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5.1
General Remarks

Reactive free radicals such as •OH or the eaq
− react with many inorganic anions 

leading to inorganic radicals which have properties not given by the precursor 
radicals. For this reason, these inorganic radicals have been used with advan-
tage, also in DNA research, to create and study free-radical intermediates other-
wise either not accessible or only formed in low yields in competition with other 
reactions. A typical example is the specific formation of damaged G sites in DNA 
by using inorganic radicals as the oxidant (Martin and Anderson 1998; Milligan 
et al. 2000, 2002; Chap. 12.3).

5.2
Formation of Inorganic Radicals 
and Their Dimeric Radical Anions

Hydroxyl radicals react with many halide (pseudohalide) ions at close to diffu-
sion-controlled rates thereby forming a three-electron-bonded adduct radical 
[e.g., reaction (1); k = 1.1 × 1010 dm3 mol−1 s−1; Zehavi and Rabani 1972]. These 
adducts may decompose into OH− and the halide (pseudohalide) radical which 
then complexes with another halide (pseudohalide) ion yielding the dihalogen 
radical anion [reactions (2) and (3); k2 = 4.2 × 106 s−1; k3 ≈ 1010 dm3 mol−1 s−1; for 
resonance Raman spectra of such intermediates, see Tripathi et al. 1985].

•OH  +  Br−  →  HOBr•− (1)

HOBr•−  →  Br•  +  OH− (2)

 (3)

They are held together via a weak σσ* three-electron bond. This mechanism 
adequately describes the reactions of Br−, I−, SCN− and N3

−. Equilibrium con-
stants are compiled in Table 5.1, where it can be seen that even at moderate ha-
lide (pseudohalide) concentrations the equilibrium is shifted to the right [cf. 
reaction (3); for a direct determination of the forward reaction, see Nagarajan 
and Fessenden 1985].

A number of mixed complexes have also been characterized (Schöneshöfer 
and Henglein 1969, 1970; Schöneshöfer 1969, 1973; Ershov et al. 2002). In this 
context, it is interesting that Cl• also undergoes a weak three-electron bond with 
water (Sevilla et al. 1997).

Similar hypervalent iodine radicals (9−I−2) are formed in the reaction of al-
kyl radicals with alkyliodides (R• + RI → R2I•), and as an intramolecular com-
plex they are stable enough that a reaction with O2 is only low (Miranda et al. 
2000). Such 9−X−2 radicals have also been postulated as intermediates in the 
reduction of alkylhalides by α-hydroxyalkyl radicals (Lemmes and von Sonntag 
1982).
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In basic and neutral solutions, Cl• is a stronger oxidant than •OH (cf. Ta-
ble 5.2), and the formation of Cl2

•− only proceeds in acid solution [reactions (4) 
and (5); Anbar and Thomas 1964]. Details of this very complex situation and the 
involvement of equilibrium (6) have been redetermined (Buxton et al. 1998). It is 
evident that the even more strongly oxidizing fluorine atom cannot be produced 
this way.

 (4)

HOCl•−  +  H+  →  H2O  +  Cl• (5)

 (6)

An exception is the reaction of •OH with the cyanide ion. Its •OH adduct rapidly 
protonates even at high pH, but in this reaction the cyanide radical is not formed 
because of its very high reduction potential (Wardman 1989). It rather under-
goes an enol→keto tautomerization [overall reaction (7); Behar and Fessenden 
1972; Behar 1974; Büchler et al. 1976; Bielski and Allen 1977; Muñoz et al. 2000].

•OH  +  CN−  +  H2O  →  •C(O)NH2 (7)

Since bicarbonate/carbonate are omnipresent, it is of special interest that •OH 
also reacts with these ions, yielding the oxidizing CO3

•− radical [reactions (8 and 
9); k8 = 3.9 × 108 dm3 mol−1 s−1, k9 = 8.5 × 106 dm3 mol−1 s−1; Buxton and Elliot 
1986], i.e. bicarbonate is about 40 times less reactive.

•OH  +  CO3
2−  →  OH−  +  CO3•− (8)

Table 5.1. Compilation of equilibrium constants of some dimeric radical anions

Dimeric radical 
anion

Equilibrium constant/dm3 
mol−1

Reference

Cl2•− 6.0 × 104

1.4 × 105
Buxton et al. (1998); 
Yu and Barker (2003)

Br2
•− 3.9 × 105 Liu et al. (2002)

I2•− 1.1 × 105 Baxendale et al. (1968); 
Schwarz and Bielski (1986)

(SCN)2
•− 2 × 105 Baxendale et al. (1968); 

Buxton and Stuart (1995)

N6
•− 0.33 Alfassi et al. (1986)



•OH  + HCO3
−  →  H2O  + CO3

•− (9)

The CO3
•− radical is characterized by a strong absorption at 600 nm (ε ≈ 2000 dm3 

mol−1 cm−1) (Weeks and Rabani 1966; Zuo et al. 1999). This absorption does not 
change between pH 0 and 13 (Czapski et al. 1999; Zuo et al. 1999; see, however, 
Eriksen et al. 1985). Nevertheless, the pKa value of HCO3

• [equilibrium (10)] con-
tinues to be debated, and pKa values between 7 and 9.6 have been reported (Chen 
and Hoffman 1972; Chen et al. 1973; Eriksen et al. 1985; Zuo et al. 1999). Howev-
er, there is now increasing evidence (Bisby et al. 1998; Czapski et al. 1999) that it 
must be much lower, <0 (Czapski et al. 1999), and hence it is more acidic than its 
parent [pKa(H2CO3) = 3.5]. For a detailed discussion, see Czapski et al. (1999).

 (10)

The reaction of •OH with nitrite yields •NO2 [reaction (11); k ≈ 1 × 1010 dm3 mol–1 
s–1], but also the reaction of eaq

− with nitrate leads to •NO2 via a short-lived ad-
duct, NO3

•2− [reaction (12); k = 9.7 × 109 dm3 mol−1 s−1]. The latter subsequently 
decays into •NO2 [reaction (13); k = 4.6 × 103 s−1 ; Alfassi et al. 1998].

•OH  +  NO2
−   →  OH−  +  •NO2 (11)

eaq
−  + NO3

−  →  NO3
•2− (12)

NO3
•2−  +  H2O  →  •NO2  + 2OH− (13)

The sulfate radical anion, SO4
•−, can be formed from peroxodisulfate, S2O8

2−, 
photolytically [reaction (14)] or by its reaction with eaq

− [reaction (15); k = 1.2 
× 1010 dm3 mol−1 s−1] and •H [reaction (6); k = 1.4 × 107 dm3 mol−1 s−1]. For the 
photolytic generation, one has to take into account that peroxodisulfate absorbs 
only weakly in the UV with absorption coefficients very close to that of H2O2 
(Chap. 2.4). However, its decomposition can be sensitized by triplet acetone (ace-
tone reacts only slowly with SO4

•−). As measured by photoacoustic calorimetry, 
the reaction volume  and enthalpy changes for reaction (14) are 8.9 ml mol−1 and 
120 kJ mol−1, respectively (Brusa et al. 2000). Compared to H2O2, peroxodisulfate 
has a rather weak O−O bond, and this is reflected by its ready cleavage which can 
also be induced thermally (Strasko et al. 2000) at temperatures, where H2O2 does 
not yet show any noticeable decomposition (Chap. 2.4).

S2O8
2−  + hν  →  2SO4

•− (14)

S2O8
2−  + eaq

−  →  SO4
•−  +  SO4

2− (15)

S2O8
2−  + •H  →  SO4

•−  +  HSO4
− (16)

The SO4•− radical is one of the strongest oxidants (cf. Table 5.2), and in the pres-
ence of Cl− it is in equilibrium with Cl• [reaction (17); K = 2.9 (Buxton et al. 1999), 
K = 1.5 (Yu et al. 2004)].
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 (17)

The phosphate radical, PO4•2−, is related to SO4•−. It may be similarly generated 
photolytically or radiolytically from peroxodiphosphate (Maruthamuthu and 
Neta 1977, 1978; Maruthamuthu 1980; Kumar and Adinarayana 2000). Its reduc-
tion potential is lower than that of SO4•−, that is, the latter reacts with phosphate, 
although the rate of reaction is only slow (with HPO4

2− k = 1.2 × 106 dm3 mol−1 
s−1, with H2PO4

− k < 7 × 104 dm3 mol−1 s−1; Maruthamuthu and Neta 1978). Its 
reactions are of some interest in the context of DNA free-radical chemistry, since 
in DNA this type of radical may be formed upon oxidation of the phosphate 
groups, for example, by ionizing radiation (direct effect) or photoionization at 
short wavelengths.

The H2PO4• radical has pKa values of 5.7 and 8.9, and the oxidation power 
decreases in the order SO4•− > H2PO4• > HPO4•− > PO4•2− (Maruthamuthu and 
Neta 1978). The H2PO4• radicals abstract H-atoms at slightly higher rates than 
SO4•−, and in their addition reactions they are similarly electrophilic (ρ = −1.8) 
as the SO4•− radical (Maruthamuthu and Neta 1977).

When generating the di(pseudo)halide radical anions radiolytically, one has 
to keep in mind that the halide ions do not react with •H, but HN3/N3

− does. Orig-
inally, it has been suggested that N3• and H2 are formed (Alfassi et al. 1986), but it 
was later shown that it reacts according to reaction (18) (Deeble et al. 1990).

•H  +  N3
−  + H+  →  •NH2  +  N2 (18)

The SeO3•−, a Se(V) species with a high redox potential (cf. Table 5.2) can be pro-
duced radiolytically from Se(VI) upon reduction by eaq

− [reaction (19)] and from 
Se(IV) by •OH [reaction (20); Kläning and Sehested 1986].

SeO4
2−  +  eaq

−  →  SeO3•− (19)

SeO3
2−  +  •OH  → SeO3•−  +  OH− (20)

The SeO3•− radical has been used with advantage to oxidize DNA specifically at 
G sites (Martin and Anderson 1998; Milligan et al. 2002).

The strongly oxidizing •NO3 radical (E0 = 2.0 V vs. SCE in acetonitrile) can be 
generated photolytically in acetonitrile [reaction (21)].

(NH4)2Ce(NO3)6  +  hν  →  •NO3  +  (NH4)2Ce(NO3)5 (21)

It has been used to study the oxidative cleavage of Thy dimers (Krüger and Wille 
2001; Chap. 10.14).

All these radicals have oxidizing properties, but there are also some inor-
ganic radicals which have reducing properties (E < 0 V; cf. Table 5.2).

For example, H-abstraction from formate [reaction (22)], addition of •OH to 
CO [reaction (23)] or the reaction of eaq

− with CO2 [reaction (24)] yields the (re-
ducing) CO2

•− radical. The pKa value of its conjugate acid •CO2H [equilibrium 
(25)] continues to be in dispute. Using different approaches to determine its pKa, 



Table 5.2. Compilation of the reduction potentials of some inorganic radicals; values se-
lected by Wardman (1989). For further data, see also Das et al. (1999)

Couple E/V

F• 
/F− +3.60

•OH, H+/H2O +2.73

Cl•/Cl− +2.60

SO4
•−/SO4

2− +2.47

Cl2•−/2Cl− +2.30

Br•/Br− +2.00

•OH/OH− +1.90

O3, H+/HO3
• (pH 7) +1.80

SeO3
•−/SeO3

2− (pH 7) +1.77

Br2
•−/2 Br− +1.60

CO3
•−/CO3

2− +1.59

I•/I− +1.40

HO2
•, H+/H2O2 (pH 0) +1.48

(SCN)2
•−/2SCN− +1.33

N3
•/N3

− +1.30

•SH/SH− +1.15

O3/O3
•− (pH 11-12) +1.01

I2•−/2I− +1.05

NO2
•/NO2

− +1.00

HO2
•/HO2

− +0.79

O2(1∆g)/O2
•− +0.65

O2/O2
•− −0.33*

CO2/CO2
•− −1.90

aq/eaq
− −2.87
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values of 3.9 (Fojtik et al. 1970), 2.3 (Flyunt et al. 2001), 1.4 (Buxton and Sellers 
1973) and −0.4 (Jeevarajan et al. 1990) are reported in the literature. The rea-
son for these large discrepancies is not yet known. Nevertheless, the majority of 
these values suggest that •CO2H is more acidic than its parent, formic acid (pKa 
= 3.75).

•OH  (H•)  +  HCO2
−  →  H2O (H2)  +  CO2•− (22)

•OH  +  CO  →  •CO2H (23)

eaq
−  +  CO2  →  CO2•− (24)

 (25)

In radiolytic studies, CO2
•− is often used with some advantage as a precursor of 

the superoxide radical, O2
•− [reaction (26); Chap. 8.4].

CO2
•−  +  O2  →  CO2  +  O2•− (26)

5.3
Reduction Potentials of Inorganic Radicals

The redox properties of the inorganic radicals (for a compilation see Table 5.2) 
have been widely used to produce specifically certain radicals, notably radical 
cations and radical anions. It is worth mentioning that •OH, although it has a 
high redox potential, normally undergoes addition rather than one-electron 
transfer (ET) reactions (Chap. 3).

5.4
Reactions of Inorganic Radicals with Organic Substrates

In DNA free-radical chemistry, the strongly oxidizing radicals, notably SO4
•−, 

Br2
•− and N3

•, and transition-metal ions in high oxidation states, such as 
Tl2+, have often been used to produce one-electron-oxidized intermediates 
(Chap. 10.2). These inorganic radicals react very rapidly with many organic sub-
strates by forming adduct radicals. In the case of SO4

•−, for example, an adduct 
to a C−C double bond may precede ET. In fact, in the reaction with simple ole-
fins, such adduct radicals have been detected by EPR (Davies and Gilbert 1984). 
They also may form adducts via σσ* three-electron bonds, notably at sulfur 
and even nitrogen. Typical examples are the oxidation of thiolates by Br2

•− or 
I2

•− forming RSBr•− (RSI•−) as short-lived intermediates (Packer 1984) or with 
sulfides such as methionine (Hiller and Asmus 1981; Champagne et al. 1991). 
In proteins, Br2

•− has been used to study the transformation of the methionyl 



radical into the tyrosyl radical (Prütz et al. 1985a), and such an adduct must be 
formed in the first step.

Although Br2
•− has a higher redox potential than N3

•, it reacts notably slower 
(Neta et al. 1988). An explanation for this is provided by the Marcus theory for 
outer-sphere ET (Marcus 1993, 1999). According to this theory, the rate constant 
for ET between two redox partners, A and B, is given approximately by the simple 
expression k = (kex,A × kex,B × KA,B)1/2, where kex,A and kex,B are the rate constants 
for self-exchange for the two redox couples and KA,B is the equilibrium constant 
of the redox reaction. Clearly, for a common redox couple A, the rate constant 
will increase with increasing KA,B, i.e., increasing redox potential of redox couple 
B and also with increasing kex,B. The value of kex for Br2

•−/2Br− is so much small-
er than that for N3

•/N3
− that this effect outweighs by far the reverse effect of KA,B. 

In addition, N3
• appears in many cases to oxidize by way of an inner-sphere ET, 

which further increases the rate beyond what the Marcus theory would predict. 
As for experimental values for kex of main-group redox couples, only very few of 
them are known. One such couple is O2

•−/O2 for which kex has been determined 
to be 450 ± 160 (Lind et al. 1989). However, employing certain molecular param-
eters, such as bond lengths, vibration frequencies, ionic radii, etc., more or less 
accurate values for kex can be predicted by use of the Marcus theory.

The •NO2 radical (and also the CO3
•− radical) are of some biological interest 

(Augusto et al. 2002) because they play some role in the reactions of peroxyni-
trite (Chap. 2.4). For example, •NO2 oxidizes tyrosine to nitrotyrosine (Prütz et 
al. 1985b), and the latter has been considered a promoter of free-radical damage 
in DNA model systems (Prütz 1986). In this context, it may be of interest that 
CO3

•− reacts with a self-complementary ODN (k = 1.9 × 107 dm3 mol−1 s−1) exclu-
sively at G (by ET) (Chap. 11.2).

The dihalogen radical anions are electrophilic radicals [a correlation with 
the σ values of aromatic compounds gives ρ = −1.5 for Cl2

•− (Hasegawa and Neta 
1978) and ρ = −1.1 for Br2

•− (Kemsley et al. 1974)]. The temperature dependence 
of the rates of reaction of these and other inorganic radicals have been measured 
(Alfassi et al. 1990). The rates of reaction do not seem to correlate with the exo-
thermicity of the reactions. The variations in the rate constants appear more 
strongly dependent on changes in the pre-exponential factors rather than on 
changes in the activation energy.

Although the dihalogen radical anions mainly act as oxidants, in the reac-
tion of Br2

•− with phloroglucinol as much as 8% bromination has been observed 
(Wang et al. 1994), and in the reaction of Cl2

•− with fumaric acid the chlorine 
atom adduct has been detected by EPR (Chawla and Fessenden 1975). When their 
rate constant with a given substrate is low, it is also possible that the observed 
products are due to the reaction of the halogen atom which is always in equi-
librium with dihalogen radical anion. A case in point may be the reaction of 
Br2

•− with the pyrimidines (Cadet et al. 1983) and the reactions of Cl2
•−/Cl• with 

tBuOH (Mertens 1994), where the observed rate of reaction is very low (Hasega-
wa and Neta 1978), and even with benzene under certain conditions (Alegre et al. 
2000; for a discussion of chlorine atom reactions in organic solvents, see Ingold 
et al. 1990).
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With alcohols, the SO4
•− radical reacts by H-abstraction rather than by ET 

(Eibenberger et al. 1978). These reactions are rather slow (e.g., with tBuOH k 
=  8 × 105 dm3 mol−1 s−1; Redpath and Willson 1975; Buxton et al. 1999), and 
thus SO4

•− is considerably more selective than •OH (Gilbert et al. 1999). SO4
•− 

is always generated from S2O8
2−, and like H2O2 this peroxide readily reacts with 

reducing radicals such as derived from primary and secondary alcohols thereby 
inducing chain reactions with complex kinetics (Schuchmann and von Sonntag 
1988; Ulanski and von Sonntag 1999) but also with those derived from the py-
rimidine nucleobases (Chap. 10.2).
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