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Abstract

In focusing on the free radical chemistry of thiyl radicals, two important
classes are dealt with, namely, the amino acid alkylthiyl and the acylthiyl radicals,
where pulse radiolysis and steady state γ-radiolysis are applied.

Amino acid thiyl radicals (RS•), are important in many biological systems,
as intermediates in the repair reactions of thiols towards targeted carbon-centered
radicals and as catalytic centers in many enzymatic reactions. Initially, the
reactions following one-electron oxidation of cysteine (CysSH), homocysteine
(HCysSH) and glutathione (GSH) in aqueous solutions are observed, where kinetic
analysis reveals that intramolecular hydrogen abstraction by thiyl radicals from the
α-amino-α-carboxyl C-H bonds is general for the three investigated. The
intramolecular hydrogen abstraction of a glutathione thiyl radical from α-amino-α-
carboxyl C-H bond discloses an equilibrium constant larger than 104 as evidenced
by ammonia formation and thiol consumption. Thus, based on reduction potential
E°(RS•,H+/RSH) being 1.36 V, E°(NH2(C•)RCO2¯, H+/NH2CHRCO2¯) and

E°(NH2(C•)RCO2H, H+/NH2CHRCO2H) are derived as lower than 1.12 V and

0.98 V vs NHE, respectively. These are, to my knowledge, the first experimental
values relating to C-H bond strengths of amino acids with their biological
implications clearly appraised.

Further, spectroscopic characteristics and one-electron reduction potential of
acylthiyl, including acetylthiyl, benzoylthiyl and 4-substituted benzoylthiyl
radicals are studied. The kinetics and the thermodynamics of the ß-fragmentation
reactions, i.e. RC(O)S• ——> R• + COS, for the CH3C(O)S•, PhC(O)S• and 4-X-

PhC(O)S• radicals are observed, with experimental results compared and
evaluated along with their oxygen counterparts CH3C(O)O•, PhC(O)O• and 4-

XPhC(O)O• radicals.

Keywords:

Thiyl, Glutathione, α-Amino-α-Carboxyl Carbon-Centered Radical,
Acylthiyl, Aroylthiyl, Benzoylthiyl, 4-Substituted Benzoylthiyl Radical, Pulse
Radiolysis, Kinetics, One-Electron Reduction Potential, Bond Dissociation Energy,
ß-Fragmentation.
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Introduction

Thiyl radicals are a class of sulphur-centered radicals where the sulphur
atom is monovalently bonded to a functional group. According to the structure of
the carbon functional group, they are generally divided in three groups.

1) Alkylthiyl radicals (RS•, where R denotes an alkyl). The properties of
amino acid thiyl radicals, e. g. cysteinyl (CysS•) and glutathione thiyl (GS•)
radicals closely resemble those of alkylthiyl radicals.

2) Arylthiyl radicals (ArS•, where the thiyl radical is directly linked to an
aromatic ring).

3) Acylthiyl radicals (RC(O)S• and ArC(O)S•, where the thiyl radical is
linked to a carbonyl group).

Among the thiyl radicals, the free radical chemistry of alkylthiyl radicals are
of great interest because these radicals are recognized as important reactive
intermediates in a wide variety of chemical and biochemical reactions.1,2

Consequently, a large quantity of alkylthiol and alkylthiyl radical thermochemical
data has been experimentally obtained by different techniques,3,4 and their
common reaction pathways extensively recorded.2 However, reliable kinetic data
is relatively scarce because of monitoring difficulties and many of the reactions
being reversible.5 The amino acid thiyl radicals, e. g. cysteinyl (CysS•) and
glutathione thiyl (GS•) are especially interesting as they are known to be
intermediates in chemical repair reactions of targeted carbon-centered radicals by
cellular thiols.1,6,7 The thiyl radicals of cysteine residues in proteins are
characterized as essential in enzymes involved in primary metabolic pathways.8 It
is therefore especially interesting to examine the kinetics and thermodynamics of
the reactions they are involved in. Paper I, II and III focus on the reaction kinetics
of the amino acid thiyl radicals and the thermochemistry of equilibrium (1.1), i.e.
the intramolecular hydrogen transfer between the thiyl radicals and the α-amino-
α-carboxyl carbon-centered radicals, with its biological implications discussed.
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The thermochemical properties and reaction kinetics of arylthiyl radicals
(ArS•) are also extensively examined and compared to those of their oxygen
counterparts, the phenoxyl radicals (ArO•).3,4,9,10 These properties are sometimes
included here in discussions.

The chemistry of acylthiyl (RC(O)S•) and aroylthiyl radicals (ArC(O)S•) is
sparse in the literature compared to the free radical chemistry of their oxygen
counterparts, acyloxy (RC(O)O•) and aroyloxyl (ArC(O)O•) radicals which is
extensively studied.11-16 Paper IV, V and VI include a study of the one-electron
reduction potentials and the kinetics of aroylthiyl and acylthiyl radical species,
where their ß-fragmentation reactions are closely examined. Their properties are
also compared with those of their oxygen counterparts, aroyloxyl and acyloxyl
radicals.
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2. Thiyl Radical Reactions: A Short Review

The reactions of thiyl radicals are summarized in scheme 2.1.
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2.1. Hydrogen Transfer Reactions

Thiols are good hydrogen donors because the RS-H bonds (BDES-H = 87
kcal/mol) are generally weaker than the corresponding RO-H and R3C-H bonds,

and equilibrium 2.1 is usually shifted towards the thiyl radical side. Hydrogen
donation to carbon-centered radicals are commonly invoked as the chemical repair
reaction in biological systems.7 Their rate constants are usually 107 to 108 M-1 s-1.
It is interesting that in a series of α-hydroxylalkyl radicals, the more reducing the
carbon-centered radical the more readily it abstracts hydrogen from the thiol.17

This surprising effect is not yet properly understood. Hydrogen abstraction by
OH• radicals from thiols is however diffusion controlled (2x1010 M-1s-1) possibly
involving OH• addition to sulphur as the OH• radicals do undergo fast addition
reactions.

Thiyl radicals are also good hydrogen acceptors when there are weak C-H
bonds available (reaction -2.1).18 Their rate constants of hydrogen abstraction from
weak C-H bonds of alcohols and ethers correlate well with the bond energies of the
broken bonds. The weak C-H bonds of bisallylic centers (BDEC-H = 82 kcal/mol)

in polyunsaturated fatty acids become the targets of thiyl radicals in hydrogen
abstraction reactions, initiating the chain of lipid peroxidations.19 Hydrogen
abstraction of thiyl radicals from an even weaker C-H bond in the α-position to an
amino and a carboxyl group is discussed here.

2.2. Electron Transfer Reactions

The reduction potential of alkylthiyl radicals E°(RS•/RS¯) is ca 0.8 V vs
NHE,20 with the thiolates easily oxidized by strong oxidants such as OH•, Br2¯•,
N3• etc (reaction 2.2). Such reactions are commonly used to produce the thiyl

radicals in radiolysis experiments. The electron donation by RS¯ is also a type of
repair reaction. Thiyl radicals are also good oxidants (reaction -2.2), reacting with
diammonium 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonate) (ABTS) to form a
strongly absorbing radical cation ABTS+•.
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This reaction is frequently used as a kinetic probe for thiyl radicals in pulse
radiolysis experiments. Other reactions in which thiyl radicals are oxidants include
those with N,N,N',N'-tetramethyl-1,4-phenylenediamine (TMPD),
chloropromazine (CZ), ferrocytochrome c (cytIIc), NADH, ascorbate (AH¯) and
Promethazine (PZ).21

2.3. Formation of Disulphide Radical Anions

Alkylthiyl radical (RS•) is known to equilibrate with thiolate (RS¯) to form
disulphide radical anion (RSSR¯•) (equlibrium 2.3). The disulphide bridge
contains three electrons with two bonding σ and one antibonding σ*
(RS•••SR¯).22 The antibonding electron weakens the S-S bond and is responsible

for the easy redissociation of RSSR¯• and the establishment of equilibrium
between RS¯ and RS•. The RSSR¯• can also be generated by one-electron
reduction of the corresponding disulphide.
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The RSSR¯• radical anion is strongly reducing (E°(RSSR/RSSR¯•) = -1.4
V23) and equilibrium 2.3 serves as a link between it and the oxidizing RS• radical.
In oxygenated solutions RSSR¯• readily transfers an electron to oxygen yielding
the disulphide and the superoxide radical anion.
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For the arylthiyl (ArS•) and acylthiyl (RC(O)S•) radicals, equilibrium 2.3 is
of little importance,24,25 probably because the ArS• and RC(O)S• radicals are
resonance stabilized, shifting equilibrium 2.3 far to the left.

2.4. Addition To Unsaturated Carbon Bonds

Like many radicals, thiyl radicals undergo addition reactions to C=C double
bonds, though equilibrium 2.4 is usually left shifted due to the weak S-C bond
strength.26 In the presence of thiyl radicals olefins and polyunsaturated fatty acids
undergo rapid cis - trans isomerization.1 In the presence of oxygen, the product
carbon-centered radicals react rapidly with O2 forming peroxyl radicals, and

possibly forming peroxidation chains.27

2.5. Reactions with Oxygen

Thiyl radicals react rapidly with molecular oxygen to form the thiylperoxyl
radicals, where reaction 2.5 is reversible. For most thiyl radicals, equilibrium 2.5 is
difficult to measure directly as neither radical normally displays pronounced
absorption in the easily accessible wavelength region. The rate constants k2.5 and

k-2.5 for glutathione are determined at 2x109 M-1s-1 and 6x105 s-1, respectively.28

The thiylperoxyl radical (RSOO•) may rearrange (reaction 2.11) or abstract
hydrogen from another thiol (reaction 2.12).29
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2.6. The ß-Fragmentations of Acylthiyl Radicals

Like acyloxyl radicals, the acylthiyl radicals undergo ß-fragmentation to
form the corresponding alkyl radicals and carbonyl sulphide (COS) (reaction 2.6).
Further studies of this type of reaction and their radical properties are discussed
along with their oxygen counterparts.
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3. Method Description

3.1 Radiation Chemistry of Water

The radiolysis of water fully estabilished since the 1960s is one of the most
successful tools in free radical research.30,31 As most of this work is in aqueous
solutions, a brief description of radiolysis and how primary radicals are converted
into the radicals desired follows.

In radiation chemistry, the yield, known as the G-value, is defined as the
amount of product molecules formed upon the absorption of high energy particles
or quanta, relative to the amount of radiation energy deposited. The S.I. unit of G-
value is mol/J usually given as µmol/J.

Upon the irradiation of liquid water, the molecules undergo either
ionization or electronic exitation. The subsequent events are summarized in
scheme 3.1.
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The physicochemical processes, i.e. the fragmentations of H2O, occur inside spurs

and are complete to within about 10-12 s. The chemical processes during spur
expansion, i.e. the reactions between the radicals encountered and the diffusion of
the radicals and products into the bulk are complete by about 10-7 s. The primary
radicals thus formed are hydrated electrons (eaq¯), hydroxyl radicals (OH•) and

hydrogen atoms (H•) with G-values of 0.28, 0.28, and 0.057 µmol/J, respectively
for γ- and fast electrons. The molecular products are mainly H2, H2O2 and H3O+

with G-values of 0.047, 0.073, and 0.34 µmol/J.

Among the primary radicals, the OH• radical is a strong oxidant while the
eaq¯ and H• are strong reductants. The OH• and H• radicals are also known to

abstract hydrogen and add to unsaturated bonds.

Using irradiation of aqueous solutions to study chemistry of radicals
facilitates the generation of well-defined radicals from primary radicals by
selecting specific scavengers in the solution, while converting primary radicals into
either reducing or oxidizing species. Scavengers used in this work are listed in
table 3.1.

Table 3.1. Restricted Radical Sources.

Scavanger Reactions Radicals Desired

N2O eaq¯ + N2O +H2O —> OH• + OH¯ +
N2

OH•; oxidizing

N2O/N3¯ OH• + N3¯ —> OH¯ + N3• N3•; oxidizing

N2O/Br¯ OH• + Br¯ —> OH¯ + Br•

Br• + Br¯ —> Br2¯•

Br2¯•; oxidizing

Ar/t-BuOH OH• + t-BuOH —> H2O+ t-BuOH• eaq¯, reducing;

t-BuOH•; redox inert

Ar/HCO2¯ OH• + HCO2¯ —> H2O + CO2• eaq¯, CO2•; reducing
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Note that scavenger concentration must be high enough to avoid reactions between
the substrate and primary radicals.

3.2. Irradiation Techniques

The techniques applied to generate free radicals in this work are mainly
pulse radiolysis and steady state 60Co-γ-radiolysis.

Pulse Radiolysis

There are various designs of pulse radiolysis equipment in the literature.
Details of this technique can be read in the references.32,33 Figure 3.1 is a schematic
diagram of the pulse radiolysis apparatus used, where high-energy electrons are
generated by 3 MeV linear accelerator operating in the pulse mode. Beam
intensities are set to produce doses between 1 and 60 Gy/pulse, corresponding to
6x10-7 to 3.6x10-5 M radicals. The pulse length is 6 ns. The solution irradiated is
contained in a flushable optical cell in front of the electron beam with radical
processes in the irradiated solutions analyzed by various time-resolved techniques,
e.g. a computerized time-resolved UV-VIS spectroscopy, as applied here.
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Steady-State γγ-Radiolysis

In γ-irradiation, the energy deposited emanates from high-energy photons
emitted in the decay of radioactive nuclei, in this work, Cobalt-60. The 60Co-γ-
source (AECL Gammacell 220) is a hollow cylinder surrounded by lead shielding,
with samples introduced into the cylinder at a dose rate between 0.18 - 0.10 Gy/s-1

during the time period of this work, as checked by Fricke dosimeters.34

In steady state γ-radiolysis, the production rate q of the radical A is equal to
its consumption rate.

q = G dD/dt

where dD/dt is the dose rate of the irradiation and G is the G-value of radical A.
For a second order bimolecular decay of A,

q = k CA2

The steady-state concentration of A is constant, i.e. (q/k)1/2. When radical A
reacts with B at a rate constant k,

q = k CA CB

For a pseudo-first-order decay of A, with an excess concentration of B, the steady-
state concentration of A is (q/kCB).

To obtain information on radical reactions in steady-state γ-radiolysis,
product analysis is essential. Conventional analytical methods such as
spectroscopy, electrochemical analysis, HPLC and GC-MS etc are commonly used.

3.3. Application of the Irradiation Techniques

Pulse radiolysis is a useful tool for obtaining the spectroscopic
characteristics of radicals, determining the rate constant of radical reactions and
measuring the one-electron reduction potential of redox couples.

Measurement of Rate Constants

The rate constant of radical reactions is measured by direct and indirect
methods.
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In the direct method, when S greatly exceeds R• (and S•) in reaction (3.1),

R• + S ——> (R +) S•                                                  (3.1)

a pseudo-first order rate of the build-up of the radical product (S•) or decay of the
radical reactant (R•) is measured at a known concentration of substrate S. Thus

-d[R•]/dt = d[S•]/dt = k3.1 [R•] [S] = -k3.1 [S•] [S]               (3.2)

ln[R•0] - ln[R•] = ln[S•0] - ln[S•] = k3.1 [S] t                        (3.3)

A linear plot of ln[R•] or ln[S•] versus time gives a slope which is equal to k3.1 [S].
More accurate values are often obtained by measuring the k3.1[S] using different
concentrations of S. The rate constant k3.1 is obtained as the slope of a plot of
k3.1[S] versus [S].

In the indirect method, where both R• and S• are difficult to monitor, a
competition method is often used. A second scavenger Q, giving rise to a radical
Q• with a sufficiently high extinction coefficient at a suitable wavelength is added.

R• + Q ——> (R +) Q•                                              (3.4)

Thus the following equation exists:

([Q•]0/[Q•]) - 1 = k3.1[S]/k3.4[Q]                               (3.5)

where [Q•]0 is the yield of radical Q in the absence of S. By varying the ratio of
[S]/[Q,] and plotting the ([Q•]0/[Q•]) - 1 versus [S]/k3.4[Q], the rate constant k3.1
is obtained as the slope of the linear line.

Measurement of One-Electron Reduction Potentials

Pulse radiolysis techniques are used to some advantage in measuring the
one-electron reduction potentials of radicals. The equilibrium constant K of
reaction 3.6 can be obtained by measuring the equilibrium concentrations of
radical A• or B• or both, and the rate of equilibration, while varying the initial
concentrations of A¯ and B¯.
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Prerequisites are that radicals A• and B• absorb differently at a certain wavelength
and that the concentrations of A¯ and B¯ be sufficiently large, allowing
equilibrium to be established before any significant radical decay occurs. Thus
equations 3.7 and 3.8 apply, where ODλ(B•) is the optical density of B• at
equilibrium at wavelength λ, and ODλ(B•)° is the ODλ(B•) when equilibrium 3.6

is completely shifted to the right.

ODλ(B•)°/ODλ(B•) = 1 + [B¯]/K3.6[A¯]                 (3.7)

kobs = kf [B¯] + kr [A¯]                                               (3.8)

Under these conditions, the value of the slope of the plot of ODλ(B•)°/ODλ(B•)
versus [B¯]/[A¯] is the inverse of K3.6. Values of the slope and the intercept of the
plot of kobs/[B¯] versus [A¯]/[B¯] are kr and kf, respectively. The equilibrium
constant K3.6 is kf/kr.

Knowing the reduction potential of radical B•, one can calculate that of
radical A• , according to equation 3.9.

�E° =  E°(A•/A¯) - E°(B•/B¯) = (RT/F) lnK3.6                         (3.9)

3.4. Product Analysis

It is important to remember that kinetic data interpretation from pulse
radiolysis often depends on a knowledge of the nature of the final products. Thus
transient measurements should be complemented by steady-state γ-radiolysis in
combination with product analysis.

In this work, the following analytical methods are applied following steady-
state γ-radiolysis.

Consumption of Thiols

As thiols are the precursors of thiyl radicals, it is valuable to know the thiol
consumption after irradiation of the solutions. Thiol groups of amino acids and
peptides can be measured quantitatively by Ellman's reagent, i. e. 5,5'-dithiobis-2-
nitrobenzoic acid (DTNB), which undergoes a thiolate disulphide exchange
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reaction to yield thionitrobenzoic acid (THB). The latter has a strong absorption
maximum at 412 nm (ε = 13600 M-1cm-1) at pH 8.35
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Ellman's method measures the total amount of free thiols in solutions but does not
distinguish between different free thiol species. A complementary analysis is high
pressure liquid chromatography (HPLC), separating the samples with possible
products, identified using authentic chemicals as standards.

Ammonia Formation

One of the main products formed during radiolysis of a thiol containing
amino acids is ammonia. Ammonia yields are measured with a sensitive
membrane electrode. The Model 8002-8 Ammonia Probe is from ABB Kent-Taylor,
England, having a linear NH3 response range from 5x10-6 to 5x10-2 M. Standard
NH4Cl solutions are used in control measurements.

Gas Chromatography and Mass Spectrometry (GC-MS)

Organic products formed on γ-irradiation can be extracted with suitable
organic solvents and subsequently separated and identified using GC-MS. In this
work, a Finnigan SSQ 7000 MS connected to a Varian 3400 GC is used. Detailed
running conditions are given in paper IV.
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4. The Cysteinyl, Homocysteinyl and Glutathione Thiyl Radicals (Papers I - III)

One-electron oxidation of/or hydrogen abstraction from cysteine (CysSH),
homocysteine (HCysSH) and glutathione (GSH) produce cysteinyl (CysS•),
homocysteinyl (HCysS•) and glutathione thiyl (GS•) radicals, respectively.
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The pKa of the NH3+ and SH groups of the thiols are about 9.5 and 9.2

respectively.36

Paper I focuses on the kinetics of the reactions following one-electron
oxidation of CysS¯, HCysS¯ and GS¯ at pH 10.5, where the ammonium and SH
groups are deprotonated. The intramolecular hydrogen transfer kinetics from α-
amino-α-carboxyl C-H bonds to the thiyl radicals are detected using
methylviologen (MV2+) as a probe, to oxidize reducing radicals in the pulse
radiolysis experiments.

Following kinetic analysis, in paper II, product studies on the OH• radical
oxidation of glutathione in steady state γ-radiolysis is performed. Ammonia
(NH3), a final product of disproportionation of α-amino-α-carboxyl carbon-
centered radicals (NH2(C•)RCO2¯), is detected. Equilibrium between the

glutathione thiyl radical (GS•) and the α-amino-α-carboxyl carbon-centered
radical (NH2(C•)RCO2¯) is examined from the pH dependence of the ammonia

formation and the glutathione thiol group consumption.

Paper III, offers a discussion on the fate of glutathione thiyl radicals in
oxygenated solutions, closely related to the repair roles of glutathione in biological
conditions.

4.1. Kinetics of the Intramolecular Hydrogen Abstraction by Thiyl Radicals from
the  αα-Amino-αα-Carboxyl C-H Bonds (Paper I)

The thiyl radicals of cysteine, homocysteine and glutathione are produced
by the azide radical (N3•) oxidizing the corresponding thiolate in aqueous

solutions at pH 10.5.
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The RS• radicals are also produced when hydrated electrons reduce disulphides to
the disulphide radical anions, which subsequently dissociate into corresponding
thiyl radicals and thiolates.
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The RS• radicals either equilibrate with RSSR¯•, or undergo intramolecular
hydrogen abstraction to form α-amino-α-carboxyl carbon-centered radicals in
reaction 4.4.
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Grierson et al first suggested reaction 4.4 in their pulse radiolytic ESR work on
glutathione thiyl radicals.37 The main contribution of this work is the
demonstration that it is general for thiyl radicals to abstract hydrogen from the α-
amino-α-carboxyl C-H bonds, both intramolecularly and intermolecularly.

Since α-amino carbon-centered radicals are known to be strongly reducing
(E°(+NH2=CHR/NH2(C•)HR) = -1.9 V38,39), the methylviologen dication (MV2+),

which has a one-electron reduction potential of -0.448 V, is used as kinetic probe in
the pulse radiolysis experiments.
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The methylviologen radical cation (MV+•) has a distinct absorption band with
maximum at 625 nm and an extinction coefficient of 11800 M-1cm-1.40 The
reactions where MV2+ is used to capture the reducing radicals in the irradiated
solutions are shown in scheme 4.3.
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By varying the concentrations of RS¯ and MV2+, a constant yield of
G(MV+•) = (5.8 ± 0.3)x10-7 mol J-1 is obtained when [MV2+] is in the range 5x10-4

to 3x10-3 M. This value corresponds to a yield of 93% of the primary radicals,
based on N2O saturated 10-2 M sodium formate solution containing 5x10-4 M

MV2+ as standard with G(MV•+) = 6.22x10-7 mol J-1. When [MV2+] is below
5x10-4 M, G(MV•+) decreases due to interference by radical combination reactions.

The build-up rates of MV•+ at 625 nm as a function of [MV2+] are also
measured using varying concentrations of CysS¯, HCysS¯ and GS¯.
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In figure 4.1 the kobs versus [MV2+] plots show a proportionate increase at

lower [MV2+] and reach a plateau value at high [MV2+]. The concentration of
MV2+ to reach the plateau and the maximum value of kobs increases with
increasing [RS¯] in the system. This maximum kobs indicates a fast capture of

reducing radicals by MV2+, so that the rate determining step becomes the  reaction
producing the reducing radical. With 2x10-3 M-1 MV2+, the maximum kobs is

observed at [RS¯] ranging from 1x10-5 M to 3x10-4 M for CysSH, 1x10-4 M to
1x10-3 M for HCysSH and 1x10-4 M to 2x10-3 M for GSH. Plots of the build-up rate
of MV•+ versus [RS¯] in the above range are linear with distinct intercepts as
shown in Figure 4.1D. These intercepts clearly indicate that a second reducing
radical is formed concomitantly with RSSR•¯. The rate of build-up of MV+•
follows equation 4.7.

kobs = k4.4 + k4.3[RS¯]                                          (4.7)

Thus the slopes and intercepts in Figure 1D yield the corresponding second-order
rate constants of reaction 4.3 (k4.3) and the first-order rate constants of
intramolecular transformation of the thiyl radical (k4.4), respectively.

Table 4.1 lists the rate constants for the reactions of the three thiyl radicals
measured in this work.
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Table 4.1. The rate constants for the thiyl radical reactions determined in this
work.

Reaction CysS¯ HCysS¯ GS¯

k4.1 (N3• + RS¯)                  [M-1s-1] 4.4x109 4.1x109 4.7x109

k4.2 (eaq¯ + RSSR)            [M-1s-1] 4.2x109 4.5x109 2.0x109

k4.3 (RS• + RS¯)                  [M-1s-1] 1.2x109 5.4x108 4.5x108

k-4.3 (RSSR•¯—›RS•+RS¯)     [s-1] 1.7x106 9.0x105 2.0x105

k4.4 (RS• —› •CS )                        [s-1] 2.5x104 2.2x105 1.8x105

k4.5 (RSSR•¯ + MV2+)      [M-1s-1] 1.5x109 1.9x109 2.2x109

k (RS• + NH2CH2CO2¯) [M-1s-1] 3.2x105

k (RS• + NH2CHCH3CO2¯) [M-1s-1] 7.7x105

K(4.3) 706 600 2250

The rate constants (k4.4) of intramolecular hydrogen transformation of the

thiyl radicals forming the α-amino-α-carboxyl carbon-centered radicals for CysSH,
HCysSH and GSH are measured at 2.5x104 s-1, 2.2x105 s-1 and 1.8x105 s-1,
respectively. The large difference in k4.4 for HCysSH, GSH and CysSH indicates

that molecular geometry greatly influences the rate of intramolecular hydrogen
abstraction reactions.

4.2. The Equilibrium Between the Glutathione Thiyl Radical (GS•) and the αα-
Amino-αα-Carboxyl Carbon-Centered Radical (Paper II)

The thermodynamic driving force for the hydrogen abstraction by the thiyl
radical from the α-amino-α-carboxyl C-H bond is that the bond enthalpy of the
latter is substantially weaker than the S-H bond. Equilibrium 4.4 is driven far to
the right. Upon protonation of the α-amino group, the C-H bond becomes so
strong that the reaction is no longer feasible. However, it is important to note that
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the pKa of the group α-to the carbon-centered radical is very different from that of

the parent molecule. This can be seen in scheme 4.4 where the equilibria of related
species are illustrated in two thermochemical cycles.
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The pKa of the ammonium group of the thiyl radical A is about 9.6, while that of

the α-amino-α-carboxyl carbon-centered radical B is 6.7, and protonation occurs at
the carboxyl group (radical D), as measured by EPR experiments.41 The α-
ammonium pKa of this radical is even lower (-8.4) according to thermochemical

estimation.42 Note that only equilibria 4.5 and 4.6 are pH dependent.

In the thermochemical cycles shown in scheme 4.4, the equilibrium constant
K is related to the change in free energy of the reaction (�G°) and the standard
one-electron reduction potential of the couple (�E°(A•, H+/AH)) by  equation
4.10.

�G° = - F �E° = - RTlnK                               (4.10)

Thus equilibrium constant K4.8 can be estimated from the difference in the free
energies of formation, �fG°(aq), of the glycine species, NH2CH2CO2H and
+NH3CH2CO2¯. The latter are given as -81.3 kcal/mol and -88.7 kcal/mol

respectively42, and �G°4.8 is ca 7.4 kcal/mol. One may calculate the values of
�G°4.5 and �G°4.6 from the known pKa values. In this work, the other two

unknown values have been experimentally derived.

The α-amino-α-carboxyl carbon-centered radicals are known mainly to
undergo disproportionation or combination reactions (scheme 4.5).43
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The imino acid derivative formed in the disproportionation reaction hydrolyses
spontaneously, liberating ammonia and an α-keto acid derivative. Therefore the
ammonia yield, G(NH3), formed following the formation of thiyl radicals should

be a quantitative measure of the α-amino-α-carboxyl carbon-centered radical
formation.

Another useful analysis is to determine the consumption of the free thiol
group G(-RSH) upon one-electron oxidation of the thiols. Scheme 4.5 illustrates
that disproportionation of the α-amino-α-carboxyl carbon-centered radicals
reforms a thiol and produces an α-keto acid derivative, which also possesses a free
thiol group. The dimerization products of α-amino-α-carboxyl carbon-centered
radicals also have free thiol groups. The consumption of free thiols can be
measured by Ellman's method.

In this work, extensive product studies are undertaken on γ-irradiation of
N2O saturated aqueous glutathione solutions. Special attention is paid to the pH

dependence of the oxidative deamination (as measured by an ammonia probe) and
thiol group consumption (as determined by Ellman's method, see technique
description). In figure 4.2, the pH dependence of ammonia formation (A) and the
consumption of free thiol group (B) with varying concentrations of GSH are
shown.
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As seen from figure 4.2A there is a persistent formation of ammonia at alkaline and
neutral pH with G-values around 2.5 - 2.9. Based on the reasonable assumption
that ammonia is formed exclusively by oxidation of α-amino carbon-centered
radicals in a bimolecular radical process, these G values imply that at least 80% -
95% of the initial OH• radicals are converted into α-amino carbon-centered
radicals via the thiyl radical transformation. The G(NH3) decreases dramatically at

acidic pH. In figure 4.2B, the consumption of the free thiols shows the opposite
curvature. The levels of the G(-RSH) curve increase with increasing glutathione
concentration. This increase is mainly attributed to GSSG formation due to
oxidation of GSH by hydrogen peroxide.

The question here is whether the decrease in ammonia formation and the
increase of free thiol consumption can be interpreted as being governed by
thermodynamic or kinetic factors. If the pKa of radical D were much lower than
the pH at which the ammonia yield is halved (i.e., pKa < 5.5), the shape of G(NH3)

versus pH would reflect the pH-dependent equilibrium of radical C and B.
However, as the pKa of the glycine radical, which should be similar to that of B, is

reported to be 6.7,41 and the decrease in ammonia yield occurs well below this pH
value, we have to infer kinetic reasons. As shown in scheme 4.4, below the pKa of

the carbon-centered radical B, the thermodynamic pH-independent equilibrium 4.7
is reached. Kinetically, equilibrium 4.7 is more slowly established as the pH
decreases. At a certain pH, equilibration comes into competition with thiyl radical
bimolecular recombination reactions.

As to the ammonia formation curve, we note that below pH 6.7, the pKa4.6,

ammonia formation is still at its near plateau value. This implies that at least 90%
of the glutathione thiyl radicals have been transformed into α-amino-α-carboxyl
carbon-centered radicals via equilibrium 4.7. We derive that K4.7 is larger than 10,
i.e. pK4.7 is less than -1. Since the equilibrium constants K4.4 and K4.9 are related
to K4.7 in the following relations,

pK4.4 = pK4.7 - pKa4.5  + pKa4.6                 (4.11)

pK4.9 = pK4.7 - pK4.8                                     (4.12)

pK4.4 must be less than -4, i.e. K4.4 is larger than 104. As �G°4.8 is 7.4 kcal/mol,
i.e. pK4.8 = -5.4, it follows that pK4.9 is less than -6.4, i.e. K4.9 is larger than

2.7x106.
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The reduction potentials of alkylthiyl radicals E°(RS•, H+/RSH) are well
determined in aqueous solutions to be 1.36 V vs NSE.44,45 Using equation 4.10, we
calculate that E°(NH2(C•)RCO2¯, H+/NH2CHRCO2¯) and E°(NH2(C•)RCO2H,

H+/NH2CHRCO2H) are lower than 1.12 V and 0.98 V vs NHE, respectively.

The gas phase bond dissociation energy is related to the standard reduction
potential by equation 4.13.46,47

BDE(A-H, in kcal/mol) = 23.1 E°(A•, H+/AH) + C                      (4.13)

where C is a constant of which the value is usually similar for a family of
compounds. The strength of a typical alkyl S-H bond in the gas phase is measured
to be 87.4 kcal/mol.48 Assuming similar entropies and hydration free energies for
radicals A & B, and E & D, respectively, the strength of the C-H bond α to the NH2
and CO2¯ groups is thus less than 81.9 kcal/mol, and that of the C-H bond α to
the NH2 and CO2H groups is estimated to be less than 78.6 kcal/mol.

4.3. The Fate of Glutathione Thiyl Radicals in Biological Anaerobic and Aerobic
Systems (Paper II and III)

Glutathione is the most abundant non-protein thiol in cells. The glutathione
thiyl radicals formed upon repair reactions are considered to be potential oxidants,
as discussed in section 2. Thus the fate of glutathione thiyl radicals in biological
systems is an open question. This work clearly shows that under anaerobic
conditions and at physiological pH (ca 7.5), glutathione thiyl radicals disappear
mainly through intramolecular transformation to form α-amino-α-carboxyl carbon-
centered radicals (B and D), which subsequently form ammonia and glutathione α-
keto acids. The effective rate constant k'4.4 of this intramolecular transformation

follows equation 4.14.

k'4.4 = k4.4 * [1+10(pKNH3-pH)]-1 * {1+K4.3[GSH] [1+10(pKSH-pH)]-1}-1      (4.14)

At physiological pH 7.5, the last term in the equation is only important when very
high concentrations of GSH (> 0.01 M) are present.6 As shown, the value of k'4.4
depends on the pH and the concentration of GSH. With pKNH3+ = 9.6, pKSH = 9.2,

K4.3 = 2000 and GSH concentration of 10-3 M, at pH 7.5, k'4.4 is 1.5x103 s-1.
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When oxygen is present, the mechanism becomes more complicated.
Possible reactions are shown in scheme 4.6.
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Equilibrium 4.15 is established with k4.15 = 2x109 M-1 s-1 and k-4.15 = 6x105 s-1.28

Reactions 4.16 and 4.17 are one way reactions with rate constant of ca. 1x109 M-1s-
1.49 The rate constant k4.18 is less than 106 M-1s-1. The overall fate of GS• is
controlled by the effective rates k'4.4, k'4.16 and k'4.18 which can be expressed by

the following equation:

k(-RS•) = k'4.4 + k'4.16 + k'4.18                                              (4.15)

where

k'4.4 = k4.4 [1 + 10(pKNH3-pH)]-1                                              (4.16)

k'4.16 =  k4.16 K4.3 [O2] [GSH] [1 + 10(pKSH-pH)]-1               (4.17)

k'4.18 = k4.18 K4.15 [O2] [GSH]                                                  (4.18)

There are three factors controlling the fate of thiyl radicals in the system: pH,
oxygen concentration and glutathione concentration. At physiological pH 7.4, the
equation can be written as k'4.4 + k'4.16 + k'4.18 = 103 + 1010 [O2] [GSH] + 109[O2]

[GSH]. When [O2] [GSH] < 10-7, reaction 4.4 becomes the main pathway of thiyl

radical consumption in the system. When [O2] [GSH] > 10-7, reaction 4.16

dominates at pH 7.4, and reaction 4.18 accounts for only 10 % of thiyl radical
consumption. With increasing pH, reaction 4.18 becomes less important, so
depending on the concentrations of O2 and GSH, reactions 4.4 or 4.16 gain in
importance, producing the superoxide radical anion O2•¯ as the product.

The distribution of glutathione in cells is not homogeneous, but
concentrations in the range 1 to 2 mM are common. The oxygen concentration
within living cells is also variable. It can decrease from cell membrane to the
oxygen-consuming mitochondria.50 Thus, when both glutathione and oxygen
concentrations are low, equilibrium 4.4 is one of the principal pathways of
removing glutathione thiyl radicals in biological systems.

5. The Aroylthiyl and Acylthiyl Radicals (Papers IV - VI)



62

The free radical chemistry of acyl thiyl (RC(O)S•) and aroyl thiyl
(ArC(O)S•) radicals is not well known. This is reflected in the literature, in that
their thermochemical and kinetic data are often absent in compilations of
properties of thiyl radicals.3,4 This is in contrast to their oxygen counterparts, the
aroyloxyl (ArC(O)O•) and the acyloxyl (RC(O)O•) radicals for which their free
radical chemistry has been a subject of interest and studied for a long time.11-16

One characteristic and well studied reaction of the ArC(O)O• and RC(O)O•
radicals is their ß-fragmentation, forming the corresponding aryl (Ar•) and alkyl
(R•) radicals, respectively, and carbon dioxide.
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The rate constant for the ß-fragmentation of PhC(O)O• radicals is 2x106 s-1 in
CCl4,15 while that of CH3C(O)O• radicals is 1x109 s-1.51,52 For the PhC(O)S• and
CH3C(O)S• radicals, similar reactions are expected.
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In paper IV, a study of the one-electron oxidation of benzoylthiolate
(PhC(O)S¯) in aqueous solutions by means of both pulse radiolysis and steady
state γ-radiolysis is initiated. The resulting benzoylthiyl (PhC(O)S•) radical shows
a broad absorption band in the wavelength region from 350 to 500 nm. The
PhC(O)S• radical does not react with the thiolate (PhC(O)S¯) to form the
disulphide radical anion (PhC(O)SSC(O)Ph¯•). The lifetime of the PhC(O)S•
radical is sufficiently long, hence its one-electron reduction potential can be
determined by pulse radiolysis. The ß-fragmentation (reaction 5.3) of the PhC(O)S•
radicals occurs as evidenced by both kinetic analysis upon pulse radiolysis and
product identification by GC-MS.

Following the well defined mechanism for the PhC(O)S• radicals in paper
IV, and by similar experimental techniques, the spectroscopic characteristics and
the one-electron reduction potential of acetylthiyl radicals (CH3C(O)S•) are

determined in paper V. The kinetics and the thermodynamics of the ß-
fragmentation of the CH3C(O)S• radicals are examined. It is found surprisingly

that, unlike for their oxygen counterparts, the kinetics of ß-fragmentation of the
CH3C(O)S• radical is rather similar to that of the PhC(O)S• radical. The energetic

reasons behind this interesting difference between the thiyl and the oxyl radicals
are speculated upon.

In paper VI, reduction potentials and kinetics of the ß-fragmentation of 4-
substituted benzoylthiyl radicals (4-XPhC(O)S•), where X is CH3, CH3O, H, CN
and CF3, are determined. Dissociation constants (pKas) of 4-substituted

thiobenzoic acids (4-XPhC(O)SH) are measured by a spectroscopic method. It is
found that the above measured values are affected by the substitution which
follows the electronic withdrawing and donating character of the substituent,
although the variation is not very large. The properties of these thiyl radicals are
discussed and compared with their oxygen counterparts, the 4-XPhC(O)O•
radicals.

5.1. One-Electron Reduction Potential of the Aroylthiyl and Acylthiyl Radicals

The azide radical (N3•) oxidizes benzoyl thiolate (PhC(O)S¯) with a rate

constant of 6x109 M-1s-1. At high concentrations of both N3¯ (1 - 0.1 M) and
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PhC(O)S¯ (> 5x105 M), equilibrium 5.5 is established before any significant radical
decay can occur.



68



69

The one-electron reduction potential of the PhC(O)S• radical is therefore obtained
from equilibrium 5.5, and the well defined reduction potential E°(N3•/N3¯) of

1.33V.23 The reduction potentials for the CH3C(O)S• and 4-XPhC(O)S• radicals are

measured by the same method.

The standard reduction potential of the acylthiyl radical can be calculated
using equation 5.6, provided the pKa of the corresponding thiol acid is known.

E°(A•, H+/AH) = E°(A•/AH) + 0.059 pKa                   (5.6)

The gas phase bond dissociation energies (BDEs) of acyl thiols are thus
calculated following equation 5.7.46,47

BDE(A-H, in kcal/mol) = 23.1 E°(A•, H+/AH) + 56               (5.7)

where the constant 56 kcal/mol is obtained by knowing the reduction potential of
the alkylthiyl radicals to be 1.37 V,20 and the strength of a typical alkyl S-H bond in
the gas phase to be 87.4 kcal/mol.48

A summary of pKas, reduction potentials and BDEs of the species obtained

in this work, along with some literature values for other types of thiols and their
corresponding oxygen counterparts are given in table 5.1.
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Table 5.1. Summary of the values of pKa, reduction potential E° in V, and BDE

in kcal/mol for thiols and their oxygen counterparts.

Species pKa(a) E°(A•/A¯) E°(A•,
H+/A¯)

BDE

RS-H 9.6 0.8c 1.37c 87.4g

PhS-H 6.6 0.69d 1.08d 80d

CH3C(O)S-H 3.35b 1.22 1.42 88.6

PhC(O)S-H 2.48b 1.21 1.36 87.4

CH3O-H 15.1 ~1.16e ~2.05e 104.4h

PhO-H 10.0 0.79f 1.38f 86f

CH3C(O)O-H 4.75 ~1.9e ~2.2e 106.4h

PhC(O)O-H 4.19 ~2.0e ~2.2e 105.4i

4-CH3PhC(O)SH 2.6 1.19 1.34 87

4-CH3OPhC(O)SH 2.8 1.17 1.34 87

4-CF3PhC(O)SH 1.37 1.36 1.36 87

4-CNPhC(O)SH 1.43 1.23 1.31 86

a. Reference 53; b. Reference 54; c. Reference 20; d. Reference 9; e. Estimated; f.
Reference 45; g. Reference 48; h. Reference 55; i. Reference 56.

Table 5.1 shows that, in general S-H bonds in thiols are weaker than the
corresponding O-H bonds in their oxygen counterparts. The one-electron reduction
potentials of acylthiyl radicals are much higher than those of alkylthiyl and
arylthiyl radicals. Because of their low pKa values, however, the BDEs of S-H

bonds of acyl thiols are very close to those of normal alkyl thiols. It is also found
that a substitution of the methyl for a phenyl in acetic acid and thiol acetic acid has
very little effect on the respective O-H and S-H bond strengths. Similarly, para
substitutions in the thiol benzoic acid have little effect on the S-H bond strengths.
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5.2. The ß-Fragmentation Reactions of Aroylthiyl and Acylthiyl Radicals

In the pulse radiolysis experiments, the PhC(O)S• radicals decayed by
mixed first and second order kinetics within the dose range applied. The first
order decay is attributed to reaction 5.3, while the second order decay is due to
radical recombination reactions which always exist as competing reactions. In our
experiments, the rate of the initial part of the decay is plotted against its maximal
optical density which should be proportional to the doses applied. By
extrapolating the straight line to zero dose, the intercept should represent the first
order component k5.3. The decay rate is also found to be independent of pH in the
pH range 2 - 14. The rate constant k5.3 is measured over a range of temperatures

(10 - 60 °C). Thus the temperature dependence (Arrhenius equation) for reaction
5.3 is obtained. For the CH3C(O)S• and the 4-XPhC(O)S• radicals, similar

techniques are used to obtain the rate constants and the temperature dependences
of their ß-fragmentation reactions. The standard enthalpy change of the ß-
fragmentation reactions can be calculated if one knows the standard enthalpies of
formation of radical reactants and products. In table 5.2, the experimental values
for the PhC(O)S• and the CH3C(O)S• radicals, along with the literature values for

their oxygen counterparts, are summarized.

Table 5.2. Summary of kinetics, Arrhenius parameters and enthalpy change for
the ß-fragmentation reactions of the PhC(O)O•, CH3C(O)O•, PhC(O)S• and

CH3C(O)S• radicals.a

Reaction Arrhenius Parameterb k(23 °C)b �H°ß-frag

5.1 log (k) = (12.6±0.1) - (8.6±0.3)/θc 2x106 (CCl4)c 1.9 ± 1

5.2 ~ 1x109

(CH3OH)d
-9.0 ± 1

5.3 log (k) = (12.3±0.1) - (11.4±0.2)/θ 8.5x103 8.2 ± 2

5.4 log (k) = (12.3±0.1) - (10.1±0.2)/θ 6.6x104 7.3 ± 0.2

a. All unit in kcal/mol. b. Rate constant k in s-1, θ = 2.3RT kcal/mol. c. Reference
14. d. Reference 15.
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The rate constant for the ß-fragmentation of the 4-XPhC(O)S• radicals are
determined at 6.2x103, 4.1x103, 1.7x104, 1.7x104 s-1 for X being CH3, CH3O, CF3,

CN, respectively.

It is shown that ß-fragmentation of acylthiyl radicals is energetically less
favoured than that of the acyloxyl radicals. This is mainly because the �-bond in
OC=S is weaker than in OC=O. This is reflected in the kinetics, where ß-
fragmentation of the acylthiyl radicals is slower than that of acyloxyl radicals.
However, a surprising finding is that CH3C(O)S• radical ß-fragmentation is only
10 times faster than that of the PhC(O)S• radical, while the CH3C(O)O• radical ß-

fragmentation is about 103 times of that of the PhC(O)O• radical. Correspondingly
the enthalpy change (�H°ß-frag) for the PhC(O)S• and the CH3C(O)S• radicals
are rather close to each other while that of the CH3C(O)O• and PhC(O)O• radicals

are different by about 11 kcal/mol.

This apparent discrepancy is not yet completely understood. The stability of
the radicals CH3• and Ph• can be looked upon in terms of radical stabilization
energy, i.e. the half of the BDEs of a symmetrical and nonpolar C-C bonds in CH3-

CH3 and Ph-Ph.57,58 Because the C-C bond energy in CH3-CH3, and Ph-Ph are 89.9

and 114.5 kcal/mol, respectively,59 the stability of CH3• versus Ph• is 12.3

kcal/mol. This suggests that the 11 kcal/mol higher C-C bond energy of
PhC(O)O• as compared to that of CH3C(O)O• is mainly attributable to the
difference in stability of the CH3• versus Ph• radical. It also indicates that there is

little interaction between the carbonyl group and the aromatic ring through the C-
C bond. The rather similar C-C bond energies in CH3-C(O)S• and Ph-C(O)S•

radicals thus indicate that there is strong interaction between the carbonyl group
and the methyl group or the aromatic ring.

From the structural point of view, the acylthiyl radicals (RC(O)S•) differ
from the acyloxyl radicals (RC(O)O•) in that the radicals of the former are more
localized on the sulphur atom, while the radicals of the latter are delocalized into
the two equivalent oxygen atoms. In chart 5.1, some possible radical canonical
structures of CH3C(O)O•, PhC(O)O•, CH3C(O)S• and PhC(O)S• are shown.
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In structure (I) and (III), the electron withdrawing character of the carbonyl groups
in CH3C(O)O• and PhC(O)O• are "diluted" due to the resonance hybridization of

the two oxygens. Furthermore, the symmetrical character of the C(O)O• moieties
in the CH3C(O)O• and PhC(O)O• radicals may allow easy rotation of the C-C

bonds, which hinders group interaction through the bonds. Thus, the canonical
structures (II) and (IV) are less important. In the CH3C(O)S• and PhC(O)S•

radicals, where one oxygen in the carboxyl groups is replaced by a sulphur, the
symmetry is lost. The rotation of the C-C bonds becomes difficult as the radicals
are mainly localized on large sulphur atoms. As shown in chart 5.1, the zwitterion
structures of the CH3C(O)S• (VI) and the PhC(O)S• (VIII) radicals become

important due to the strong electron withdrawing carbonyl group. The C-C bonds
in CH3-C(O)S• and the Ph-C(O)S• radicals have some double bond character,

which may strengthen the bonds and disguise the difference in stability between
CH3• and Ph• radicals.

The rate constants for the ß-fragmentation of the 4-XPhC(O)S• radicals are
slightly affected by the substitution which follows the electronic withdrawing and
donating character of the substituent. Large substitution effect is not expected since
even the difference in rate of the ß-fragmentation between PhC(O)S• and
CH3C(O)S• radicals is not large.
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6. Summary

Reactions following one-electron oxidation of CysSH, HCysSH and GSH in
aqueous solutions are observed, and their kinetics are investigated by means of
pulse radiolysis. The intramolecular hydrogen abstraction of thiyl radicals from α-
amino-α-carboxyl C-H bonds is found to be general for the three investigated, with
their rate constants greatly influenced by molecular geometry.

The equilibrium constant for intramolecular hydrogen transfer from α-
amino-α-carboxyl C-H bond to the glutathione thiyl radical is found to be larger
than 104 as evidenced by ammonia formation and thiol consumption. Thus, based
on reduction potential E°(RS•,H+/RSH) being 1.36 V, E°(NH2(C•)RCO2¯,

H+/NH2CHRCO2¯) and E°(NH2(C•)RCO2H, H+/NH2CHRCO2H) are derived

as lower than 1.12 V and 0.98 V vs NHE, respectively. The strength of the C-H
bond α to the NH2 and CO2¯ groups is thus less than 81.9 kcal/mol, and that of
the C-H bond α to the NH2 and CO2H groups is estimated to be less than 78.6

kcal/mol.

These findings open new insights into the mechanism of repair reactions of
glutathione in biological systems. They also provide the thermochemical grounds
for elucidating the mechanisms of some enzymatic reactions.

One-electron reduction potentials of acylthiyl, including acetylthiyl,
benzoylthiyl and 4-substituted benzoylthiyl radicals, and the S-H bond enthalpies
of the respective acyl thiols are determined. It is found that the reduction potentials
and the S-H bond enthalpies are little affected when the methyl group in thiol
acetic acid is substituted by a phenyl group and when substituents are introduced
in the para position of thiobenzoic acid.

The ß-fragmentation reactions of acetylthiyl, benzoylthiyl and 4-substituted
benzoylthiyl radicals are observed, with their kinetics and thermodynamics
determined and evaluated along with those of their oxygen counterparts. It is
found that, unlike for their oxygen counterparts, the kinetics of ß-fragmentation of
the CH3C(O)S• radical is rather similar to that of the PhC(O)S• radical. The

energetic reasons behind this interesting difference between the thiyl and the oxyl
radicals are discussed.
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