine ethyl ester (SNACET) and
focuses particularly on the effect of the electron-withdrawing
functional group (acetyl group, G&(=0)) on the stability of
the hydroxysulfuranyl radical and the sulfur radical cationic

technique with PFBOA Q-(2,3,4,5,6-pentafluorobenzylo)hy-
droxyloamine] and extraction in the LLE system (liqtiliquid
extraction) with hexane. The products of this reaction are
oximes, characterized by very high volatility. Therefore, they

intermediates. In the case of the latter species the stability of can be analyzed by means of the GC technique with the ECD

the monomeric sulfur radical cation{&™) should be relatively

high because of spin delocalization onto the carbonyl group.

On the other hand, electron induction into the/I»* three-

detector. An aliquot of an irradiated solution was acidified to
pH 2, and derivatized by the addition of the PFBOA by heating
the sample at 45C for 2 h. Subsequently the reaction mixture

electron bond exerted by the adjacent electron-withdrawing was cooled to room temperature and was extracted with hexane.

acetyl group should strengthen thel S bond and cause a blue
shift in the optical absorption. This paper provides further

evidence that the nature of the neighboring group affects the

ultimate course of the sulfide oxidation. The fate of the reactive

species formed by an initial attack at a sulfur atom is of interest

in following the course of the reaction mechanism since

SNACET has been used as a protective agent against UV

radiation®

Experimental Section
Materials. All the chemical compounds used for the experi-

Results

Radiolysis of Water. Pulse irradiation of water leads to the
formation of the primary radical species shown in reactiéf 6.
In N,O-saturated solutions (B]sat &~ 2 x 1072 M),2 the
hydrated electrons, .¢, are converted intosOH radicals
according to eq 7k¢ = 9.1 x 10° M~1s71).23 Reaction 7 nearly
doubles the amount @OH radicals available for reactions with
substrates.

H,0—«OH, g, , «H (6)

ments were of the purest commercially available grade and were

used as receivedl,S-diacetyl+-cysteine ethyl ester (SNACET)
was a gift from the Pasteur Institut, Paris.
Solutions. All solutions were made up freshly in Millipore

&g +N,O—+OH+OH +N, ©)

At pH < 4 the diffusion-controlled reaction of& with protons

water and their respective pH values were adjusted throughbecomes importark = 2.0 x 10° M~ s71) 24 resulting in a

addition of NaOH or HCIQ. They were subsequently purged

for at least 30 min per 500 mL sample with the desired gas,

Ar, N, or N,O before irradiation.

Pulse Radiolysis.Pulse radiolysis experiments were per-
formed with 5-17 ns pulses of 6 MeV electrons from the Lodz
Technical University ELU-6 linear accelerafdiAbsorbed doses
were on the order of-815 Gy (1 Gy= 1 J/kg). Signal averaging

pH-dependent lowered yield @DH radicals and a correspond-
ingly increased yield okH atoms. Some of the experiments
were carried out in very acidic solutions (pH 1), where most of
hydrated electrons are converted into H atoms. Under these
conditions the yield osH atoms is comparable to the yield of
*OH radicals. To check the contribution of the reaction between
eH atoms and SNACET, the solution was acidified to pH 1,

methods were used. A description of the pulse radiolysis setupand 0.5 M 2-methyl-2-propanoteft-butyl alcohol,t-BuOH)

and data collection has been reported elsewhefelhe N,O-
saturated 1 M solutions of potassium thiocyanate were used

was added to the solution in order to scavenge®ild radicals
(k= 6.8 x 10 M~1 s71).24No transient absorption spectra were

as the dosimeter, taking a radiation chemical yield of 6.13 and observed over the wavelength range investigated4Z80 nm),

a molar extinction coefficient of 7580 M cm™t at 472 nmt®
All experiments were carried out with continuously flowing
solutions.

Electron Spin ResonanceElectron spin resonance (ESR)

indicating that contribution of any products formed in the

reaction of H atoms with SNACET to the absorption spectra

recorded in NO-saturated solutions at pH 1 is negligible.
Mechanistic Studies with the Hydroxyl Radical. The

experiments were performed using a Bruker-ESP300 spectrom-reaction ofeOH radicals with SNACET was investigated in
eter operating in the X-band (9.5 GHz) equipped with a cryostat N,O-saturated solutions over the concentration range ef 2
and a variable temperature unit over the temperature range ofl04—5 x 1072 M and pH range of %6.

77—293 K. The samples of polycrystalline SNACET were
irradiated in spectrosil tubes (immersed in liquid nitrogen) with
doses of about 5 kGy from®Co y-source (Issledovatel, USSR)
at the Institute of Nuclear Chemistry and Technology (Warsaw).

Influence of pHDepending on the pH, pulse irradiation leads
to different transient optical spectra. Figure 1A displays the
transient optical spectra recorded after irradiation oON
saturated aqueous solutions at pH 1 and 6, containing 0

The measurements were performed either in a vacuum or in SNACET. An intense absorption band was observed:5 &fter

the presence of oxygen. Thdrradiation and ESR methodology

the pulse, withimax = 420 nm and a small absorption band

used to generate and study radical transients has been describgseaking atlmax = 280 nm at pH 1 (Figure 1A, curve a). On the

in detail in earlier work® The ESR spectra were analyzed by
computer simulations using the Bruker software, Symphony.
Analysis of Stable Products. Identification of carbon
monoxide (CO) was performed by the carbon monoxide/
hemoglobin complexometry experimetttio detect the eventual
formation of CO in irradiated solutions. Ferrous hemoglobin
(64.5 kDa) reacts stoichiometrically with CO to form the carbon

other hand, the transient optical spectrum recorded:9 &fter

the pulse, at pH 6, was characterized by a strong absorption
band withimax = 280 nm and an additional weak shoulder in
the wavelength region between 330 and 380 nm (Figure 1A,
curve b). This shoulder is better developed at longer time scale,
i.e., 66 us after the pulse (Figure 1A, curve c). A distinct
absorption band witlimax = 280 nm indicates the presence of

monoxide derivative which exhibits a very sharp Soret band at o-(alkylthio)alkyl radicals which can be formed either via direct
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9 T 9 TABLE 1: Radiation Chemical Yields, Expressed asG x
. _A . Fos "\ gk =21 B 1s €420, @s a Function of the Concentration of SNACET
, LL . a’ zi \ v , concn (mM) G x €40 (M~Tem™)
T s Mo N v 10 8087
X 6F . o0 o 16 5.0 9132
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Esr R A . v &o% 13 25.0 9951
1 - . o 50.0 9620
24 A;. . . A v Shb <><> 4
w A . . . . .
x 3 Sy . 9°0 . fo%mooo °° 13 it can be shown that the immediate oxidation product,
L.l " 3 AP AN N (SNACET)>Ss™, can be increased by onk15—20% with
1 ) . v N:% 1 increasing SNACET concentration fromx.103to 5 x 1072
L . d i M. Since the radiation chemical yields of the 420 nm species
I ' |c Il\xl..,.*l..l I I ) |WWE%WW1WTR-W§ 0 y p

(G x e420) are seen to increase in a similar way, this provides
a preliminary rationale for the lack of an equilibrium between

> Qg1 + i i i
Figure 1. (A) Transient absorption spectra observed (a)/&s3fter (SN;AQET)f tﬁ’ dand (S;\IQZ%ET)(SE)S) d. Ar‘] dEtatlLec: 'It(mﬁtll(;-l'f
pulse irradiation of MO-saturated aqueous solution at pH 1 containing 21'@!ysIS Of the decay o nm band shows that Its hali-lite
102 M SNACET; (b) 0.8us and (c) 66us after pulse irradiation of does not increase with SNACET concentration as wouI(_JI be
N,O-saturated aqueous solution at pH 6 containing? M SNACET. expected for (SNACET)(SS)". Moreover, it shows an opposite
Insert: Plot of the yield of the 420 nm species (normalized to the actual trend: shorter lifetimes for higher SNACET concentrations.
+OH radical concentration) as a function of pH. (B) Transient absorption Therefore, one can conclude that a primary intermediate whose

spectra observed in Ar-saturated aqueous solution at pH 5.5 containindgysorption spectrum maximizes at 420 nm might be due to the
103 M SNACET, 5x 103 M S,0¢27, and 0.5 Mtert-butyl alcohol P P 9

. . . 3
(a) 60 ns, (b) 1.2ts, (c) 2.3us, and (d) 15s after pulse irradiation. monomeric sulfur radical cation, (SNACETS",

0
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hydrogen abstraction from the adjacent methylene group (reac- i 0
tion 8) H3C—C—NH—CIH-3-— OCoHs
CH
o 9 T L
H3C—C—NH—?H—C—OCZH5 H3C—C—NH—?H—C—OCzH5 ? .
CH -CH -
é : OH HZO é (8) (I:_O
+ e
¢=0 deo CH,
(I:H3 CH,

with only minor contribution, if any, of the dimeric form,

or via deprotonation of the monomeric sulfur radical cation (SNACET)(S1S)".
(SNACET>Se™) in the reaction analogous to reaction 4. An At this point in the exposition, we are not able to assign
assignment of the weak shoulder between 330 and 380 nm will definitively the 420 nm absorption band to the monomeric sulfur
be discussed later (vide infra). To study the pH dependence ofradical cation, (SNACET Se*, since most alkyl monomeric
the formation of the 420 nm species, pulse radiolysis experi- radical cations (ESs*) exhibit an absorption band in the UV
ments were performed in J0-saturated aqueous solutions region around 300 n27-28However, we note thatyax of the
containing 103 M SNACET at different pH values over the  absorption band formed at low SNACET concentrationx(2
range 1-6. The yield of the 420 nm species (normalized to the 10*M) is similar toAmax values observed for acetylthiyl radical
actual yield offOH radical concentration) was found to decrease having neighboring carbonyl grodp.Since practically all
with increasing pH (Figure 1A, insert). The plot of the alkylthiyl radicals usually display a weak absorption band in
normalizedG x ez (Grel) takes a sigmoidal shape down to the UV with Amax @around 330 nm with extinction coefficients
about pH 3.4 with the inflection point observed at pH 2.1. typically less than 500 Mt cm~1,1 the red shift of the spectrum

Influence of the SNACET Concentrati®ince low pH and and the higher value of the extinction coefficient at the
high concentrations of sulfides facilitate the formation of dimer maximum of the absorption of the GB(=0)S radical are
radical cations through reaction of a monomeric sulfur radical attributed to the resonance stabilization of sulfur radical by the
cation (>Se™) with a nonoxidized sulfide (reaction 5%°> one carbonyl group. Based on the analogy to previous assignments
might suspect that the 420 nm species is the dimeric radical in thiol systems, the correlation between locationé. @k values
cation ($1S)*" derived from SNACET. To determine whether of the absorption bands of sulfur-centered radicals containing
such an assignment is correct, pulse radiolysis experiments wereneighboring carbonyl group adjacent to the sulfur functionality
performed with various concentrations,»x1 1073—5 x 1072 with those of sulfur-centered radicals containing only aliphatic
M, of SNACET. Solutions of pH 1 were used to ensure a high groups strongly suggests that the 420 nm absorption band is
concentration of protons to promote the elimination of water due to the monomeric sulfur radical cation, (SNACEB®*
and the fast formation of monomeric sulfur radical catieis(") (see Figure 1A, curve a).
according to reaction 3. Titration of the buildup rate of the 420 nm absorption versus

It can be seen from Table 1 that the radiation chemical yields, the SNACET concentration at pH 1 provides a convenient
expressed ass x €420, Were found to increase with the method to determine the rate constante®H radicals with
concentration of SNACET. Based on the formula given by SNACET. From the slope of a linear fit of the observed rates
Schuler et af® which relates theG-value of solute radicals (Kob9 Vs [SNACET], the bimolecular rate constakb, = 3.9
generated byOH radicals to the product of the rate constant x 10° M~! s~ was computed. Since the plot kf,{420) vs
for the reaction obOH radicals with the solute and the solute [SNACET] does not show departure from the linearity and since
concentration, one can calculate tBevalue ofeOH radicals the decay of the initially formed hydroxysulfuranyl radicals of
available for reaction with SNACET. From these calculations SNACET is expected to be very fast at high proton concentra-
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Figure 2. (A) Transient absorption spectra observed y®Nsaturated Since the changes of the absorption spectra with the elapsed
aqueous solution at pH 1 containing2M SNACET (a) 680 ns, (b) time twere very subt:g, Lot[ thtﬁ Sj';% of betkt)er Cc:rnparlsop, all
3.8us, (c) 5.8us, and (d) 1Qs after pulse irradiation. (B) Transient speclra were normaized 1o the 420 nm absorplion maximum
absorption spectra normalized to the 420 nm absorption observed in(Figure 2B,D). In solutions containing 1 mM SNACET there
N,O-saturated aqueous solution at pH 1 containing® M0 SNACET is a buildup of the normalized absorption only in the range of
(a) 680 ns, (b) 3.&s, (c) 5.8us, and (d) 1Qus after pulse irradiation. wavelengths below 420 nm (Figure 2B); however, in solution
(C) Transient absorption spectra observed yO#aturated aqueous  containing 50 mM SNACET a buildup of the normalized

solution at pH 1 containing 5 1072 M SNACET (a) 85 ns, (b) 640 PR ;
ns, (C) 5.8us, and (d) 10us after pulse irradiation. (D) Transient absorption is seen in the range of wavelengths below 420 nm

absorption spectra normalized to the 420 nm absorption observed inaS well as above 470 nm (Figure 2D).

N,O-saturated agueous solution at pH 1 containing 5102 M In principle, such behavior is indicative of the existence of
SNACET (a) 680 ns, (b) 3.8s, (c) 5.8us, and (d) 1Qus after pulse at least two distinct species. The first species is characterized
irradiation. by an absorption spectrum with two maxima, one located in

the region ofA = 330-370 nm and a second in the region of

tions (in the reaction analogous to reaction 3), the formation A = 470-500 nm (Figure 2D, curves ¢ and d). Since its
rate constant of the 420 nm intermedidted) should correspond  formation is facilitated by the high concentration of SNACET,
to the rate constant ofOH radicals reacting with SNACET.  this suggests that the species responsible is the intermolecularly
The ks value is smaller than the reported values of rate three-electron-bonded dimeric radical cation of SNACET. On
constants for dialkyl sulfide5This clearly indicates that the  the other hand, the second species is characterized by a broad
presence of the electron-withdrawing group (acetyl) decreasesabsorption spectrum (Figure 2B, curve c) with the maximum
the electron density at sulfur in SNACET and consequently located aflmax= 380—390 nm, and its formation occurs at low
decreases the rate constant with a strong electrophile such agoncentrations of SNACET. This resembles the spectrum
the «OH radical. obtained uporOH-induced oxidation of thiol acetic acid at pH

It can be seen in Figure 2 that the transient spectra recordedl and thus can be assigned to the enolic form of the acetyl thiyl
at pH 1 for two extreme concentrations (1 and 50 mM) of radical, CH=C(OH)S (vide infra).
SNACET change substantially with elapsing time. For all The plot of kyps determined from the decay of the 420 nm
SNACET solutions over the concentration range 660 mM, absorption band at various concentrations of SNACET gives a
the spectra recorded in time windows after 420 nm traces straight line (Figure 3, insert). The individual rate constant for
reached their respective plateaus for each concentration ofthe decay of (SNACEBSe™ ks = 2.2 x 10/ Mt st
SNACET consisted of an intense band withQax = 420 nm (corresponding to reaction 1c in Scheme 1) was determined from
(Figure 2A,C). There is also one weaker absorption band on the slope of &ppsvs [SNACET] plot. The value ofs is almost
the UV side withAmax in the neighborhood of 286290 nm. 2 orders of magnitude smaller than the reported valoel}
The latter band became more pronounced in solution containingM~—1 s™1) found for similar reactions in other thioether
1 mM SNACET 3.8us after the pulse (Figure 2A). At longer  systems%-32 Thus, this clearly indicates that the formation of
times (5.8us after the pulse), the intensity of that band remained SNACET(>S S<)™ is very inefficient over the concentration
constant. In addition, a broad spectrum with.x ~ 380—390 range studied from 0.2 mM up to 2 mM (taking into account
nm developed. It is noteworthy that at high SNACET concen- the values of bothks and k).
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SCHEME 1

SNACET o 0 o}
| I [}
@ i H3C—(l:—NH—(|:H-C—OC2H5 H3C—8—NH—?H—C—002H5
HaC— —NH—((I;,:—C—Ocsz I, Ih, .
L oy 1 5 —on f $—oH + §=0
+ , —_—
CI) (I;=o CH3
- CH, 191
CHy ﬁ (I?
+ HC—C—NH~CH—C—0C,Hg
*OH N |
*H CH o
1b 2 +
1h -H20 I I
S—~0* CH3_C_H
o}
g ] g ]
HaC~C—NH—CH-C—OC,Hs HyC~C—NH—CH-C~0CoHs
"cH " GHz o} o]
S P 3 Hyc—E—NH—cH-l_oc,H,
C=0 c=0 le éH _oH
| [Snacet] | 3
CHa 1c CH, *HO
(1e) ‘ * -1c -H+ +
HaC , GH2 (1b) S on
?-‘-? ?=O - H20=C-—S'
HaC CHjy
(1c)

Extensive studies have shown that the stability constant for C(=0)—S—CH,_CHz), have shown the formation of a strong
equilibria such as (5) is mainly controlled by the rate constant 420 nm absorption band inJ®-saturated solutions at pH 1.
for the S1S bond dissociation which depends on the electron This observation supports our earlier assignment of the 420 nm
density release by the substituents that can stabilize the oxidizedband to the monomeric sulfur radical cation and effectively
sulfur center, 8 in an S1S bond3® Generally, the more  eliminates the chance that 420 nm band is due to an intramo-
electron donating the substituent, the weaker is ti& ®ond* lecularly ¢S—0)"-bonded radical cation. Moreover, the reso-
Steric hindrance is an additional factor, which is assumed to nance stabilization of the monomeric sulfur radical cation of
exert an additional 8S bond weakening On the other hand, = SNACET ((SNACET)Ss*) would reduce any efficient stabi-
resonance stabilization is also postulated as a rationale for thelization of the latter form as an intramolecularlySE-0O)*-
relatively high stability of monomeric sulfur radical cations, bonded radical cation, as well.
>Set. Among the aliphatic species the best evidence for a The plot of akons Vs [SNACET] (Figure 3, insert) exhibits
monomeric radical cation exists foBu,Se*, which derives its an interceptkn = 2.5 x 10° s71) which can be associated with
particular stability from internal resonan&®A similar rationale the first order decay component of the (SNACEB*. This
is also forwarded for the high stability of monomeric aromatic first-order component could be rationalized as the fragmentation
sulfide radical cations due to a spin delocalization on the process of the (SNACEP)Ss* via heterolytic C-S bond
aromatic ring®>% The low ks value found for SNACET cleavage resulting in the formation of the enolic form of
(determined a%420, vide supra) follows the trend expected on acetylthiyl radical, CH=C(OH)S (reaction 9)
the basis of the reduced propensity of the radical cation to form
dimers because of the spin delocalization into carbonyl group. o

o
Preliminary quantum-mechanical calculations on a model o Hsc—g—NH—(I:H—g—OCZHs
compound containing a carbonyl group adjacent to the thioether Hy Gt — NH=CH——0C ,Hs CH,

group have confirmed spin delocalization on the carbonyl o OH

group?’ éj H,0 .

In principle, the monomeric sulfur radical cation derived from Lo —_a 0 ®)
SNACET can undergo a rapid cyclization to the intramolecularly i HyC—C—§*
(¢S—0O)-bonded species with a five-membered ring struc- s i
ture®911.38.39nyolving the oxygen located in either the carbonyl
group or the ethoxy group, OH

HL=C~-§
B ® i
H3C“C'NH'CH‘C\\‘°C2H5 H3C~C~NH-CH-C and the deprotonation process of (SNACE®* leading to
Hzc\éyo HC & » -OC2Hs a-(alkylthio)alkyl radicals (reaction 10).
| - |
T° {=° e 9 ; 2
CH, CH, Hsc—C-NH—CIH—C—OC2H5 HSC_S-NH——(“,H—C—OCZHs
§1a H b
and thus the 420 nm absorption band can be alternatively s+ - S (10
assigned to that species as well. However, pulse radiolysis ¢=0 c=

experiments on the model compoukthyl thioacetate (kC— CH, ChHy
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radical resulting from the H-abstraction from tleecarbon.
Based on recent ab initio calculatiot¥s?®> one can expect a
low *C—H bond dissociation energy and therefore déiearbon
center in SNACET might be also a potential major point of
direct attack byeOH radicals.

*OH-Induced Oxidation of Thiol Acetic Acid in Acid
Solutions. To gain insight into the absorption spectrum of
acetylthiyl radical under experimental conditions similar to those
where the decay of the monomeric sulfur radical cations,
SNACET(>Se™) were observed, the reaction @H radicals
with thiol acetic acid was studied inJ®-saturated solutions at
pH 1. In this case acetylthiyl radicals are produced by hydrogen
abstraction according to reactions 12 and 13:

oD x 10°

300 400 500 600 300 400 500 600 *OH + CH;_C(=0)—SH— CH,;_C(=0)—Ss + H,0 (12)
A [nm]

Figure 4. Transient absorption spectra observed in (A)saturated H + CH; C(=0)—SH—CH, C(=0)-S+H, (13)
and (B) NO-saturated aqueous solution at pH 1 containing®
SNACET (a) 700 ns, (b) 3.5s, (c) 9us, and (d) 3%us after pulse The studies of Zhao et .8} provided information on the
irradiation with dose~ 2 Gy. Insert: Transient absorption spectra absorption spectrum in neutral solutions of the acetylthiyl radical
observed 3.is after pulse irradiation (dose 2 Gy) in N;O-saturated  that exhibits a broad absorption band with a maximum located
aqueous solution at pH 1 containing™2M thiol acetic acid. at Amax = 420 nm and with an extinction coefficient ef,o =
3900 Mt cmL. It appears very surprising that the transient
absorption spectrum recorded by us at @sbafter the pulse,
d-e., after the completion of reaction 12 and 13, does not
resemble at all the spectrum of acetylthiyl radical LE(=

Influence of OxygenUpon pulse radiolysis of oxygenated
aqueous solutions, pH 1, containing 1 mM SNACET, the
transient absorption spectrum observed 700 ns after the puls
is characterized by a strong absorption maximuryat = 420 . .
nm (Figure 4A, curve a). The intensity of the 420 nm absorption 0)—S obtalne_d by Zhap etal. The spectrum exhibited a very
band is not much affected by the presence of oxygen, suggestingbroad absorption band in the region from 320 to 550 nm, with

a contribution mainly of the cationic radical species to the 420 & maximum located aimax = 380 nm (Figure 4, insert). The
nm absorption band. By analogy to similar findings inQN extinction coefficient at the maximum was measured to be 430

-1 —1 i i i
saturated solutions (Figure 4B, curve a), this observation M~ cm™ when the dithiocyanate radical anion (SGN)was

confirms our earlier assignment of the 420 nm absorption band US€d as reference. Accordingly, we interpreted the blue shift
to the sulfur monomeric radical cation, SNACETE), which from the spectrum of Zhao et al. and our lower extinction
at 700 ns after the pulse has not yet converted into other coefficient in acid solutions to a conversion of the keto form of
transients. The transient absorption spectra recorded at time?cetyltmyl_radlcal CH“&:(:O)__S' into the taultomerlc enolic
greater than @s exhibited a very broad absorption band with orm CH=C(OH)—5. Two_lmportant conciusions can be
Jmax= 380 nm (Figure 4A, curve c). This absorption band can drawn from these. observat!ons. First, this means that the
be assigned to the combined absorption bands of monomericabsorpt'or_] band with a maximum chgtedﬂa{ax = 420 nm
sulfur radical cations, SNACET(S+*), and acetylthiyl radicals observed in aqueous solutions containing SNACET at pH 1 can
in the tautomeric form CH=C(OH)S (vide infra). Figure 4A be definitely assigned to the monomeric sulfur radical cation,
(curve d) shows that spectrum recorded.i35after the pulse is SNACE_T(>S'+)' Second, forrr_lation of the broad_ absorpt_ion
characterized by an absorption band wighy = 540 nm and a band withAnax = 380 nm, which occurs concomitantly with

strong transient absorption band which steadily increases belowiN¢ decrease of the 420 nm absorption band, clearly shows that

300 nm withimax < 250 Nm whose characteristics appear to be e decay of SNACETS") involves fragmentation into the
compatible with an assignment to the thiylperoxyl radical acetylthiyl radical.

RSOG formed in the reversible process (reaction“¢14? O_xidatio_n by th_e SO~ Radic_al. Direct formation Of the
sulfide radical cation can be achieved employing a typical one-

CH,=C(OH)S + O, == CH,=C(OH)SOG  (11) electron oxidant such as sulfate radical anion4sS® The
reaction of the S®~ radical with SNACET was investigated
Moreover, such a spectrum was not observed,@-Naturated in Ar-saturated aqueous solution, pH 5.5, containing31d
solutions (Figure 4B, curve c). The observations reported above SNACET, 5x 1073 M S,0¢2", and 0.5 Mtert-butyl alcohol
indicate that the decay of the monomeric sulfur radical cations, Under these conditions, the $O radical anions are formed
SNACET(>Ss*), has to occur by a cleavage of the-6 bond, according to reaction 1&k{s = 1.2 x 10*° M~ s71).24
which leads to the formation of the acetylthiyl radical.
Comparison of the absorption spectra obtained bothzn O €q T 520827 — SO, + 8042’ (14)
and NO-saturated solutions (Figure 4A,B, curves b and c)
reveals another interesting feature that indicates the presenceOH radicals do not interfere with the measurement because of
of an additional transient. The intensity of absorptions, observed reaction 15.
in wavelength regions between 26290 nm and 326380 nm
appears much higher for the®-saturated solution, suggesting ~ *OH + CH;C(CHy),0H — H,0 + «CH,C(CH;),0H (15)
that there might be a contribution from C-centered radicals. In ) ) ) ) )
respective peroxyl radicals. It may be assumed that the first c@n occur through the following reaction:
radical is theo-(alkylthio)alkyl radical (supporting our earlier o o n
assignment, vide supra) and the second one is the C-centered SO, + SNACET— SO,” + (SNACET)>Ss" (16)
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150 K was similar to that observed in the degassed sample of
SNACET. However, as the temperature was further increased,
a very characteristic anisotropic singlef € 2.035 andgy =
2.0025) of sulfur peroxyl radicals (RSGDappeared® An-
nealing to 293 K resulted in its conversion to a new anisotropic
singlet (Figure 5B) which can be simulated usiggensor
principal valuesy; = 2.018,g, = 2.0094, andy; = 2.0035 and

a hyperfine splitting AH = 0.43 mT). These results indicate
the conversion of sulfur peroxyl radicals (RS©Q@ SNACET-
derived sulfinyl radicals (RS€), which is in accord with earlier
observations in glutathione, cysteine, and penicillarfine.

= Formation of RS@radicals in the polycrystalline SNACET can
be rationalized either by recombination of sulfur peroxyl radicals
(RSOO0)%! or by dissociation of the ©0 bond in RSO®
radicals caused by visible irradiati8hThe occurrence of the

o ' s | sk | s first process seems quite plausible in polycrystalline SNACET

330 336 340 345 240 45

(mT) o samples due to the long life of RS@Q@adicals that were
Figure 5. ESR spectra recorded ip-irradiated polycrystalline observable up to 270 K.

SNACET samples: (A) experimental spectrum of the-R§e radical : ¥ : :
detected at 273 K in evacuated samples; (B) experimental and simulated Stable Products.CO AnalysisThe y-irradiated (with a dose

spectra of the RS&radical detected at room temperature in the presence of 98 Gy) NZO-satura_ted aqueous solutions containing SNACET
of oxygen. at 1 mM concentration were purged by M order to release

all dissolved gases and subsequently to insert them into
The absorption band located-a450 nm observed 60 ns after  hemoglobin solution at M concentration. The experiments
the pulse irradiation was attributed to the SCOradical anion were performed over the range of pH27.8. Carbon monoxide
(Figure 1B, curve &) The 450 nm band subsequently converts \yas not detected in either case.
into a spectrum which exhibits 1.2s after the pulse an Acetaldehyde YieldsThe y-radiolysis of NO-saturated
absorption band wittimax = 420 nm (Figure 1B, curve b)).  aqueous solutions at pH 1.0 and pH 6.0 containing SNACET

Considering that an analogous absorption band was observedyt 1 mM concentration leads to the formation of relatively low

supra), it can thus be concluded that the monomeric sulfur
radical catipn, .(SNACET%Sﬁ, is produced as well by one-  piscussion
electron oxidation of SNACET by the SO radical anion in
slightly acidic solutions. The transient absorption spectrum, at ~ There are several significant features that are important to
times greater than @s, exhibited a broad absorption spectrum consider for a discussion of the mechanism ofs@éi-induced
with Amax= 380 nm (Figure 1B, curve c). For chemical reasons oxidation of SNACET. (i) The oxidation leads at neutral pH
it was anticipated that this absorption band can represent theexclusively to the 280 nm intermediate. However, the mono-
combined absorption bands of the acetylthiyl radicals {GH meric sulfur radical cation was not observed, and neither was
(=0)—S») originating from the fragmentation of any initially ~ the three-electron-bonded $0S<)* radical cation, even at
formed sulfur monomeric radical cations and the C-centered high solute concentrations (& 102 M). (i) At high proton
radicals resulting from the H-abstraction from teearbon (vide ~ concentration (0.1 M), the oxidation leads to the 420 nm
supra). This band decays within 15 after the pulse, leaving  intermediate (assigned to the monomeric sulfur radical cation,
a transient absorption spectrum with a strong UV band having SNACET>Ss*) over a broad SNACET concentration range (2
Amax = 280 nm (Figure 1B, curve d). The 280 nm absorption x 10-4—5 x 10-2M). (iii) During the decay of the monomeric
spectrum represents the combined absorption of at least twosulfur radical cation (SNACE¥Ss*), the formation of two
separate species, one of them beidalkylthio)alkyl radical. intermediates is observed: the enolic form of the acetylthiyl
ESR. The main component of the ESR signal recorded in a radical and the intermolecularly three-electron-bonded dimeric
y-irradiated degassed polycrystalline sample of SNACET radical cation, SNACET SO S<)*, at very high concentration
studied over the temperature range of—BB K was an of SNACET (>10 mM).
anisotropic singlet witlg-valuesg; = 2.023,g, = 2.011, and Mechanism.The first step in the reaction of hydroxyl radicals
gz = 2.002. This spectrum was attributed to the monomeric with SNACET is an addition to the sulfur atom leading to the
sulfur radical cation (SNACEPSe* formed by direct ioniza- formation of hydroxysulfuranyl-type radicals (Scheme 1, reac-
tion of a thioether sulfur. This observation is not surprising tion 1a). The subsequent reaction of this species depends on
considering that this function exhibits the lowest ionization pH, solute concentration, and the presence of additional func-
energy in comparison with other functions present in SNACET. tionalities.

B

Warming the samples of SNACET to 13050 K resulted in Low pH RegionAt high proton concentrations, the initially
the appearance of a new anisotropic singlet characterized byformed hydroxysulfuranyl radicals undergo a very fast proton-
principal g-valuesg; = 2.058,g; = 2.023, andg; = 1.999. catalyzed elimination of hydroxide ions (Scheme 1, reaction

Similar spectra were observed in various thiols in the solid phase 1b). This reaction channel provides the basis for the observation
and were assigned either to the thiyl radicals {R& to the of the monomeric sulfur radical cations (SNACESDs")
perthiyl radicals (RS8.° Since formation of RS&radicals in characterized by an optical absorption band withx = 420
SNACET is not possible, the spectrum observed in the poly- nm. In principle, SNACET® Se™ radical cations are expected
crystalline SNACET up to 273 K (Figure 5A) could be assigned to be in equilibrium with the intermolecularly three-electron-
to the thiyl-type radicals (R$. Additional evidence for the  bonded ¢ S S<)* dimeric radical cations (Scheme 1, reaction
existence of Réradicals iny-irradiated SNACET was obtained  1c/—1c). Formation of such species, however, is limited to very
in the presence of oxygen. The general picture observed up tohigh concentration of SNACET because of the low equilibrium
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constantK = kio/k-1¢), which, in turn, is a consequence of the
spin delocalization into the carbonyl group of the acetyl group.

Itis also noteworthy that the presence of the strong electron-

withdrawing acetyl group adjacent to the sulfur function exerts
a significant influence on the decay of the monomeric radical
cation, SNACEP® S*. Along with the anticipated deprotonation
reaction of SNACEF Se™ at the carbon in thet-position to
the sulfur vyielding a-(alkylthio)alkyl radicals (Scheme 1,

Varmenot et al.

dissociation energy (BDE) for the reaction@®+C(=0)—H —
H3C—C(=0)* + He was given as 89.3 kcal mdl.>® Moreover,
the occurrence of the reaction 1g (Scheme 1) would be enhanced
by the spatial closeness of the reactants in these circumstances.
Assuming that reactions 1b and 1f are the only two competi-
tive processes for the decay of the SNACGESs—OH, the
inflection point at pH 2.1 obtained from the plot of the
normalizedG x €420 Oof (SNACET)>Se" (Figure 3, insert)

reaction 1d) that occurs with the rate constant in the range of allows one to calculate the rate of the fragmentation reaction

10*—10P s71,1453the fragmentation reaction of the SNACESs ™

(Scheme 1, reaction 1f). At pH 2.1, i.e., at{H= ~7.9 x

(Scheme 1, reaction 1e) takes place as well. The observation oftl0 ® M, the rates of the proton-catalyzed elimination of

the acetylthiyl radical (Cp=C(OH)—Ss), and its peroxyl
derivative (RSO@), is thus in support of the fragmentation
reaction involving C-S bond cleavage. This conclusion is fully
supported by the ESR experimentg/iirradiated polycrystalline

hydroxide ions (Scheme 1, reaction 1b) and of the fragmentation
(Scheme 1, reaction 1f) appear to be equiak = kis[H™].
Takingkyp > 10 M~1s71 as typical for the external protonation
reactions’;® one can calculate the rate constant of fragmentation

SNACET samples where the radiation-induced processes star@f (SNACET)>S»—OH, kit = 7.9 x 10’ s™%. The high rate

with ionization of a thioether function which leads directly to
the formation of SNACE®Ss*. The existence of thiyl-type
radicals, and sulfur peroxyl radicals (RS€n the presence
of oxygen, can be rationalized only in terms of the fragmentation
mechanism.

High pH Region.At very low proton concentrations, in
principle, hydroxysulfuranyl radical should be stable enough
to permit observation of them on the submicrosecond time
scale>” However, at neutral pH, no characteristic absorption
band withAmax = 340 nm, which could be assigned to such

species, was observed. A very fast unimolecular concentration-

independent dissociation of SNACEI{S—OH) into
SNACET>Ss" and hydroxide ion (OH) can be ruled out since
no absorption band withmax = 420 nm due to SNACEFSe"

constant of reaction 1f might explain why a unimolecular
concentration-independent dissociation of SNACE{F—OH)

into SNACET>Se*™ and OH™ cannot compete efficiently since
generally the rate constants for such unimolecular spontaneous
dissociation are in the range Q. (f s 1.4-6

Conclusions

This paper provides experimental evidence that the nature
of the neighboring group affects the ultimate course of the
sulfide oxidation. The results from this study show that the
adjacent electron-withdrawing acetyl group destabilizes hydroxy-
sulfuranyl radicals because of a very fast fragmentation into
acyl radicals and the respective sulfenic acid. The efficacy of
that process depends on the extent to which hydroxysulfuranyl

was detected. Moreover, the lack of the 420 nm absorption bandradicals undergo hydroxide ion elimination by the external

cannot be rationalized in terms of the lower stability of the
SNACET>Se" at higher pH because the 420 nm absorption
band was observed under similar pH conditions during the
SO -induced oxidation of SNACET. Therefore, there must

proton catalysis, leading to the formation of monomeric sulfur

radical cations. The latter species, in contrast, is stabilized by
the adjacent acetyl group because of spin delocalization in the
carbonyl group. The monomeric radical cation decays by two

be another reaction pathway which can drastically shorten the pathways: cleavage of the<S bond producing acetyl thiyl

lifetime of SNACET{«S—OH) and thus prevents its observa-
tion. A mechanistically attractive and reasonable rationale for
the short-lived SNACET «S—OH) is a fragmentation process
(Scheme 1, reaction 1f) of the sulfucarbon bond leading to
the formation of acyl radicals and sulfenic acid. A similar

radical, and deprotonation producing a carbon-centeced (
alkylthioalkyl type) radical.
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