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The question whether hydroxyl free radicals are formed in the reactions of divalent iron complexes Fe(I1)L; 
L = edta; hedta; tcma (tcma = l-acetato-l,4,7-triazacyclononane) with hydrogen peroxide in neutral and 
slightly acidic solutions was studied by using the p elimination reaction as an assay for the formation of 
hydroxyl free radicals, .OH. The results show that at p H 4 . 5  the iron(I1)peroxide intermediate complex 
decomposesrapidly to yield free hydroxyl radicals for L=edta and hedta. This is in contrast to the mechanism 
of the corresponding Fe(I1)nta peroxide complex, which probably decomposes to form Fe(1V)nta which then 
reacts with organic substrates to yield aliphatic free radicals. Thus, the non-participating ligand L has an 
appreciable effect on the mechanism of reaction of the metal center with hydrogen peroxide. Blank 
experiments using ionizing radiation as the source ofCH2CR(CH,)OH, R = H or CH3 radicals indicate that 
when L = tcma intermediates of the type LFei1'-CH2CR(CH3)OH,, are formed, but their major mode of 
decomposition is not the /3 elimination reaction. Thus, the present assay for the formation of hydroxyl free 
radicals by the Fenton Reaction does not fit the latter system. 

KEY WORDS: Fenton, hydroxyl free radicals, Fe(II)(edta), Fe(II)(hedta). 

INTRODUCTION 

Free radicals play an important role in many biological'-5 and catalytic 
One of the major paths by which aliphatic free radicals are produced is via abstraction 
of a hydrogen atom from organic substrates by the hydroxyl free radical, .OH, reaction 
(1): 

RH + .OH -+ .R + H20 (1) 

The major sources of hydroxyl free radicals in biological systems are either ionizing 
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454 E. 1,UZZATTO ET A L  

radiation or the so-called "Fenton Like" (or "Modified Fenton")  reaction^,^. l 2  reaction 
(2): 

M"L + H202 + M'""'L + OH- + .OH (2) 

There is no doubt that the reaction of low valent transition metal complexes with 
peroxides leads to a variety of biological deleterious processes. Therefore, the invest- 
igation of its detailed mechanism has been the subject of many ~tudies. '~-~' The formation 
of the aliphatic free radical .R, is not a proof for the formation of .OH free radicals in 
reaction (2). The free radicals might be formed by a variety of alternative processes, e.g.2' 

MnL.H20faq + RH -+ M("")Laq + .R + OH- + H20 (3) 

Three general approaches are used to determine whether .OH free radicals are formed 
in reaction (2): 

1. The detection of .OH adducts to spin labelling compounds, e.g., DMPO. However, 
recent experiments point out that alternative mechanisms not involving .OH free 
radicals might lead to the formation the same adducts.** 
The use of .OH scavengers to inhibit a deleterious p r o ~ e s s . ~ ~ - * ~  The difficulties with 
this approach are: 
a. The use of free radicals .R formed in reactions (l), (3) and (4) might also induce 

the deleterious effect to some d e g ~ e e . ~ ~ - ~ '  The reactivity of different free 
radicals in these follow-up reactions are different. Therefore, the relative 
effectivity of two compounds RH as scavengers is not directly related to their 
rates of reaction with the .OH free radicals, even if the latter have been formed 
in the system. 

b. The "Fenton Like" reaction is a site specific and not a homogeneous process 
as it occurs where the transition metal complex is bound in the biological 
system.28 

Therefore, the efficiency of different scavengers is not expected to be directly 
related to their rates of reaction with .OH free radicals even if they have been formed 
in reaction (2). 

2. 

3. The measurement of the relative yields of the final organic products formed from 
the free radicals .R' and .R2, formed in reaction (l), (the free radicals .R' and .R2 
might be formed by the reaction of .OH radicals with a mixture of two organic 
substrates R'H/R2H, or by reacting with one organic compound RH at two 
different sites). The formation of the final products from the free radicals is often 
a complex, multiple-step process. Therefore, this assay is reliable only if both 
radicals .R' and .R2 have very similar chemical properties, and if one can prove 
that indeed the yield of the final products equals the yield of the primary free 
radicals. 

We have recently developed29 a new and simple assay for the detection of .OH free 
radicals, based upon the following reactions: 
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REACTION OF TRANSITION METALS WITH H202 455 

.OH + CH3CR'R20H (R= H, CH3) -+ CH2CR'R20H + H20 (5 )  

CHER'R20H + LM",, -+ LM"+'- CH2CR'R20Ha, (6) 

LM"+'- CH2CR'R20Haq + LM"+'aq + H2Ck CR'R2 + OH- (7) 

The relative yields of the alkenes produced when two alcohols are present are measured 
once in a N20 saturated solution containing both the ferrous and the ferric complexes 
irradiated by ionizing radiation (where clearly .OH free radicals are formed) and once 
by adding hydrogen peroxide to a solution with an identical composition. As the 
chemical properties of the -CH2CR'RZOH free radicals are very similar, this assay is 
usually not sensitive to solution composition. However, one has to demonstrate, prior 
to its application that the radicals .R' and .R2 are transformed into the corresponding 
alkenes in a full yield via reactions (6) and (7). 

In the present study we decided to apply this assay in order to check whether .OH 
free radicals are the major products of the reaction of Fe(I1)edta with H202. Fe(I1)edta 
was chosen as it is commonly used as a catalyst for the Haber-Weiss reaction, as a 
catalyst for reductively activated oxidations by dioxygen (the Udenfriend  reaction^)^' 
and especially for determination of DNA sequence using the latter reacti~n."-~' In all 
these systems, it is assumed that .OH free radicalsare being formed. However in a recent 
study we have shown that .OH free radicals are not the major product of the reaction 
Fe(I1)nta + H202,36 though nta is a ligand with very similar properties to those of edta. 

Different assays were used to determine whether .OH free radicals are formed in the 
reaction of H202 with Fe(1I)edta. Though conflicting reports were obtained, most 
studies indicate that indeed .OH free radicals are been formed in this reaction. 
Recently, the group of K ~ p p e n o l ' ~ * ' ~  reinvestigated the mechanism of this reaction. 
They concluded that .OH free radicals are not the major product of this reaction. 
However, in later using different assays, they concluded that indeed .OH 
free radicals are formed in this reaction. The different results concerning the detailed 
mechanism of thereaction of H202 with Fe(1I)edta were summed up in a recent review.21 

These contradicting conclusions are not surprising in view of the com licated 
mechanisms leading to the formation of the final products in the assays used. It was 
noted in the literature that a simpler assay is required in order to solve this problem.24 
It was decided, therefore, to use the assay described above, which was previously 
en-iployed for the analogous Fe(1I)nta system,36 for the study of the mechanism of the 
reaction of Fe(I1)edta with H202. 

has shown 
that it cannot occur via a simple one-step outer sphere process, reaction (2). Based on 
the thermodynamic analysis, the mechanism suggested must involve the formation of 
a transient metal-peroxide complex, e.g., LM".H202. The transient metal-peroxide 
complex decomposes via one of the following pathways: 

(8) 

E 

A detailed thermodynamic analysis of the modified Fenton 

LM".H202 + LM("C'),q + .OH + OH- or 

LM".H202 + RH + LM'"'",, + .R + OH- + H20 or (9) 
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456 E. LUZZATTO ET AL 

LM".H202 + LM'"'2',, + 20H- (10) 

As the results pointed out that the mechanism of reaction of Fe(I1)edta with H202 
differs from that of the corresponding reaction of Fe(II)nta, it was decided to study 
also the reactions of Fe(I1)L with H202, where L = hedta (N-hydroxyethyl-N,N"'- 
triacetate-ethylenediamine), and tcma (1 -acetate- 1,4,7-triazcyclo-nonane). It was 
hoped that the additional results will shed light on the factors effecting the mechanism 
of the reaction of Fe(I1)L with H202. 

EXPERIMENTAL 

Materials and Solutions 
All chemicals employed were of analytical grade. Solutions were prepared using heat 
distilled water which was further purified by passing through a Millipore setup, the 
final resistance of the water being>lOMa/cm. NzO or He were purified from traces of 
oxygen by bubbling them through two washing bottles containing vso4 in diluted 
H2S04 over Zn amalgam, followed by bubbling through a washing bottle containing 
pure water. The pH was adjusted with HC104 and NaOH. 

As the Fe(I1)L complexes react rapidly with dioxygen, the solutions have been 
prepared as follows: Solutions containing the required concentrations of the ligand and 
the alcohol were deaerated using the syringe technique by bubbling N20 or He through 

The required amount of solid FeS04 was added only after bubbling the gas 
for at least 15 minutes through the syringe. The pH was adjusted by gradual addition 
of deaerated dilute HC1o4 or NaOH while bubbling through the syringe into which the 
pH electrode was immersed. A known volume of the solution was injected through a 
rubber septum into small glass vials which were first washed with a stream of He or 
N20. These vials were then irradiated, or alternatively a deaerated solution of H202 
was injected into them. 

Tcma, 1 -acetato-l,4,7-tri-azacyclononane, as the lithium salt was prepared as fol- 
lows: to a solution of 5 g (36 mmole) of 1,4,7-triazatricyclo-[5.2.1 .O4."]decaneS3 in 40 ml 
toluene was added dropwise a solution of 2-bromoethanoic-acid-ethyl-ester (6 g, 
36 mmole) in 50 ml toluene. The mixture was stirred for an hour at room temperature. 
The formed precipitate was collected by filtration. The white solid was then heated for - 5 hours in 4 M HCl (100 ml) under reflux. The solution was evaporated and the 
remaining oil was treated in ethanol (80 ml) and LiOH (6 g) to get the salt. The yield 
was 5.4 g (78%). 

Irradiations 
Two types of ionizing radiation have been employed: 

1. A Varian 7715 linear accelerator which delivers 0.1-1.5 ,u sec pulses (5 MeV 
electrons, 200 mA current) with a dose rate of approximately 1.2 x 1026eVsec-'1-1. 

2. A Co6' gamma source (Noratom) delivering 1.1 MeV y ray photons with a dose 
rate of approximately 2.0 x loi8 e V s e c Y .  

Dosimetry was carried out with the Fricke dosimeters4 taking G(Fe3') = 15.6. 
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REACTION OF TRANSITION METALS WITH HzOz 457 

Analyses: 

Concentrations of the stock HZOZ solutions were determined by titrations with KMn04. 
The quantitative determinations of propene and 2-methyl-propene were performed 
with a Varian 3700 gas chromatograph equipped with a TCD and FID connected in 
series. The gases were separated using a 9' x lh" stainless steel column packed with 
poropak Q mesh 60/80 particles at 160°C with He as carrier gas, the flow rate was 
30 ml/min. 

Assay for .OH free radicals: 

The assay used is based on the measurement of the ratio of the yields of two aliphatic 
radicals .R' and .R2 in solutions containing a metal complex, M"L, a mixture of two 
aliphatic alcohols, R'H, RZH and H202. The results are compared to the same solutions 
without HZOZ but irradiated by ionizing radiation. 

Upon irradiation of NzO saturated aqueous solutions containing two organic 
substrates R I H  and R2H the following reactions take place:54 

(Values in parentheses are G - values which represent the number of molecules of 
product formed per 100 eV energy absorbed by the solution.) 

HzO 
e-ag + NzO + Nz + .OH + OH- 

RH + .OH + .R + H20 (1) 

These reactions are over within less than lpsec from the time the radiation has been 
absorbed by the solutions. 

If .R'.' have an alcohol functional group at the p position to the carbon-centered 
free radical, and the solution contains an appropriate transition metal complex, 
formation of a complex containing a metal-carbon cr bond, reaction (6), followed by a 
fast p elimination process of hydroxide, reaction (7), are expected for the two radicals. 

Thus, if the precursor to the radicals .R',' is the free hydroxyl radicals the ratio 
between the two radicals should obey equation (I): 

[.R'] k: [R'H] 
[.R2] - k:[R2H] 

For 2-methyl-2-propanol ks =4.2 x 10' M-'"'.'' For 2-propanol, H abstraction by .OH 
radicals occurs at the a and p carbons via reaction (5a). 

(CBH3)2C"HOH+.0H + CPHzCH(CH3)0H/Ca(CH3)~OH+H~0 k = 2.0 x 109M-'s-' 

13.3%'30' 8 5.5%5' (54  
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458 E. LUZZATTO ETAL. 

Thus, if R'H = 2-methyl-2-propanol and R2H = 2-propanol, the calculated value of the 
radical ratio is: 

[(CH3)3COHI 
[(CH3)2CHOH] (11) 

= 1.58 [.CH2C(CH3)20) 
[CH2CH(CH3)0H] 

The experimental value can be calculated by measuring the concentrations of 2-methyl- 
propene and propene produced from the corresponding j3 hydroxyl radicals. 

Production of Alkenes via the Reaction of the Metal Complex with Hydrogen 
Peroxide: 

If the metal-peroxide complex produced undergoes decomposition to hydroxyl free 
radicals, reaction (8), then the measured ratio of the alkenes should obey equation (11). 
However, if the radicals are produced via reaction of the metal-peroxide complex with 
the organic substrates, reaction (9), or via reaction (10) followed by reaction (4) then 
the ratio [R']/[.R2] will be: 

(Where a is the fraction of the j3-radicals formed.) 
The chemical properties of the hydroxyl free radicals are expected to differ appre- 

ciably from those of the LMn.H202 or the LM("+2) species. One expects therefore that 
usually this assay will differentiate between the pathway involving reaction (8) and 
reaction (lo), followed by reaction (4) or reaction (9). A basic condition to fulfill the 
efficiency of the assay is that the j3 radicals formed react via reactions (6) and (7). 
Furthermore, the ratio of the alkenes formed has to be independent of the concentra- 
tions of LM", LM("+I), RH, L and the H202 added. 

The advantage of this approach over measurements of relative yields of different 
radicals is that the j3 hydroxyl radicals have very similar chemical properties, whereas 
other radicals usually differ considerably in their chemical properties. 

RESULTS AND DISCUSSION 

When N2O-saturated solutions containing 2-methyl-2-propanol or 2-propanol or mix- 
tures of these alcohols in the absence of iron complexes, in the pH range 4-7, are 
irradiated the yield of alkenes is negligible in accord with the known radiation chem- 
istry of aqueous solutions of alcohols. 

The yield of 2-methylpropene formed, when N2O-saturated solutions containing 
1 4  x 10-3M Fe(I1)L and 0.4 M 2-methyl-2-propanol are irradiated, was measured. For 
L = edta and hedta, the yield of 2-methylpropene was considerably lower than that of 
the -OH free radicals, i.e. G = 6.0, at pH >5.5. On the other hand, at pH 15.5, a full 
yield of 2-methylpropene was observed. These results point out that the present assay 
for the formation of .OH radicals is not useful for these ligands at pH >5.5. 

For L = tcma, the yield of 2-methylpropene was 52 in the whole pH range (4.0 I 
pH 27.5) and thus, the present assay cannot be employed for this ligand. 

When H202 was added to slightly acidic solutions, pH 55.5, containing Fe(I1)edta 
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REACTION OF TRANSITION METALS WITH H202 

TABLE 1 
Relative yields of 2-methyl-propene and propene formed in solutions containing Fe(I1)edta by ionizing 

radiation and the Fenton Reagent. 

[Fe2+] x lo3 [Fe3+] x lo3 [edta] x lo3 [ROHIa [H202] x lo3 pH C4/C3b C4/C3b 
M M M M M Radiation' Fenton 

459 

- 

5.0 

1 .0 
1.6 
5.0 
7.5 
5.0 
2.5 
5.0 

0.675 

0.337 
2.25 
1 .0 
0.675 

1 .0 5.0 
5.5 
5 s  
5.5 - 

1 .0 

1 .0 
- 

- 

- 5.5 
- 

1 .0 

1 .0 
3.9 
0.4 
0.2 

1.25 1.36 
1.48 1.85 
1.70 1.85 
1.30 - 

1.39 
1.69 
1.39 1.67 
2.01 
1.48 - 

1.63 - 
1.49 1.48 
1.51 1.58 
1.65 1.77 
1.46 1.33 
1.53 1.82 

- 

- 

- 

1.47 1.51 
1.72 1.57 
1.68 1.39 
1.49 1.76 
1.71 1.61 
1.56 1.72 
- 1.77 
- 1.81 
- 1.67 
- 1.54 

Average = 1.55 1.63 

aTotal alcohol concentration. The ratio of the alcohol concentrations was always 1.0. 
bRelative yields of 2-methyl-propene and propene. Accuracy f 0.25. 
'In the radiation chemistry experiments no H202 was present even if the table indicates differently. 

and Fe(I1)hedta and 2-methyl-2-propanol or 2-propanol or a 1:l mixture of these 
alcohols the yield of the corresponding alkenes was 100% (within experimental error). 
The ratios of the yields of the alkenes under different experimental conditions are 
summed up in Tables 1 and 2. These ratios are clearly independent, within experimental 
accuracy, of the composition of the solutions, within the concentration ranges used. 

The results clearly point out that the assay used is adequate only for edta and hedta 
at pH <5.5. The question of whether .OH free radicals are formed at higher pHs or 
when L = tcma cannot be answered using the present assay. 

The results are in accord with the commonly accepted proposal that free .OH 
radicals are formed via reactions (1 3) and (8) for L = edta and hedta. This finding is of 
importance, as Fe(I1)edta is often used as a source of .OH free radicals. 

M"L + H202 + LM".H202 (13) 

It should be pointed out that the observation that under our experimental conditions 
.OH free radicals are formed does not contradict results pointing out that another 
intermediate is formed when H202 is mixed with Fe(I1)L. As stated above a pegxide 
complex, e.g., Fe(II)L.H202 is always the primary product of the reaction. The 
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460 E. LSJZZATTO ETAL.  

TABLE 2 
Relative yields of 2-methyl-propene and propene formed in solutions containing Fe(I1)hedta by ionizing 

radiation and the Fenton Reagent. 

[Fe2+] x lo3 [Fe3'] x lo3 [hedta] x lo3 [ROHIa [H202] x lo3 pH C4/C3b C4/Chb 
M M M M M Radiation' Fenton 

5.0 

1 .o 
1.6 
7.5 
5.0 

0.8 

- 

2.5 

6.0 0.675 1 .o 
1.0 

1 .o 

- 

- 

, 

- 

1.0 

1.0 

4.0 
4.5 
5.0 
5.5 
5.7 
5.5 

1.26 
1.48 
1.57 
1.52 

1.77 
1.42 
1.60 
1.52 
1.77 

- 

Average = 1.55 

1.87 

1.77 

1.58 
2.05 

- 

- 

1.58 

2.09 

1.82 

aTotal alcohol concentration. The ratio of the alcohol concentrations was always 1.0. 
bRelative yields of 2-methyl-propene and propene. Accuracy f 0.25. 
'In the radiation chemistry experiments no H202 was present even if the table indicates differently. 

mechanism of its decomposition, i. e. reactions (8), (9) and (10) depends on the nature 
of L and RH, the concentration of RH and the pH. Thus, different assays are expected 
to yield different results. 

It is interesting to note that, using the same assay, we concluded that the main 
product of the reaction of H202 with Fe(I1)nta at pH >3 are not .OH free radicals!36 
Rush. and KoppenolS6 came to the same conclusion, though their interpretation was 
~ontested.~' In acidic solutions,36 the results suggest that also in this system, .OH free 
radicals are been formed. This result seems surprising, since edta, hedta and nta are 
ligands with similar chemical properties. A plausible explanation to this observation is 
that reaction (14) 

Fe(II)L.H202 + Fe(III)L(OH) + .OH (14) 

is acid catalyzed, i. e. : 

Fe(II)L.H202 + H3O' + Fe(III)L(H20) + .OH (1  5 )  

For L = amincarboxylic acids the detailed mechanism of the latter reaction involves 
probably the following steps: 

Fe(II)L.H202 +H30' ,L Fe(II)LH'.H202 (16) 

Fe(II)LH'.H202 + Fe(III)L(H20) + .OH (17) 

i.e., the acid catalysis of the redox step is an intramolecular step with an intermediate 
of the type: 
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REACTION OF TRANSITION METALS WITH HzOz 461 

It is reasonable to suggest that such a catalysis will be significant at higher pHs for 
L = edta and hedta than for nta. Such a mechanism could explain the observation that 
.OH free radicals are the major product of reaction of Fe(II)L, L = edta and hedta, at 
pH 15.5 (or even at higher pHs), whereas for L = nta they are the main product only 
at pH <3. 

It is of interest to note that a similar intramolecular catalysis was observed for 
reaction ( 1  8):'* 

(edta)Fe"'- CHK(CH3)lOH -+ Fe(II1)edta + H2C = C(CH& + HzO (18) 

Acknowledgements 
We wish to thank Y. Nahon, D. Carmi, S. Cohen and Y. Nehemia for technical assistance. This study was 
supported by the German-Israeli Binational Science Foundation, Jerusalem, and the Israeli Atomic Energy 
Commission. D.M. wishes to express his thanks to Mrs. Irene Evans for continuous interest and support. 

References 
1. I. Fridovich (1981) Superoxide radical and superoxide dismutases, oxygen and living processes, an 

interdisciplinary approach. (ed. D.L. Gilbert), Springer Verlag: New York, p. 250-272. 
2. B. Halliwell, and J.M.C. Gutteridge (1990) Role of free radicals and catalytic metal ions in human 

disease, an overview. Methods in Enzymology, 186,l-85. 
3. B. Halliwell, and J.M.C. Gutteridge (1989) Free Radicals in Biology and Medicine. Sec. Ed., Clarendon 

Press: Oxford. 
4. S. Goldstein, and G. Czapski (1986) The role and mechanism of metal ions and their complexes in 

enhancing damage in biological systems or in protecting these systems from the toxicity of 02-. Free. 
Rad. Biol. Med., 2,3-11. 

5. C.C. Winterbourn (1991) Free radical biology of iron. In Trace Elements, Micronutrients and Free 
Radicals(ed. I.E. Dresoti) The Human Press Inc. pp. 53-76, 

6. R.A. Sheldon and J.K. Kochi (198 1) Mechanistic principles and synthetic methodology including 
biochemical processes. Metal Catalyzed Oxidation of Organic Compounds, Chap. 1, Academic Press, 
New York, pp. 1-12. 

7. C. Walling (1975) Fenton's reagent revisited. Acc. Chem. Res., 8, 125-131. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
4/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



462 

8. 

9. 
10. 

11. 

E. LUZZATTO ET A L  

Y. Ogata, andY. Sawaki(l986)In Organicsynthesesbyoxidation withmetalcompounds. (eds. W.J. Mijs, 
and C.R.H.J. de Jonge) Plenum Press, pp. 839. 
H.J.H. Fenton (1894) Oxidation of tartaric acid in presence of iron. J.  Chem. Soc., 65,899. 
R. Haber and J. Weiss (1934) The catalytic decomposition of H202 by iron salts. Proc. Soc. London Ser., 

G. Czapski, A. Samuni and D. Meisel (1971) The reactions of organic radicals formed by some 
“Fenton-like” reagents. J. Phys. Chem., 75,3271-3280. 
T. Shiga (1965) An electron paramagnetic resonance study of alcohol oxidation by Fenton’s reagent, 
J. Phys. Chem., 69,3805-3814. 
W.H. Koppenol (1985) The reaction of ferrous EDTA with hydrogen peroxide: evidence against 
hydroxyl radical formation, J. Free Rad. Biol. Med., 1,281-285. 
G.R.A. Johnson, N.B. Nazhat and R.A. Saadalla (1985) Reaction of the aquocopper(1) ion with 
hydrogen peroxide: evidence against hydroxyl free radical formation. J. Chem. Soc. Chem. Commun., 
40,407408. 
I. Sumiko and K. Shosuke (1987) Hydroxyl radical production and human DNA damage induced by 
ferric nitrilotriacetate and hydrogen peroxide. Cancer Rex, 47,6522. 
J.D. Rush and W.H. Koppenol (1986) Oxidizing intermediates in the reaction of ferrous EDTA with 
hydrogen peroxide. J. Biol. Chem., 261,6730-6733. 
H.C. Sutton, G.F. Vile and C.C. Winterbourn (1987) Radical driven Fenton reactions - evidence from 
paraquat radical studies for production of tetravalent iron in the presence and absence of ethylene- 
diaminetetraacetic acid. Archives Biochem. Biophys., 256,462471. 
S. Rahhal and H.W. Richter (1988) Reduction of hydrogen peroxide by the ferrous iron chelate of 
diethylnetriamine-N,N,N’,N”,N’’-pentaacetate. J. Amer. Chem. Soc., 110,3126-31 33. 
H.C. Sutton and C.C. Winterbourn (1989) J. On the participation ofhigher oxidation states of iron and 
copper in Fenton reactions. Free Rad. Biol. Med., 6,53-60. 
B. Halliwell and J.M.C. Gutteridge (1992) Biologically relevant metal ion dependent hydroxyl radical 
generation - An update. FEBSLett., 307, 108-109. 
S. Goldstein, G. Czapski and D. Meyerstein (1993) The Fenton reagents. Free Radicals in Biol. Med., 
15,435445. 
I. Yamazaki and L.H. Piette (1991) EPR spin-trapping study on the oxidizing species formed in the 
reaction of the ferrous ion with hydrogen peroxide. J. Am. Chem. Soc., 113,7588-7593. 
G. Czapski (1984) On the use of OH. scavengers in biological systems. Zsr. J Chem., 24,29-32. 
C.C. Winterbourn (1987) The ability of scavengers to distinguish OH. production in the iron-catalyzed 
Haber-Weiss reaction: comparison of four assays for OH.. Free Rad. Biol. Med., 3,33-39. 
S .  Goldstein, G. Czapski, H. Cohen and D. Meyerstein (1990) Enhancement of the Rate of the 
jl-Elimination of Phosphate from Glycerol-2-Phosphate by Cu(I1)-Phenantroline. A Pulse Radiolysis 
Study. Free Radicals in Biol. Med., 9,37-375. 
M. Masarwa, H. Cohen, R. Glaser and I). Meyerstein (1990) Oxidation ofcopper(I1) bis(g1ycinate)z by 
methyl free radicals in aqueous solutions. A. pulse radiolysis study. Inorg. Chem., 29,5031-5034. 
S .  Goldstein, G. Czapski, H. Cohen and D. Meyerstein (1992) Deamination of jl-alanine induced by 
hydroxyl radicals and monovalent copper ions. A pulse radiolysis study. Inorg. Chim. Acta, 192,87-92. 
M. Chevion (1988) A site-specific mechanism for free radical induced biological damage: the essential 
role of redox-active transition metals. Free Rad. Biol. Med., 5,27-37. 
M. Masarwa, H. Cohen, D. Meyerstein, D.L. Hickman, A. Bakac and J.H. Espenson (1988) Reactions 
of low-valent transition-metal complexes with hydrogen peroxide: are they “Fenton-like” or not?J. Am. 
Chem. Soc., 110,42934297. 
S .  Udenfriend, C.T. Clark, J. Axelrod and B.B. Brodie (1954) Ascorbic acid in aromatic hydroxylation. 
I. A model system for aromatic hydroxylation. J. Biol. Chem., 208,731-740. 
T.D. Tullius and A.B. Dombroski (1985) Iron(I1) EDTA used to measure the helical twist along any 
DNA molecule, Science, 230,679-681. 
T.D. Tullius and A.B. Dombroski (1986) Hydroxyl radical “footprinting”: high resolution information 
about DNA-protein contacts and application to 1 repressor and Cro protein. Proc. Natl. Acad. Sci. US, 
83,5469-5473. 
P.R. Hertzberg and B.P. Dervan (1984) Cleavage of DNA with methidiumpropyl-EDTA-iron(I1): 
reaction conditions and product analyses. Biochemistry, 23,39343945. 
D.T.J. Posvic and P.B. Dervan (1989) Triple helix formationoligonucleotides on DNA extended to the 
physiological pH range. J. Amer. Chem. Soc., 111,3059-3061. 
1.0. Aruoma, B. Halliwell, E. Gajewski and M. Dizdaroglu (1989) Damage to the bases in DNA induced 
by hydrogen peroxide and ferric ion chelates., J. Biol. Chem., 264,20509-20512. 
H. Hamnolker, H. Cohen and D. Meyerstein, (1991) Reactions of low valent transition-metal complexes 
with hydrogen peroxide. Are they “Fenton-like” or not? Free Rad. Res. Comms., 15,231-241. 

A. 147,332-351. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 
24. 

25. 

26. 

21. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
4/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



31. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 
55. 

55. 

57. 

58. 

REACTION OF TRANSITION METALS WITH H202 463 

B. Halliwell and J.M.C. Gutteridge (1981) Formation of a thiobarbituric acid-active substrates from 
deoxyribose in the presence of iron salts - The role of superoxide and hydroxyl radicals. FEBS Lett., 
128,347-35 1. 
M.S. Baker and J.M. Gebicki (1984) The effect of pH on the conversion of superoxide to hydroxide 
radicals. Arch. Biochem. Biophys., 345,258-264. 
J. Diguiseppi and I. Fridovich (1 980) Ethylene production from 2-keto-4-thiomethylbutyric acid: the 
Haber-Weiss reaction. Arch. Biochern. Biophys., 205,323-329. 
S. Puntarulo and A.I. Cederbaum (1988) Comparison of the ability of ferric complexes to catalyze 
microsomal chemiluminescence, lipid peroxidation, and hydroxyl radical generation. Arch. of Biochem. 
Biophys., 264,48249 1. 
P. Tachon (1989) Ferric and cupric ions requirement for DNA single-strand breakage by Hz02. Free 
Rad. Res. Comms., 7, 1-10, 
J.M.C. Gutteridge (1990) Superoxide-dependent formation of hydroxyl radicals from ferric-complexes 
and hydrogen peroxide: an evaluation of fourteen iron chelators. Free Rad. Res. Comms., 9, 119-125. 
P. Tachon (1990) DNA single strand breakage by H202 and ferric or cupric ions: its modulation by 
histidine. Free Rad. Res. Comms., 9,3947. 
J.M. McCord and E.D. Day (1978) Superoxide-dependent formation of hydroxyl radical catalyzed by 
iron-EDTA complex. FEBS Lett., 86, 139-142. 
H. Rosen and S. KkbdnOff (1981) Rate of iron and ethylenediamine-tetraacetic acid in the bactericidal 
activity of superoxide-generating system. Arch. Biochem. Biophys., 208,512-519. 
D.A. Rowley and B. Halliwell (1982) Superoxide-dependent formation of hydroxyl radicals in the 
presence of thiol compounds. FEBS Lett., 138,33-36. 
J.M.C. Gutteridge (1984) Reactivity of hydroxyl and hydroxyl-like radicals discriminated by release of 
thiobarbituric acid-reactive material from deoxy sugars, nucleosides and benzoate. Biochem. J., 224, 
76 1-767. 
S. Croft, B.C. Gilbert, J.R. Lindsay and A.C. Whitwood (1992) An E.S.R. investigation of the reactive 
intermediate generated in the reaction between Fe" and HzOz in aqueous solution. Direct evidence for 
the formation of the hydroxyl radical. Free Rad. Res. Comms., 17,21-39. 
J. Jiang, J.F. Bank and C.P. Scholes (1993) Subsecond time resolved spin trapping followed by 
stopped-flow EPR of Fenton Reaction Products. J. Am. Chem. Soc., 115,47424146. 
Z. Maskos, J.D. Rush and W.H. Koppenol(l990) The hydroxylation ofthe salicylate anion by a Fenton 
reaction and y-radiolysis: a consideration of the respective mechanisms. Free. Rad Biol. Med., 8, 
153-162. 
Z. Maskos, J.D. Rush and W.H. Koppenol (1992) The hydroxylation of tryptophan. Arch. Biochem. 
Biophys., 296,514520. 
Z. Maskos, J.D. Rush and W.H. Koppenol(l992) The hydroxylation of phenylalanine and tryosine - 
A comparison with salicylate and tryptophan. Arch. Biochem. Biophys., 296,521-528. 
Hui-Zhi Cai and T.A. Kaden (1993) Metal complexes with macrocyclic ligands: stabilities of some 
bivalent metal-ion complexes with 1,4,7-triazacyclononane-l-acetic acid. Helvet. Chim. Acta, 76, 
557-562. 
M. Matheson and L. Dorfman (1969) Pulse Radiolysis. M.I.T. Press, Cambridge, MA. 
G.V. Buxton, C.L. Greenstock, W.P. Helman and A.B. Ross (1988) Critical review of rate constants 
for reactions of hydrated electrons hydrogen atoms and hydroxyl radicals (.OHIO.-) in aqueous 
solutions. J. Phys. Chem. Ref: Data, 17,513-886. 
J.D. Rush and W.H. Koppenol (1988) Reactions of FeIInta and FeIIedda with hydrogen peroxide. 
J. Am. Chem. Soc., 110,49574963. 
G .  Czapski, S. Goldstein, H. Cohen and D. Meyerstein (1988) Formation and Decomposition of 
ron-Carbon u Bonds in the Reaction of Iron(I1)-Polyamino carboxylates with COZ - Free Radicals in 
.queous Solutions. A Pulse Radiolysis Study. J. Am. Chem. Soc., 110,3903-3907. 

L.. Luzzatto, H. Cohen and D. Meyerstein Results to be published. 

Accepted by Professor G. Czapski 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
4/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.




