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The substituent effects on kinetics and yields of specific intermediates and products for the one-electron
oxidation by hydroxyl radicals of various (carboxylalkyl)thiopropionic acid derivatives, 3-(methylthio)propionic
acid (3-MTPA), 3,3thiodipropionic acid (3,3TDPA), 3-(carboxymethylthio)propionic acid (3-CMTPA),

and 2-(carboxymethylthio)succinic acid (2-CMTPA) have been investigated employing pulse radiolysis on
the nanosecond to microsecond time scale,jaratiolysis. For each derivative, the initial step was a formation

of a hydroxysulfuranyl radical proceeding with absolute rate constarks@fvrpa = 9.1 x 1° Mt st

and kop+3 3-opa = 5.8 x 10° M~ sL. The subsequent formation of one-electron-oxidized intermediates
such as dimeric sulfursulfur (33 S)-three-electron-bonded and monomeric suttarboxylate oxygen (S
0O)-bonded sulfide radical cations strongly depended on pH, thioether concentration, and the availability of
o- or B-positioned carboxylate functions. A spectral resolution procedure permitted the quantification of all
transients present in solution at any time after the pulse. Whereas ho8){8nd (S-O)-bonded intermediates

were formed for 3-MTPA at neutral solution, electrostatic repulsion nearly prohibited the formation of dimeric
(SO S)-bonded intermediates between an overall negatively charged sulfide radical cationTadBAand

a second nonoxidized, overall twice negatively charged, molecule 'eTBBA. Neither sulfide radical cation
complex ($1S)t was observed for 3-CMTPA and 2-CMPTA rationalized by a fast decarboxylation of the
a-positioned carboxylate group, yielding (alkylthio)alkyl radicals which were the only products optically
observed on the pulse radiolysis time scale. For-B[3PA, the conversion of the initially formed
hydroxysulfuranyl radicals into the {80)-bonded intermediates occurred unimolecularly vkits 10° s°1
whereas the formation of the [(55)-bonded intermediates proceeded bimolecularly ith (1.9-2.0) x

1® M~1s L These processes did not occur competitively, as the intercepts of plots of pseudo-first-order rate
constants for the formation of théJ$ bonded intermediates as a function of thioether concentration were
too small (2.7x 10" s™1) to contain the unimolecular rate constant for the formation of theQBbonded
intermediate K = 10° s™1). Therefore, a mechanism was proposed according to which initially formed
hydroxysulfuranyl radicals rapidly converted into thtetype (S—0O)-bonded intermediate. Subsequently, these
either converted into ($S)-bonded radical cation complexes via a displacement of the carboxylate oxygen
by a second nonoxidized sulfide function, or reversibly ring-opened to yield the monomeric sulfur-centered
radical cation. The latter either associated with a nonoxidized sulfide or irreversibly cyclized-tgpa
(S5—0)-bonded sulfuranyl radical.

Introduction strength being dependent on the difference in electronegativity
between the bond-forming atoms as well as on structural
parameterg. Although existence, stability, physicochemical
roperties, and subsequent reactions of these intermediates have
een well studied, considerably less information is available
about their formation mechanisms. Studies of this kind are
necessary not only for biochemical pathways, e.g., oxidative
stress, but increasingly also for atmospheric oxidation processes
where the involvement of hydroxyl radicals has been invdked.
Initially, the reaction of a hydroxyl radical with a thioether
esulfur yields a hydroxysulfuranyl radiddlwhich subsequently
é:lecomposes via several routes for which the rate constants can
vary by as much as 2 orders of magnitude depending on the
P - nature of the thioether. For example, recently the formation of
Institute of Nuclear Chemistry and Technology. . . .
* University of Notre Dame. a relatively stable hydroxysulfuranyl radical of 2-(methylthio)-
§ University of Kansas. acetic acid methyl est€*has been reported which decomposes
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Thioethers are preferred targets of reactive oxygen speéies
including the highly reactive hydroxyl radicat? Therefore,
considerable research effort has been undertaken to elucidat
factors that control such oxidation reactidriBhe participation
of neighboring groups has been identified as one crucial
mechanistic detail® In general, neighboring groups act catalyti-
cally through transient bond formation between sulfur radical
cationic intermediates and electron lone-pair carrying functional
groupg such as oxygen, nitrogen, sulfur, phosphorus, and
selenium. In many but not all cases these transient bonds hav
been characterized as three-electron bonds with their respectiv
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CHART 1
HyC-S-CH,~CH;-COOH
3-(Methylthio)propionic Acid
[3-MTPA] a

HOOC-CH;~CH;-S—CH; CH,~COOH
3,3"-Thiodipropionic Acid
[3,3-TDPA] b

HOOC-CHzS~CH;~CH;~COOH
3-(Carboxymethylthio)propionic Acid
[3-CMTPA] ¢

HOOC-CHZ-CliH—S—CHZ—COOH
COOH

2-(Carboxymethylthio)succinic Acid
[2-CMTSA] d

ca. 20-fold slower than the corresponding hydroxysulfuranyl
radical from dimethyl sulfidé® In contrast, hydroxysulfuranyl
radicals are significantly less stable for the corresponding
2-(methylthio)acetic acid and 2;thiodiethanoic acid where
intramolecular proton transfer catalyzes sulfur radical cation
formation followed by decarboxylatiol§,and for 2-(methylthio)-
ethanol and 2,2dihydroxydiethyl sulfide where a rapid in-
tramolecular hydrogen transfer from the adjacent hydroxyl
groups leads to (alkylthio)ethoxy radicafs.

Decarboxylation is thermodynamically unfavorable for
3-(methylthio)propionate where instead the initially formed
sulfur radical cation can stabilize through intramolecular stifur
oxygen and intermolecular sulfasulfur bond formation.

The present paper provides a detailed kinetic and mechanistic

evaluation of the processes leading to sutfoucleophile bond
formation during the hydroxyl radical induced oxidation of
3-(methylthio)propionic acid and its derivatives (Chart 1).

by the fact that different electronic configurations of the suffur
oxygen intermediates can exist such @s -, and o*-type

subject of several investigations. In thetype structure, the
sulfur atom and its three nearest neighbors adopshape with
the unpaired electron localized in an orbital which is in the plane

other hand, in thes*-type structure, the configuration about

sulfur atom and one of its ligands and could be subject to

is fairly subtle since the transition from tlwetype structure to

The structure of radicals such as SBR,;, RC(O)SSR,,
(CH3)3SiOSR,, and RS X is described in terms of the*-type
structure'” The sulfuranyl radicals (GP):S, (ROxS, and

be described in terms of thetype structuré’e

experimentd/ it has been suggested that- and o-type
sulfuranyl radicals absorb in the 390 nm region where&ge

CHART 2
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sulfuranyl radicals absorb in the 340 nm region. So far, pulse
radiolytically'® and laser flash photolyticafl§observed sulfur
oxygen-bonded intermediates have generally been assigned to
the o*-type radicals though based on spectroscopic analysis
alone they cannot be distinguished from théype radicals’

Our present results will provide kinetic evidence for the
formation of botho*- and o-type sulfuranyl radicals (see Chart

2) parallel and/or after the decomposition of initially formed

Experimental Section

hydroxysulfuranyl radicals of (carboxyalkyl)thiopropionic acids.

Materials. The sulfur-containing carboxylic acids, 3-(meth-
Important parameters are the number and location of the ylthio)propionic acid (3-MTPA) and 3;3hiodipropionic acid
carboxylate groups with respect to the thioether function and (3,3-TDPA), were purchased from Lancaster (Windham, NH)
the pH of the solution. The formation kinetics and relative yields and Sigma, respectively. They were of the purest commercially
of the different sulfur-nucleophile-bonded species vary depend- available grade and were used as received. 3-(Carboxymeth-
ing on the structure of the sulfide. They are further complicated ylthio)propionic acid (3-CMTPA) and 2-(carboxymethylthio)-
succinic acid (2-CMTSA) were obtained from Fluka and
Aldrich, respectively, and were three times crystallized from
radicalst” Structures of the sulfuranyl radicals have been the water prior to the experiment. HClQredistilled) was from
Aldrich, NaOH from Fisher, antert-butyl alcohol from J. T.
Baker. Water was purified by a Millipore-Milli-Q system.
Solutions. All solutions were made up freshly and bubbled
of those atoms and centered mainly on the sulfur atom. On thefor at least 30 min per 100 mL sample with®l or N,. The
respective pH’s, if necessary, were adjusted with NaOH or
the sulfur atom is pyramidal. The unpaired electron is located HCIO, and measured with an Orion glassy and calomel pH
in an antibonding orbital associated with the bond between the electrode coupled to an Orion pH-meter 811.
Pulse Radiolysis.All pulse radiolysis experiments were
delocalization depending on suitably located energy levels in performed at the Radiation Laboratory by applying 10 ns pulses
the MO diagram. The distinction between the both structures of high-energy electrons from the Notre Dame 7 MeV ARCO
LP-7 linear accelerator. Absorbed doses were in the order of
the o*-type structure requires a change from a planar to a 4—6 Gy (1 Gy= 1J/kg). Signal averaging methods were used.
pyramidal configuration about the sulfur atom. Which of these Dosimetry was based on the®-saturated thiocyanate dosim-
electronic structures describes best certain chemical propertiester using a radiation chemical yield & = 6.13 G denotes
will depend on structural parameters and substitution patterns.the numbers of species formed or converted per 100 eV absorbed
energy;G = 1.0 corresponds to 0.103@nol/J absorbed energy
in agueous solution; for practical purposes tBeunit rather
than the Sl unit is used throughout this paper) and an extinction
(RO%LSF probably adopt a planar T-shaped structure and can coefficient of 7580 M?! cm™ at 472 nm for (SCNy—.2° A
description of the pulse radiolysis setup, data collection, and
Based on theoretical calculations and parallel UV and ESR details of dosimetry has been reported elsewRet€The data
acquisition subsystem has been upd&tedd includes a Spex
270M double monochromator, a LeCroy 7200A transient
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digitizer, and a PC-AT compatible computer. The software was
writter?® within LabWindows of National Instruments. The
experiments were carried out with the solution flowing continu-
ously.

y-Radiolysis. Steady-statey-radiolysis experiments were
carried out in the field of a 6000 Ci°Co-y-source (Hahn-
Meitner-Institut Berlin, Germany) using a dose rate of 16.7 Gy/
min and in the field of a 16 600 CPCo-y-source (Issledovatel,
USSR) (Institute of Nuclear Chemistry and Technology, War-
saw, Poland) using a dose rate of 118 Gy/min measured by
Fricke dosimetry* Generally, the radiolytic conversion of
sulfur-containing acids was less than 15% in order to avoid
subsequent reactions of primary radicals with reaction products.

Analysis of Carbon Dioxide. The quantitative carbon dioxide
analysis was achieved employing the gas chromatographic
headspace technique (over the pH range-3.8) or high-
performance ion chromatography (HPIC) at pH3.5. Details
of both methods are described elsewtére.

Results

Pulse Radiolysis.Pulse irradiation of water leads to the
formation of the highly reactive species shown in reactich 1.

1)

In N,O-saturated solutions (P]sat ~ 2.0 x 1072 M)2! the
hydrated electrons are converted into hydroxyl radicals accord-
ing to reaction 2K, = 9.1 x 10° M~1 s71)2! giving the total
initial yield of hydroxyl radicals ofz°(*OH) = 6.1, 26 available

for further studies.

H,0— e, , ‘OH,'H

@)

At pH < 4 the diffusion-controlled reaction ofg& with protons
becomes important (reaction B = 2.0 x 109 M1 s71),27
resulting in a pH-dependent reduced yield of hydroxyl radicals.

€, +N;O— N,+ "OH+ OH"

ey TH —'H )
The reaction of*OH radicals with thioethers generally

proceeds to an extent of ca. 80% via addition to the thioether

moiety, yielding hydroxysulfuranyl radicals (reactiorf#)

(4)

and to an extent of ca. 20®via hydrogen abstraction at the
o-(alkylthio)carbor-hydrogen bond, yielding-(alkylthio)alkyl
radicals (reaction 5).

‘OH + S~ [$—OH

"OH + —CH,~S—CH,— — —'CH-S—CH,— + H,0 (5)

Absorption Spectra. 3-(Methylthio)propionic Acid (3-
MTPA). The reaction of*OH radicals with 3-MTPA was
investigated in both pD- and N-saturated solutions of 3-MTPA
over the concentration range of 2 1074—102 M, and at
various pH values. Depending on the pH and the concentration
of the solute, pulse irradiation leads to different transient optical
spectra. A broad absorption was observed in the-B3D nm
range withAmax = 430 nm and a pronounced shoulder around
340-380 nm, 50 ns after pulse irradiation of apQ¥saturated,
pH 5.7, solution containing 168 M 3-MTPA (Figure 1A, curve
a). After ca. 800 ns, the transient absorption spectrum was
dominated by the 480 nm absorption (Figure 1A, curve b) which

Bobrowski et al.

o
Y

—_
© N
T T

(2]

3

Gxe [10°M em™

(=)
T

250 300 350 400 450 500 550 600 650

Wavelength, nm

Figure 1. (A) Transient absorption spectra observed (a) 50 ns, (b)
800 ns, and (c) 3@s after pulse irradiation of anJ¥-saturated aqueous
solution containing 1@ M 3-MTPA at pH 5.7.(B) Resolution of the
spectral components in the transient absorption spectrum following the
*OH-induced oxidation of 3-MTPA (1G M) at pH 5.7 taken 50 ns
after the pulse. (C) Resolution of the spectral components in the transient
absorption spectrum following th®H-induced oxidation of 3-MTPA
(1072 M) at pH 5.7 taken 800 ns after the pulse.

then practically disappeared within 386 after the pulse, leaving
a UV band withAimax = 285 nm (Figure 1A, curve c). It may
be anticipated (and is supported by the experimental findings
and resolving procedure described below) that the spectra
recorded represent the combined absorption bands of intra-
molecularly (S<O)-bonded radical@a?® with Ayax= 400 nm,
parts of the initially formed hydroxysulfuranyl radicaa with
Amax= 340 nm, and the intermolecularly sulfasulfur-bonded
dimeric radical catior3awith Amax= 480 nm (see the respective
structures in Chart 2).

The composite spectra in Figure 1A (curves a and b) were
resolved into component transients by a linear regression
techniqué® of the form

Ge(1)) = H &(4)G, 0)
where Ge(4j) is the observed absorbance change of the
composite spectrum depicted in radiation chemical yield units
ande;i(4;) is the molar absorption coefficient of thith species
at the jth wavelength of observation. The linear regression
coefficientsG; correspond to the radiation chemical yield of
theith transient. Equation | takes on a form that is analogous
to the linear regression analysis that was used to resolve the
transient spectra in flash photolysis studies. Further details of
this method have been described elsewRere.

The individual contributions of the component spectra at
every wavelengtiei(4;)}, of the transient@aand3ahave been
obtained from the spectra recorded over a wide wavelength
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TABLE 1: Spectral Data of Intermolecular (SO S)*-Type
Dimeric Radical Cations and Intramolecular (*S—O)-Type
Radicals for 3-(Methylthio)propionic acid (3-MTPA) and
3,3-Thiodipropionic acid (3,3'-TDPA) in Aqueous Solutions
Obtained by the Pulse Radiolysis

(sosy (-S-0)
acid Amax(NM) € M~tcm™)  Amax(Nm) e (M~tcm?)
3-MTPA 480 9208° 390 2500¢
3,3-TDPA 500 8258¢ 390 2900

2 Taking G(SO S)" = 2.4 which is 80% of the availabt®H radicals,
total G("*OH) = 3.0, standard deviation of measureme#t0%. " [3-
MTPA] = 102 M, pH = 1, Nr-saturated¢ [3-TDPA] = 10°* M, pH
= 1, Np-saturated? Taking G(*S—0) = 4.25 which is 80% of the
available*OH radicals, totalG("*OH) = 5.3, standard deviation of
measurements=10%. ¢ [3-MTPA] = 2 x 10 M, pH = 6.5, N.O-
saturated! [3,3-TDPA] = 2 x 10~* M, pH = 6.0, N;O-saturated.

range (266-600 nm) and under experimental conditions where
one can expect an exclusive formation of either spe2#&sr

3a. For example, the spectrum of the intramolecularly sutfur
oxygen-bonded radic&awas obtained from pulse irradiations
of an NyO-saturated aqueous solution of 3-MTPA x210 4

M) at pH = 6.5 where2a forms according to reaction 6. The

CO, /O

74
K 2 -OH" C\
R Y
R” “oH R/S

relatively low concentrations of protons and of the acid
(3-MTPA) served to avoid competitive production of the
intermolecularly 1 S-bonded dimeric radical catioBathrough
the water-assisted reacti§rof the hydroxysulfuranyl radical
(BS—OH) with nonoxidized 3-MTPA (reaction 7) or through

>8° - OH+ 3 S< == >8 %+ S< + OH" )

proton-catalyzed formation of monomeric sulfur radical cations
(reaction 8) followed by association with a nonoxidized thioether

>8"-OH+ H' — >S™ + HO (8)
(reaction 9).

>8™ + 8« =/— >S+°.° S< 9)
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TABLE 2: Radiation Chemical Yields (G) of (SO S)"- and
(S-0)-Bonded Radicals in the*OH-Induced Oxidation of
3-MTPA in N ,O-Saturated Solutions at pH 6

concentration (M) G(sOos)ta G(S—0)p
2.0x 1073 0.6 4.08
1.0x 1072 1.6 3.F
1.4x 1072 1.63 3.2%
2.9x 1072 2.1%3 2.7%
5.6 x 1072 243 2.4%
1.0x101? 2.8 2.1¢

aBased on spectral mix (see text)Calculated value takinG(*OH)
= 4.7 (80% of the availabl®H radicals) as the sum &(SOS)" and
G(S-0). ¢ Calculated value takinG(*OH) = 4.9 (80% of the available
*OH radicals) as the sum @(SOS)t and G(S-O).

formed hydroxysulfuranyl radical directly leads to dimeric
sulfur-centered radical catior8a via reactions 8 and 9 (vide
supra). On the basis of 80908cof the availableOH radicals
(at pH 1.0,Giotas = 3.0) converting inta, we deriveG(SL S)"

= 2.4 and the molar extinction coefficiemnigo = 9200 M1
cm~*for 3a. It compares well withe4go-500 = 4000-9000 M1
cm1 for other (RSO SR,)" radical cationga12a18bc,3234

The spectra of these radicals were then used as potential
components in the analysis of the transient spectra following
the *OH-induced oxidation. Figure 1B shows the spectral
resolution of the transient absorption taken 50 ns after the pulse
(Figure 1A, curve a). Two intermediates could be identified from
the composite spectrum. The transient at 390 nm represents the
intramolecularly (S<0)-bonded radica?a and that at 480 nm
is assigned to the intermolecularl{1S$-bonded dimeric radical
cation 3a. As shown in Figure 1B, the presence of an
intermediate absorbing in the short-wavelength region around
340 nm is required to get a reasonably good composite fit with
the experimental data. On the basis of previous retit8 this
intermediate is suggested to be the hydroxysulfuranyl radical
(BS—OH) 1awhich, at 50 ns after the pulse has not been fully
transformed either into speci@a or 3a. In contrast, Figure 1C
shows the spectral resolution of the same system at 800 ns after
the pulse (Figure 1A, curve b). There, the composite transient
spectrum can be cleanly resolved into a contribution figan
along with a contribution from th@a. As at this timela is
completely converted either in@a or 3a, no extra individual
spectrum was needed to fit the transient spectrum.

Table 2 shows that the relative values 2# and 3a were
sensitive to the concentration of 3-MTPA with increasing ratios

Under these experimental conditions, the radiation chemical [28]:[3a] with decreasing concentration of 3-MTPA. For

yield of the hydroxyl radicals, available for reaction with
3-MTPA, wasG("OH) = 5.3 (based on the formula given by
Schuleret al3! which relates theG-value of solute radicals
generated byOH to the product of the rate constant for the
reaction of*OH with the solute and the solute concentration).
Assuming the yield of intramolecularly sulfttoxygen bonded
radicals to be equal to the initial yield of the hydroxy-
sulfuranyl radicals[*S—OH (where these yields are equal to
80% of the total availableOH radicalsf218¢ we derive
G(*S—0) ~ 4.25 and the molar aborption coefficieedsy =
2500 Mt cm™! for 2a which compares well with values of
€390-400 = 2000-4000 M1 cm™1 for other (S<—>O)-bonded
radicals!®32For a better comparison, all extinction coefficients

example, for 2x 1073 M of 3-MTPA, keeping otherwise similar
experimental conditions, the spectrum recorded at 190 ns after
the pulse consists of an intense band withx = 390—400 nm
and a shoulder around 480 nm. That shoulder became more
pronounced at 2s after the pulse. By resolving this (Figure 2,
open circles) and other experimental transient absorption spectra,
the two intermediate2a and3a were quantified for (0.£1.0)
x 1071 M 3-MTPA (Table 2).

3,3-Thiodipropionic Acid (3,3TDPA). Pulse radiolysis of
N.O- and N-saturated solutions of 3;3DPA over the con-
centration range % 104-10"! M and the pH range 16
yielded similar transient species as compared with the solutions
of 3-MTPA, i.e., intramolecularly*6—0)-bonded radical2b

derived for the various intermediates are summarized in Table and intermolecularly S S-bonded dimeric radical catiorgb

1.

Intermolecularly & S-bonded dimeric radical catioBawere
independently generated inpfdaturated solutions containing a
high concentration, 1¢ M, of 3-MTPA at pH 1. At such low
pH, proton-assisted elimination of water from the initially

(see the respective structures in Chart 2). Despite this similarity,

a remarkable difference between these two acids existed with
respect to the ratios d& values of specie2b and 3b when

these ratios were measured at the same pH and the same solute
concentration.
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Figure 2. Resolution of the spectral components in the transient
absorption spectrum following th®H-induced oxidation of 3-MTPA
(2 x 1072 M) at pH 5.7 taken s after the pulse.

Pulse irradiation of an pO-saturated solution, pH 5.8, of 2
x 1073-102 M of 3,3-TDPA led to the formation of an
absorption band witlhmax = 400 nm. Similar resolutions of
the composite spectra (as performed for 3-MTPA solutions, vide
supra) recorded 50 ns after the pulse ford® and 1.5us
after the pulse for Z 10-2 M solution of 3,3-TDPA showed
that the spectra were primarily due to the intramolecularly
(*S<0)-bonded radical2b with only a minor contribution of
intermolecularly $1S-bonded dimeric radical cation8b
(G < 0.05) for 102 M solutions. After 30us, the transient
absorption spectrum recorded in 20M solution was still
dominated by the 400 nm absorption, however, with a slightly
higher contribution in it of the speciegb with G ~ 0.35. At
present, it is concluded that only a small part of the spetles
might be converted into the specigk.

The spectrum oRb was independently obtained by pulse
irradiation of an NO-saturated aqueous solution 0fx210~*

M of 3,3-TDPA at pH = 6.0 yielding the molar extinction
coefficientezgg = 2900 M1 cm™1.

An additional interesting feature was observed jsiiturated
solutions of 3,3TDPA, at pH 1. As shown in Figure 3A, (solid
circles), the transient spectrum recorded 230 ns after pulse
irradiation of a 162 M solution of 3,3-TDPA was reminiscent
of 3b. Division of Gesgo= 14 800 M1 cm~t by G = 2.4 yielded
an apparentsgo = 6200 M1 cm™1, i.e., a molar extinction
coefficient that is more than 30% lower than the valuegf
for 3a, (vide supra). This supports the conjecture of the presence
of an additional species, very likely @b, even at such high
3,3-TDPA concentration at pH 1. In order to obta#ao through
an exclusive formation o8b, experiments were carried out in
107! M solution of 3,3-TDPA. Division of Gesgo= 19800 M™%
cm1 by G = 2.4 then yieldsesoo = 8250 M1 cm™! for 3b,
which is comparable to the value efso= 9200 Mt cm? for
3a

As for 3-MTPA, the relative yields oRb and 3b were
sensitive to the concentration of 3;BDPA. Representative
experimental spectra for 2 10~2 M solution of 3,3-TDPA
recorded 80 ns (Figure 3B, curve a) and i (Figure 3B,
curve b) after the pulse consisted only of broad, flat absorption
bands in the range of 35170 nm. Resolutions of the spectra
(Figure 3, C and D) showed a superposition of the absorption
band of2b with Amax = 390 nm and3b with Anax = 500 nm.
The respective G-values db and 3b for (1072—-10"1 M)
solutions of 3,3TDPA at pH 6 and 2x 1072 and 102 M
solutions of 3,3TDPA at pH 1 are shown in Table 3.
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Figure 3. (A) Resolution of the spectral components in the transient
absorption spectrum following th®H-induced oxidation of 3;3TDPA
(1072 M) at pH 1.0 taken 230 ns after the pulse. (B) Transient absorption
spectra observed (a) 80 ns and (b) Asbafter pulse irradiation of an
N,-saturated aqueous solution containingc210~2 M 3,3-TDPA at

pH 1.0. (C) Resolution of the spectral components in the transient
absorption spectrum following th®H-induced oxidation of 3;3TDPA

(2 x 102 M) at pH 1.0 taken 80 ns after the pulse. (D) Resolution of
the spectral components in the transient absorption spectrum following
the*OH-induced oxidation of 3;3TDPA (2 x 102 M) at pH 1.0 taken
1.5 us after the pulse.

TABLE 3: Radiation Chemical Yields (G) of (SOS)*- and
(S—0)-Bonded Radicals in the*OH-Induced Oxidation of
3,3-TDPA in N,O-Saturated Solutions at pH 6 and 1

concentration (M) G(sOs)ta G(S—-0)
1.0x 1072° <0.05 4.85
2.1x 1072b 0.1% 4.7%
4.2 x 1072b 0.&4 4.5
6.5x 1072°P 0.65 4.25
1.0x 10°1P 1.¢ 3.
2.0x 10734 0.4 1.8
1.0x 10724 1.7 0.7

aBased on spectral mix (see textpH = 6.0, NO-saturated.
¢ Calculated value takings("OH) = 4.9 (80% of the availableOH
radicals) as the sum o6(SOS)" and G(*S—0).9pH = 1.0, N»
saturated® Calculated value takin@(*OH) = 2.2 (80% of the available
*OH radicals) as the sum &(SO S)" andG(*S—0). f Calculated value
taking G("OH) = 2.4 (80% of the availableéOH radicals) as the sum
of G(SOS)" and G(*S—0).

3-(Carboxymethylthio)propionic Acid (3-CMTPAYith re-
spect to the sulfur, 3-CMTPA contains and S-positioned
carboxylate groups. The transient absorption spectrum recorded
in a pulse irradiated pD-saturated solution of 3-CMTPA (18
M) at pH 5.8, 20 ns after the pulse (Figure 4A, curve a),
consisted of at least two absorption bands in the UV, one with
a maximum around 340 nm and a second with a maximum
around 290 nm. Subsequently, the absorption at 340 nm
converted into a spectrum with,ax = 285 nm (Figure 4A, curve
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12 D p ) ® og | (curve b) (low concentration region). Insert: Plot of observed first-
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é ol bonded radical (monitored at 400 nm) at pH 5.8 ipONsaturated
6 <D> sot ] aqueous solution as a function of 3TDPA concentration (high
3+ = 4 concentration region).
0 oot 0 E . ) i
1 L L L I 1 I i pB-position to the sulfur. The absorption spectra observed in
250 300 350 400 450 500 550 600 650 solutions of 102 M 2-CMTSA at pH 5.8 and pH 1 were similar
Wavelength, nm to those observed for 3-CMTPA. Here, the presence of two

Figure 4. (A) Transient absorption spectra observed (a) 20 ns and (b) a-positioned carboxylate groups promoted a more efficient
745 ns after pulse irradiation of an,®-saturated aqueous solution  decarboxylation process as compared to 3-CMTPA. Hence the
containing 102 Mh3'CMTF.)A at Fk’)H 58.(B) Resolutiofn I(I)f the Sg);‘i”a' composite absorption spectrum recorded in a solution of 10
components in the transient absorption spectrum following" M 2-CMTSA at pH 5.8 40 ns after the pulse (FI ure 4C)
induced oxidation of 3-CMTPA (1& M) at pH 5.8 taken 20 ns after - p - - p - 9

the pulse. (C) Transient absorption spectra observed (a) 40 ns and (b)contalned a much s_maller contribution of the intramolecularly
1.5 us after pulse irradiation of an f-saturated aqueous solution  (S'<>O)-bonded radicad as compared to that of 3-CMTPA

containing 102 M 2-CMTSA at pH 5.8. (D) Resolution of the spectral  (vide supra), together with a contribution from the hydroxysul-

components in the transient absorption spectrum following @té- furanyl radical (3—OH) 1d, and thex-(alkylthio)alkyl radical
induced oxidation of 2-CMTSA (1G M) at pH 5.8 taken 40 ns after (“CH,SCH(COO")CH,COOH) (Figure 4D).

the pulse. Kinetics. 3-(Methylthio)propionic Acid (3-MTPAJince the

b), with k = 2.7 x 10" s™1. By analogy with similar findings decay of the initially formed hydroxysulfuranyl radical of
for a-carboxyalky! sulfides the absorption band withyax = 3-MTPA (1a) was very fast, the formation rate constant,
340 nm represents a hydroxysulfuranyl radicd@{OH) 1c Kon+a-mTpa, Was obtained from the experimentally measured
which rapidly converts via decarboxylation into af(alkylthio)- pseudo-first-order rate constaft,s for the formation of the

alkyl radical*CH,SCHR (R = H, COOH) (known to absorb  intramolecularly {S—0)-bonded radical®a at A = 400 nm,
in the 280-310 nm region with extinction coefficients of 2000 under conditions wherk;o[3-MTPA] < ki3, i.e., for 3-MTPA
3000 M1 cm~1)9%15.16(Figure 4A, curve b). In competition to  concentrations between 5:910°and 4.0x 104 M (pH 5.8).
direct decarboxylation, the hydroxysulfuranyl radical can trans-

form into the intramolecularly ($>O)-bonded speciec ‘OH + 3-MTPA — 3-MTPA([S —OH) (10)
involving thes-carboxylate group, promoted by a sterically and la

kinetically favorable five-membered ring configuration. Evi-

dence for this reaction pathway was obtained using the spectral 3-MTPA(Z—OH) — 3-MTPA(S-0)+ OH (11)
resolution (vide supra) of the composite transient absorption la 2a

spectrum taken 20 ns after the pulse (Figure 4A, curve a). As

shown in Figure 4B, the composite transient spectrum can be The rate constankig = Kop+amtpa = (9.2 £ 0.2) x 10°
resolved into a contribution from the hydroxysulfuranyl radical M~ s™%, was obtained by employing relation II:

((3—O0H) 1c, the a-(alkylthio)alkyl radical (CH,SCHCH,-

COOH), but additionally shows the presence of the intra- Kops = Ki[3-MTPA] (11
molecularly ($>0)-bonded radicalc.

The transient absorption spectra observed 50 ns andsl.5 A plot based on eq Il is presented in Figure 5 (curve a).
after pulse irradiation of an Nsaturated solution of 16 M The rate constant for the formation 8 (reaction 12) was
3-CMTPA at pH 1 consisted only of an intense absorption band obtained at high 1072 M) concentrations of substrate (3-
with Amax = 285 nm. Since no absorption in the region 370  MTPA). A typical experimental trace observed for monitoring
600 nm was observed, it can be inferred tBatand 3c were the formation of3aat1 = 480 nm is presented in the insert of
not formed. Figure 6. The formation was of pseudo-first-order kinetics with

2-(Carboxymethylthio)succinic Acid (2-CMTSR2)CMTSA the rate constank; s being linearly dependent on the 3-MTPA
contains three carboxylate groups, two éa and one in concentration. Figure 6 (curve a) shows a representative plot
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Figure 6. Plot of observed first-order rate constants of the formation
of intermolecularly (8] S)-bonded radicals (monitored at 480 nm for
3-MTPA and at 510 nm for 3;3TDPA) in N,O-saturated aqueous
solution at pH 5.8 at as a function of 3-MTPA concentration (curve a)
and as a function 3,3'DPA concentration (curve b). Insert: Kinetic
trace for the formation of intermolecularly [(55)-bonded radicals
monitored at 480 nm (pulse radiolysis of¢saturated aqueous solution
of 1.4 x 1072 M 3-MTPA at pH= 5.8).

of K ops VS various concentrations of 3-MTPA (18-10"1 M).
The slope of this plot gives the bimolecular rate constkint,
= 1.9 x 10° M~1 s 1 for the reaction of a precursor 8k, here
referred to as 3-MTPA(, with a second nonoxidized 3-MTPA
molecule (reaction 12).

3-MTPA(X") + 3-MTPA— 3-MTPA(SU S + OH™
3a (12)

At this moment, we will not attempt to specify the identity of
this precursor (see Discussion). However, the fact that this plot
intercepts theg-axis at 2.6x 107 st indicates that the precursor
for the formation of3a can react via a competitive pathway.
3,3-Thiodipropionic Acid (3,3TDPA). A similar set of
experiments performed at low concentrations of-3BPA (4.6
x 1075—4.0 x 1074 M) at pH 5.8 yielded<0H+3,3.TDpA = k13
=(6.0+02)x 1®M s

‘OH + 3,3-TDPA— 3 3-TDPA($—OH)
1b

(13)

3,3-TDPA(S—OH) — 3,3-TDPA(S—0) + OH  (14)
2b

1b

The rate constark;z was obtained from the plot of experimen-
tally measured pseudo-first-order rate constakits,s for the
formation of2b at 4 = 400 nm (Figure 5, curve b) at various
concentrations of 3;3TDPA by employing the same type of
relation (see eq Il) as for 3-MTPA. At high 3;3DPA
concentrations, however, the plot &fops vs [3,3-TDPA]
showed a departure from linearity (Figure 5, insert), and at-[3,3
TDPA] > 4 x 1072 M, K'ops approached a constant value of
ca. 1.2x 10® s™1. Such kinetic behavior is indicative of a two-
step mechanism for the formation of th&<0O)-bonded radical
(reactions 13 and 14), with reaction 14 becoming rate determin-
ing at high concentrations of 3;3DPA. The respective plateau
value refers to the first-order rate constdai, for the decay of
the hydroxysulfuranyl radical by a carboxylate-assisted elimina-
tion of OH™ and formation of the intramolecularlyS—=0)-
bonded radical.

Bobrowski et al.

pH

Figure 7. Radiation chemical yield€Y values) of carbon dioxide (G
obtained aftery-irradiation of NO-saturated aqueous solutions at
various pH’s containing 1¢ M (a) 3,3-TDPA, (b) 3-CMTPA), and
(c) 2-CMTSA).

For 3,3-TDPA, the yields of the*6—>0)-bonded radica2b
at pH 5.8 were high even at high concentrations of the solute
(see Table 3) due to the presence of ty@aarboxyethyl
substituents at the sulfur which can form kinetically favorable
five-membered rings. As in the case of 3-MTPA, when the
concentration of 3;3TDPA was high enough*2 x 1072 M),
the experimental traces clearly indicated the formation of the
intermolecularly $1S-bonded dimeric radical catio®® from
3,3-TDPA (Amax= 500 nm). Using an analogous procedure as
for 3-MTPA, a similar plot ofk'" ops for various concentrations
of 3,3-TDPA (2 x 1072—10"1 M) was obtained (Figure 6, curve
b). The slope of this plot gives the bimolecular rate constant,
kis=2.0x 108 M~1s1, for the reaction of the precursor(s) of
3b formed during*OH-induced oxidation of 3,;3TDPA with
the second nonoxidized 3;3DPA molecule (reaction 15).

3,3-TDPA(X") + 3-TDPA— 3,3-TDPA(S0 S + OH~
3b (15)

The intercept of this plot (Figure 6, curve b) yields the combined
rate constantncp: = 2.7 x 107 572, for the decay of precursor-
(s) of 3 via processes other than reaction 15. Importantly, this
intercept is too low in order to contakis = 1.2 x 108 M1
s71, indicating thatlb cannot be a direct precursor 8b.
y-Radiolysis. Decarboxylation.The y-irradiation of NO-
saturated solutions of 1® M 3,3-TDPA, 3-CMTPA, and
2-CMTSA in the pH range 1:67.0 resulted in the formation
of CO, (Figure 7). For better assessment of decarboxylation
yields, theG(CQ,) values were normalized to the total initial
radiation chemical yield ofOH radicals at the particular pH.
The respective data are summarized in Table 4. F&TDRA
at pH 14 the efficiency of CQ formation corresponded to
about 11% of the total yields o®OH radicals. A slightly higher
efficiency of CQ formation (~15% of the total yield ofOH
radicals) was obtained at pH-5. Considerably higher yields
of CO, were quantified aftery-irradiation of NO-saturated
solutions containing 3-CMTPA and 2-CMTSA (at pH 1 85%
and 95% and at pH-57 ~72% and~76% of the total yield of
*OH radicals, respectively).

Discussion

Key Features of the*OH-Induced Oxidation of (Carboxy-
alkyl)thiopropionic Acid Derivatives. There are several key
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TABLE 4: Radiation Chemical Yields of the *OH-Induced _ R S P R s
CO, Formation (in G) and Efficiency of Decarboxylation 3-MTPA/3,3-TDPA(E™) 3 MTPNB'%JEPACS 0)
(Expressed ad = G(COz)ex/G(*OH)p1?) in N2O-Saturated (18)
Solutions of (Carboxyalkyl)thiopropionic Acids (102 M)
3,3-TDPA 3-CMTPA 2-CMTSA (ii) A displacement of OH by a second thioether molecule

pH Gbe f Ghe f Gbe f directly leads ta3a/b (reaction 19).

b0 SH 3 0% 3R 0B 9MTPABSTDPACS-OM FSMTPAGSTOPA-

3 056 010 374 065 396  0.69 la/b

;1 8.23 8&% 4.43 0.73 4.64 0.77 3-MTPA/3,3-TDPA(SOS)' + OH™ (19)

5.5 ' ' 432 071 457 075 3a/b

g 8'3% 8'12 4.40 072 467 0.77 (i) Intramolecular displacement of OHby the neighboring

carboxylate group(s) leads to the intramolecularigO)-
aThe total initial radiation chemical yield o®H radicals at particular bonded radical®a/b (reactions 11 and 14).

H was calculated according to the formulaG({OH) + G(exq )/ ; it ; ;
pkewLNzO[NZO]/kewLNzO[NZO] o kem?[H*]. bMeastred (t)ISth)(e A t(gf\:?]r)l]ique U.no!er our experimental conditions, lthe un|mqlecular dis-
(PH = 1-3). ¢ Measured by the HPIC technique (pH4—7). sociation pf the hydroxy—sulfuran_y! radical (reaction 16) can

likely be disregarded as a competitive process at neutral pH, as
such reactions typically proceed with rate constants on the order
of 10°—1C°f s1, 8al31636j e  too slow to account for the
observed conversion dfb into 2b with kj4 = 1.2 x 108 s7%,

features that are important to consider for a discussion of the
mechanism of theOH-induced oxidation of (carboxyalkyl)-

thiopropionic acid derivatives. (i) The oxidation leads to the . . ;
intramolecularly (S—>0)-bonded radical2a—d predominantly Thus, at neutral pH, one potential mechanism leadingatiy

at low concentrations of substrate and protons. (ii) In the absence> the.dlrect displacement of Otby the c.arboxyla.te groups.
of carboxylate groups in-position to the sulfur, the formation (reactions 11 and 14). However, our kinetic analysis below will

of intermolecularly &1 S-bonded dimeric radical catiords/b demonstrate an additional pathway for the formatiorab,

is promoted by high concentrations of substrate and protons Ultimately, hydroxysulfuranyl radicals can yielga/b. If
P y nig . P ‘reactions 11/14 and 19 were the only two competitive processes
and by an overall decreasing number of carboxylate groups.

. ) the G value of 3a/b would be related to the concentration of
6 .
(iii) At low proton concentrations£10~° M) the first-order rate substrate (3-MTPA or 3:3TDPA) according to eq Ill where

constant for a transformation of hydroxysulfuranyl radicals into G%(3) is the primary vield of the precursdi—OH). andG(3
intramolecularly {§<0)-bonded radicals2p for 3,3-TDPA) is 'Ehé actua?yield %)%/Sa/b (takenr;rom T:bmies 2 gﬁd 3). 3
is very high k14 = 10° s™) whereas the first- or pseudo-first-

order rate constants for a decay of precursor(sgab via GO(3) Kyp 14 1
processes other than reaction 12 (for 3-MTPA) or 15 (fof-3,3 =1+ K ’ (1
TDPA) are in the range of (2:62.7) x 107 s'L (iv) The G(3) 19 [substrate]

bimolecular rate constants for the formation3af/b (reaction
12 for 3-MTPA or 15 for 3,3TDPA) are in the range of (1-9
2.0) x 18 M~1s1 (v) The oxidation results in CQwith low

However, plots of G%(3)/G(3)) vs 1/[substrate] (Figure 8)
show a significant departure from linearity indicating a more
yields for 3,3-TDPA and high yields for 3-CMTPA and complex reaction mechanism. This, in turn, eliminates hydrox-
2.CMTSA at’ pH 17 ysulfuranyl radicalsla/b as direct precursors of the intermo-

) o ) i . lecularly S1S-bonded dimeric radical catiora/b. Further

Possible Reactions and Intermediatesthe first stepinthe  ¢onyincing evidence against the hydroxysulfuranyl radical as a
reaction of hydroxyl radicals with thioethers is generally an jjrect precursor o8a/b, at least for 3,3TDPA, can be deduced
addition to the sulfur leading to the hydroxysulfuranyl-type fom the value of the intercept obtained from the plok&fps
rad_icals (reacti_ons 10 a_nd 13) which are characterized by angt various concentrations of 3.3DPA (see Figure 6, curve
optical absorption band in the 33840-nm rangé?*51%.3The b). Since this value represents a first- or pseudo-first-order rate

subsequent reactions of these species then depend on pH, soluigonstant for a decay of precursor(s)3f via processes other
concentration, and the presence of additional functionalities. For than reaction 15, it should contain alkg (~1.2 x 108 s°);

3-MTPA and 3,3TDPA, these mechanisms are shown in powever, the measured value is 4-fold lower (R0 s7Y).
reactions 10, 11/13, 14, and-1@9. At low proton concentration,  Thijs excludes any significant contribution of reaction 19 to the
decomposition of the hydroxysulfuranyl radical can occur via formation of3b.
the following pathways. (i) A unimolecular dissociation gener-  Mechanism. The following mechanism accounts for all
ates the monomeric sulfur-centered radical cation (reaction 16) experimental results and particularly for the fact that reactions
11/14 and 19 are not the exclusive competitive processes that
3-MTPA/3,3-TDPA(Z—OH) — lead to formation of the intramolecularly'S—0)-bonded
la/b radicals 2a/b and the intermolecularly [3S-bonded dimeric
3-MTPA/3,3-TDPA(E$+) + OH™ (16) radical cation§a/p, respectively. Depending on the actual pH,
solute concentration, and the number of carboxylate groups, the
which subsequently either associates with a second thioethefnitidlly formed hydroxysulfuranyl radicalda/1b undergo a
molecule (reaction 17) or cyclizes to the intramolecularly proton-ca_taly_zed elimination (reac_:tlon 8) andlor the dlsplqcement
(*S~0)-bonded radical@a/b (reaction 18). of hydro.xllde ions by a second thloether molecule (reactlon 19).
An additional reaction channel provides the basis for the
e observation of the intramolecularl$§>0)-bonded radicalgb
3-MTPA/3,3-TDPA(IS ) + 3-MTPA/3,3-TDPA — of 3,3-TDPA even at low pH and high solute concentration
3-MTPA/3,3-TDPA(BO SO (17) (see Table 3). We propose that the hydroxysulfuranyl radical
3a/b 1b undergoes a rapid cyclization (Scheme 1, reaction 1.1) to
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35 — —— —————— On a longer time scale, experiments carried out with?1d
1 of 3,3-TDPA at pH 5.9 did not show any significant transfor-
mation of2'b into the dimeric sulfur radical catioBb. Species
2'b is expected to be in equilibrium with the monomeric radical
cation (via reaction 1.3) and should in principle undergo
transformation into speciedb (via reaction 1.4) if cyclization
to the sulfuranyl-type radica?’b (via reaction 1.5) was not
favorable. We note that at neutral pH the formation 3tf
requires the contact between a monoanion (net charge of the
monomeric sulfur radical cation of 3;3DPA is —1) and a
dianion. Thus, Coulombic repulsion withBb may favor the
I ] ultimate formation of2"b (reaction 1.5). In contrast, there is
00 T R no net repulsion in comple8a, eventually rationalizing the
0 2 40 8 B 1000 20 40 60 80 100 different kinetic characteristics (no saturation) of the conversion
[3-MTPAT' [3,3-TDPA} " of la into 2a for 3-MTPA. Our earlier findings with 3,3
Figure 8. Plots ofGYG vs 1/[3-MTPA] (left) and 1/[3,3TDPA] (right) dihydroxydipropy! sulfide (3,3DHP)" provide an additional
according to eq lll. The straight lines were obtained by linear regression example for the effective formation of intermolecularly sutfur
and are displayed only to demonstrate the departure of the data fromsulfur-bonded species in the absence of Coulombic repulsion.
linearity. During the*OH-induced oxidation of 3;3DHP at neutral pH
SCHEME 1 (~7) and at high solute concentraton (20M) the spectrum
attributed to the intramolecularly [BO)-bonded species disap-
R-5~CO7 | O/C/O o pears iln a first-order process Wit’@p = 6.3 us paralleled by
bS8 * bonded dimeri thioather racical cation of S,
s .
R > \
k

30 - - LI
25 -

20+ L] N

GG
»

0.5 |- i

-

k1.2
i8]
S..S In principle, the monomeric sulfur-centered radical cations
R derived from thioether acids can undergo one of three irrevers-
| Sl . - ible processes: (i) deprotonation at the carbon irotp®sition
—C 4 ° h Ifur yieldinga-(alkylthio)alkyl radicals (Scheme 1
S LT o fo the sulfur yieldingo-(alkyithio)alky! raci *
\) St reaction 1.6), (ii) formation of ther-type intramolecularly
R &7\ (*S—0)-bonded sulfuranyl radical (Scheme 1, reaction 1.5), and
R (i) intramolecular electron transfer from the carboxyl group
" CH, to the oxidized sulfur function followed by homolytic carben
) + carboxyl breakage into carbon dioxide and tidalkylthio)-
R A C0r €O, alkyl radical (Scheme 1, reaction 1.7). Decarboxylation for both
S 3-CMTPA and 2-CMTSA constitutes the ultimate pathway
the o*-type intramolecularly (8 O)-bonded radical&b char- reflected by the nearly stoichiometric ratio of ¢&nd hydroxyl
acterized by a two-center-three-electron bond between the sulfurradicals initially reacting via one-electron oxidation (ca. 80%).
and the oxygen (consistent with an optical absorption band in This latter finding supports the existence of an equilibrium
the 390-nm rangé€. '8 Subsequently2’b undergoes either of  between ther*-type intramolecularly S—0)-bonded sulfurany!
two reactions: (i) displacement of the carboxylate group through radicals and the monomeric sulfur radical cations (Scheme 1,
the attack of a second unoxidized thioether molecule, directly reaction 1.3). In particular, for 3-CMTPA, the formation2¢
leading to3b (Scheme 1, reaction 1.2) and (ii) reversible opening was experimentally detectable.
of the S1O bond to the monomeric sulfur-centered radical  |n conclusion, this paper demonstrates that different sulfur
cation (Scheme 1, reaction 13) The latter can reversibly radical cation complexes such as thél®- and (S-O)-bonded
associate with a second thioether molecule (Scheme 1, reactiorspecies from (carboxyalkyl)thiopropionic acids are not neces-
1.4). However, the fact that the plot GF/G vs 1/[substrate] is  sarily formed competitively, rationalized by the fact that in
not linear (Figure 8) suggests that the monomeric sulfur-centeredparticular the (S O)-bonded intermediates can adopt several
radical cation reacts via an additional channel. We propose thatdistinct electronic configurations. Even though th& and
this additional channel represents an irreversible cyclization to 4-type S-O bond cannot be distinguished UV spectroscopically,
the o-type (instead of ther*-type) intramolecularly S—0)- our kinetic evidence suggests that both intermediates are present
bonded sulfuranyl radica2’b (Scheme 1, reaction 1.5). The after one-electron oxidation of the thiopropionic acid derivatives.
experimentally observed absorption withax = 390 nm is
consistent with such an assignment. An important detail ~Acknowledgment. This work was supported by the Office
supporting this experimental conclusion is that the sum of of Basic Energy Sciences of the Department of Energy and, as
absorbances at both 390 and 500 nm remains constant over thguch, it is contribution No. NDRL-4081 from the Notre Dame
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