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ABSTRACT  The application of kinetic probes that allow
one to determine relative reactivities of biologically relevant
substrates with oxidizing intermediates in the Fenton reagent
(H20; plus Fe?* in acidic aqueous solution) is described. These
results lead to the conclusion that there are two key interme-
diates with very different reactivity patterns. One (X) is
proposed to be an iron complex formed via direct reaction of
H,0; with Fe**, which reacts with N-nitrosodimethylamine to
generate a strong transient absorption at 450 nm. This provides
a sensitive spectrophotometric probe of the competitive reac-
tivities toward X of biologically relevant substrates such as
nucleic acid components and amino acids. The second inter-
mediate (Y) is probed by its oxidation of the Ru(bpy)3* ion (bpy
= 2,2'-bipyridine) to a product with an absorption band
centered at 500 nm. In the absence of other substrates,
Ru(bpy)3* is oxidized at rates independent of the Ru concen-
tration, but the product yield is diminished by competing
reactions with substrates that can intercept X. Competition
studies demonstrate reactivity patterns for X and Y that are
clearly distinct from the pattern predicted for the hydroxyl
radical, the intermediate commonly invoked in discussions of
Fenton oxidations. These data require reevaluation of the
mechanisms by which the Fenton reagent oxidizes biological
substrates.

The powerful oxidant formed from ferrous salts plus H,O; in
acidic aqueous solution, first described by Fenton a century
ago (1), is often cited as a model for biological processes such
as in vivo oxidative damage during certain disease states,
carcinogenesis, drug-associated toxicity, and postischemic
reperfusion injury (2-5). The hydroxyl radical (-OH) is gen-
erally invoked as the primary intermediate of such aqueous
oxidations (6), although other intermediates have been pro-
posed for related reactions involving chelated iron(II) (7-15).
Here we describe applications of additional probes of the
reactivities of key Fenton reagent intermediates in aqueous
media and resulting data, which argue for reconsidering the
mechanisms of these oxidations.

One such probe is the strong, visible-range, transient ab-
sorbance (Abs(A)) that is generated when N-nitrosodimeth-
ylamine (NDMA) reacts with an intermediate (X) formed by
the simple reaction of aqueous Fe?* with H;0; in acidic
aqueous solution. Earlier kinetic studies in our laboratories
demonstrated that the quantitative reactivity of X is incom-
patible with that expected for -OH, and we suggested that,
even for the classical Fenton reagent, this key oxidizing
intermediate is likely to be an iron complex such as a coordi-
nated peroxo species (16). Sawyer et al. (17) recently came to
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a similar conclusion after comparing relative reactivities of
‘OH and Fenton-type oxidants toward several hydrocarbons in
a nonaqueous medium, and some years ago Groves and Van
Der Puy (18, 19) examined the stereoselectivity of cyclic
alcohol oxidations by Fe?*/H,0, in acidic acetonitrile solu-
tions and postulated a ferryl (Fe=02") complex to be the key
oxidant under their conditions. In the present study, we show
that other substrates react with X in competition with NDMA;
thus, the competitive quenching of Abs(A) provides a powerful
spectrophotometric probe for the relative reactivities of var-
ious biologically relevant substrates with X. Furthermore, the
presence of a second oxidizing intermediate (Y) in the se-
quence following reaction of Fe2* with H,0, is indicated by
reaction patterns in the presence of Ru(bpy)3* (bpy = 2,2'-
bipyridine), which acts as a selective quencher for Y. Thus, the
present report demonstrates that the simple Fe* /H,0, mix-
ture in acidic aqueous solution generates at least two strongly
oxidizing intermediates, neither of which shows the compet-
itive reactivities expected for the hydroxyl radical.

EXPERIMENTAL

Warning! Most N-nitroso compounds are potent carcino-
gens and should be handled, stored, and discarded with due
respect for their toxic nature.

Materials. NDMA and 30% hydrogen peroxide were pur-
chased from Sigma. Perdeuterio NDMA (NDMA-d¢) was
synthesized as described (20). Benzyl alcohol, dimethyl
sulfoxide (DMSO), t-butanol, CH;0H, C2H;0H, and FeSOg¢
7H,0 were purchased from Aldrich.

Rate Studies. The kinetic. experiments were performed
using a Hi-Tech Scientific model SR-SIMX multi-mixing
stopped-flow spectrophotometer. Generally, the reactions
were initiated by coinjecting into the reaction chamber an
aqueous solution of NDMA plus FeSO4 and H,SO, from one
syringe and an aqueous solution of H>O, from a second
syringe. Spectral changes were followed at selected wave-
lengths, and observed rate constants were computed from
segments of the resulting absorbance vs. time curves. Data
reduction was facilitated by the use of the Hi-Tech IS-1.0
RAPID KINETICS software, which uses an exponential fitting
suite to determine first-order rate constants. All reactions
were carried out at 22 + 1°C. Quenching studies were carried
out in a similar manner with various concentrations of the
appropriate quencher added to the NDMA solution.

Reactions of the Fenton reagent with Ru(bpy)* were
studied by stopped-flow techniques by mixing a solution of
Fe?+ plus Ru(bpy)3* in one syringe with a solution of H,0,
in the second syringe to give reaction solutions with the initial

Abbreviations: NDMA, N-nitrosodimethylamine; bpy, 2,2'-bipyr-
idine; DMSO, dimethyl sulfoxide; Abs(A), transient absorbance of
species A.
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concentrations [Fe?*]; = 1.0 mM, [Ru}; = 0.5 mM (pH 1.7),
[H20,]; = 10-100 mM. Reactions were followed spectropho-
tometrically at 570 nm.

Optical spectra were recorded on a Hewlett-Packard model
8451 UV-visible diode array spectrophotometer.

Control Reactions. The nonreactivity of NDMA with Fe?*,
Fe3+, or H,0; individually was established by mixing acidic
solutions of the components pairwise in separate cuvettes and
recording the resulting electronic spectra. The stable nitrosyl
species Fe(H,0)sNO?* was prepared in situ by mixing deaer-
ated solutions of 0.005 M FeSO4 and NO (saturated) (pHgina =
2.2). The resulting species displayed absorption bands at 450
and 580 nm in agreement with the literature (21).

Product Analyses. Stock solutions were prepared in deaer-
ated aqueous solution. One set of solutions contained NDMA
at various concentrations and either 40 mM or 10 mM H,0,.
The other set contained either 10 mM or 2 mM FeSO, at pH
2.2. The reaction was initiated by mixing together 1.0-ml
aliquots of each. After 30 s, a 0.4-ml portion of MeOH or 0.5
M NaOH was added to quench the reaction and precipitate
any ferric ion. The solutions were filtered through a nylon 66
micropore syringe filter or centrifuged to remove the precip-
itated iron. The solutions were then assayed for NO; /NO5
as described (20).

RESULTS AND DISCUSSION

Kinetics Studies: Reaction with NDMA. Mixing an acidic
aqueous solution of FeSO, and NDMA with aqueous H,0, via
the stopped-flow technique (initial net concentrations: [Fe2*];
= 5 mM, [H;0,]; = 20 mM, [NDMA}]; = 100 mM, pH 2.1) led
to the generation and decay of a transient absorbance, Abs(A)
(Fig. 1), attributed to formation of a new species A (16). The
spectrum of A displayed Amax at 450 nm and 580 nm (relative
absorbances 1.0 and 0.3) and was nearly identical to that of the
Fe(H,0)sNO?* ion in acidic solution (21). Observed pseudo-
first-order rate constants for the appearance and disappear-
ance of A (followed at the monitoring wavelength, 625 nm)
were each found to be independent of [NDMAJ; but linear with
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F16.1. Temporal absorbance changes at 625 nm for NDMA] =
5, 10, 25, 35, 75, 100, and 150 mM where [Fe2*] = S mM and [H,0,]
= 20 mM. (Inset) Plots of (Abs(A)max)~! vs. INDMA]! (O; slope =
638 mM, xine = 0.012 mM™1, yip = 7.9) and of (Abs(A)max)~! vs.
[NDMA- d¢]~! (a; slope = 2447 mM, xine = 0.0021 mM™1, yin, =
5.05). From the relative xin: values, a kinetic isotope effect k/k$ of
3.6 can be estimated.
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respect to [H>O,);. From these data, the respective second-
order rate constants kap, = 320 = 40 M~1s~! and kgis = 107 +
10 M~1s~1 were determined. Notably, the rate constant kypp
for appearance of A is about 4-fold larger than that determined
for Fe2* oxidation to Fe3* by H,0, in the absence of NDMA
(75 M~Ls~1) (16). Since the formation, not the secondary
reactions, of the putative ‘OH intermediate would be the
rate-limiting step in such oxidations, the substrate-dependent
rate constants argue strongly against the intermediacy of the
hydroxyl radical under these conditions (16).

The maximum temporal absorbance (Abs(A)ma.) for a
specific experiment is a linear function of [Fe?*]; at fixed
[H20.]; and [NDMAJ; (both in excess). Furthermore, the plot
of (Abs(A)max)~! vs. INDMAJ;1is linear (Fig. 1) and gives a
K value of 88 = 12 mM [Ky, = —(xjn) !, where xin, is the
x-axis intercept, see below]. This behavior is consistent with
the mechanism illustrated in Scheme I, in which the inter-
mediate X is formed reversibly via reaction of Fe2+ with H,0,

——» Feéit
s
kl k4[H202] N:D.L?A
f— A » oxid’'n

Fe2t + H,0, ~ x ko INDMA] >
k products
-1
ksk
LN
SOX
Scheme I

and then is depleted by competing unimolecular decay (ks)
and second-order (k) processes (16). In this context, the K,
value determined from Fig. 1 represents the [NDMA];, the
concentration for which half of X is intercepted by NDMA
rather than undergoing spontaneous decay (i.e., the condition
where k> [NDMA] = k3).

When the stopped-flow experiments were carried out in the
presence of added methanol (initial net concentrations:
[Fe2*]; = 0.5 mM, [H,0,]; = 20 mM, [NDMAJ; = 200 mM),
the magnitude of Abs(A)max at 450 nm was observed to
decrease significantly with increasing MeOH concentration.
A new absorption band at Apax = 500 nm, representing a
long-lived uncharacterized product, also resulted, but over a
longer time period than that for formation of A. The plot of
(Abs(A)s) 1 vs. [MeOH] (where Abs(A)s is the Abs(A) at 450
nm at a fixed time interval At = 0.5 s in the presence of a
specified concentration of the substrate MeOH) proved to be
linear and gave K; = 43 + 5 mM (Fig. 24) (Ki = —(xind D).

In the context of the model described in Scheme I, the K;
value represents that concentration of a substrate S (i.e.,
methanol in the above example) for which half the Abs(A)
expected for a specified NDMA concentration is quenched—
i.e., when ks[S] = k,[NDMA] (actually, when ks[S] =
k[NDMA] + ks, but at 200 mM NDMA, k[NDMA] >> k3).
Thus, when that condition is met, one can accurately deter-
mine the ratio of rate constants ks/k, = [NDMA]/K; for the
relative reactivity of a substrate (e.g., MeOH) in competition
with NDMA toward the oxidizing intermediate X without
knowing the absolute values of the specific rate constants.
Alternatively, one can determine the relative values of two
different substrates. Thus for [NDMA] = 200 mM, the
Ki(MeOH) value of 43 nm gives a k,/Ks ratio of 5. According
to this scheme, Ki(S) should be a function of [NDMAJ;; thus,
it is reassuring to note that, for an analogous experiment with
[NDMA] = 100 mM, K;(MeOH) was determined to be 20 +
4 mM (Fig. 2A), giving an identical k,/ks ratio (i.e., 5) to that
found for 200 mM NDMA.
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Similar quenching of Abs(A) was demonstrated when other
substrates S were added to the Fe2*/H,0,/NDMA system
described above, and this technique was used to probe the
relative reactivities of a catalog of organic and biologically
relevant substrates. Plots of (Abs(A)s)~! vs. [S] give values
for Ki(S), which therein provide a measure of the relative
abilities for different S to compete with NDMA for X. For
example, when the deuterated methanol CH3OH was used
as the substrate and [NDMA] = 200 mM, K;(C2H;OH) was
determined to be 116 + 20 mM. Comparison to the value
determined for CH;OH gives a kinetic isotope effect ki/k¢ =
2.7 %= 0.5 for the reaction of these two substrates with X.
Similarly, the results reported in Table 1 are a collection of
such Ki(S) values for different substrates examined for the
standard conditions [Fe?*] = 0.5 mM, H,0, = 20 mM,
[NDMA] = 200 mM.

Table 1 also lists rate constants (koy) that have been
previously determined for the aqueous solution reactions of
the same substrates with authentic hydroxyl radical gener-
ated by pulse radiolysis (22) and the relative reactivities of
these normalized to the koy value for NDMA. Comparison of
the ks/k; ratios to the kou(S)/kon(NDMA) ratios in Table 1
shows that, while there are some superficial similarities, the
two patterns are quite distinct. One important observation is
that the range of reactivities indicated by the ks/k; ratios is
considerably larger, a clear indication that the oxidizing
intermediate that is a precursor to A (i.e., X) is more selective
than is ‘OH. It is apparent from these data that examination
of only a limited number of substrates might have led one to
conclude that the reactivity patterns of X and of -OH are
similar. However, such an interpretation does not hold true
when one examines a more extensive list, such as that in
Table 1. These competitive reactivities substantiate our ear-
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Fic. 2. (A) Plot of (Abs(A)s)~! vs. [MeOH] for the conditions
[Fe2*] = 0.5 mM, [H20,] = 20 mM, [NDMA] = 200 mM; X; (i.e.,
—xint~1) 43 = 5 mM. (B) Plot of [NO51~1 vs. [MeOH] for [Fe?*] =
5 mM, [H20,] = 20 mM, [NDMA] = 100 mM, where the slope is 0.35
and yine = 1.37 mM~L.
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lier conclusion, based on the kinetics for Fenton reagent
oxidation of NDMA (16), that the intermediate X must be a
metal-containing oxidant formed by the reaction of Fe?* with
H,0,—i.e., that X is not ‘OH.

NDMA Oxidation Product Studies. Chromatographic anal-
ysis of solutions resulting from the Fe?* /H,0, oxidation of
NDMA showed the products to be CH,O, CH3NH,, and
NO; (NO; =90% NO3 /10% NOy), in agreement with Heur
et al. 20).

Fe** /H;0, _ B
(CH3)2NNO S CHzO + CH;NHz + N03 /NOz

The CH,0/CH3NH,/NOj ratio was determined to be 1:1:1
for NDMAJ; = 1, 10, or 100 mM with [H,0,]; = 20 mM and
[Fe2*]; = 5 mM. Although product ratios remained constant,
total NO; was found to increase in a nonlinear response to
[NDMAJ;. The limiting yield of NO; was determined as 4.7
mM from the inverse y intercept of the linear [NO;]~! vs.
[NDMA]J; ! plot (INDMAJ; from 25 to 200 mM). This value is,
within experimental uncertainty, equal to [Fe?*]; and is
consistent with Scheme I—i.e., a mechanism by which all X
is intercepted by NDMA under limiting conditions.

Table 1. Comparison of selectivities of intermediate X versus
‘OH toward amino acids, nucleic acid components, and other
substrates (S)

Ki(S),* kon(S) x 10-8,#
Substrate mM ks/kzt M-1s1) kon(S)re®
Miscellaneous ‘
NDMA 1.0 34 1.0
MeOH 435 5 9.8 29
t-BuOH 28+5 7 6.0 1.8
BzOH 0.8+0.2 270 84 25
DMSO 2805 72 100 29
Bases
Thymine 4+1 50 54 16
Cytosine 6+2 33 56 16
Adenine 8+2 25 9 3
Sugars
Deoxyribose 8 *1 25 25 7
Ribose 6+1 33 15 4
Nucleosides
Thymidine 3+0.5 67 46 14
dC 7+0.5 29 60 18
dA 26 3 8 3 10
Nucleotides
dCMP 61 33 30 9
dAMP 16 + 2 13 14 4
dGMP 7+1 29 46 14
Amino acids
Serine =100 =2 =3.2 1
Valine 303 7 8.6 2.5
Arginine 31+3 7 6.7 2
Lysine 23+2 9 7.7 2
Histidine 10+2 20 19 5.5
Phenylalanine 2 = 0.5 100 65 19
Tryptophan 3+0.2 70 110 32
Tyrosine 3+05 70 120 38

BzOH, benzyl alcohol.

*Ki(S) = —xint of (Abs(A)s)~! vs. [S] plots (where Abs(A)s is the
absorbance due to formation of A determined at 450 nm at a fixed
time interval Az = 0.5 s for a specified [S], [Fe2*] = 0.5 mM, [H,0:]
= 20 mM, [NDMA] = 200 mM). This represents the concentration
of S required to quench 50% Abs(A)max.

Ratio of relative rate constants for trapping of X by S or by NDMA
as described in the text.

#Second-order rate constants for the reaction of each substrate with
OH:- (ref 24).

$kou(S)ret = kon(S)/kon(NDMA).
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Addition of MeOH sharply suppressed formation of NO;
products when the oxidations were carried out with the initial
concentrations [Fe2*]; = 5§ mM, [H,0:}i = 20 mM, and
[NDMAJ; = 100 mM. Under these conditions, the linear plot
of [NO;]1! vs. [MeOH] (Fig. 2B) gave a K; value of 20 + 4
mM, the same as that found for MeOH quenching of the
formation of transient A for NDMA]; = 100 mM (Fig. 2A).
Thus, the correspondence between the K; values for quench-
ing of A formation determined spectrally and of NO product
yields determined by chromatography indicated that A is a
precursor to the NDMA oxidation products.

Reaction with Ru(bpy)3*. This reaction ([Ru] = 0.5 mM)
with Fenton reagent (0.5 mM Fe2* and 20 mM H;0,) leads to
rapid formation of a new species [Ruox, possibly a ligand-
oxidized product (23)] with a Amax at 540 nm. Kinetics studies
(monitoring wavelength = 570 nm) over a range of H,0,
concentrations obeyed the rate law:

d[Rug,]

o k' [Fe(I)] (H,0,]

with a second-order rate constant k' = 74 + 20 M~ls~1,
which was experimentally indistinguishable from that (75
M~Ls1) determined for the oxidation of Fe2* to Fe3* under
these conditions. With [Fe2+]; = 0.5 mM, the magnitude and
rate of the absorbance change at 540 nm (attributed to Rugy
formation) both proved independent of the initial Ru con-
centration over the range 0.5-5 mM. Thus, we conclude that
the oxidation of Ru(bpy)3* to Ruox occurs subsequent to the
rate-limiting unimolecular decay of X, a process that leads to
ferric ion formation in the absence of other substrates (the &3
step in Scheme I). Since Fe?* itself does not oxidize
Ru(bpy)?*, one is thus led to conclude that the latter must be
intercepting a second oxidizing intermediate, Y, which ap-
pears subsequent to X but prior to Fe3*. This proposal is
illustrated in Scheme II.

This reaction provides an additional spectrophotometric/
kinetic probe of the Fenton reaction. Addition of the various
substrates S shown above to intercept X resulted in S
concentration-dependent quenching of Ru,x formation as
monitored at 570 nm ([Ru}; = 0.5 mM, [Fe?*]; = 0.5 mM,
[H202)i = 20 mM, pH = 1.7, [S]; = 0-20 mM). Plots of
(Abs(Rugy))~! vs. [S] [where Abs(Ruy,) is the absorbance at
570 nm after Az = 5 s] each proved to be linear, and K{(S)
values for these quenching experiments (Table 2) were again
determined from the —x;, values as described above (23).

Ru, fast
K Y »
3
k; / \\
k-l \
kdS]
S

ox

Rugx

Scheme II

According to the model described in Scheme II, the trapping
of X by S will inhibit formation of Y by the unimolecular k3
pathway. Since the latter step is rate-limiting in formation of
Ruex, the K{(S) values determined in this case represent
substrate concentrations when ks[S] = k3.

Table 2 compares K;(S) values normalized to that for S =
MeOH as determined for quenching of Ru(bpy)3* oxidation
to analogous values for quenching of the formation of A.
While there is some variation between the two series, the
observed patterns are quite similar; indeed, the differences
might well be attributable to the experimental uncertainties
(as large as +25%) in these extrapolated K; terms. Thus, the
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Table 2. Summary of K{(S) values for the quenching of
Ru(bpy)3* oxidation by Fe2+/H,0 in acidic aqueous solution and
a comparison of relative K{(S) values with those for

quenching of NDMA oxidation
Substrate K!(S),* mM K{(S)a! Ki(S)rert
Alcohols
MeOH 14+3 1.0 1.0
BuOH 14+3 1.0 0.65
Deoxyribose 3.6 0.6 0.26 0.19
Nucleosides
Thymidine 1.3+0.3 0.09 0.07
dC 3.0 0.6 0.21 0.16
dA 1.8 £ 0.4 0.13 0.19
Nucleotides
dCMP 1.0+ 03 0.07 0.14
dGMP 0.8 +0.2 0.06 0.16
Amino acids
Valine 16 + 0.4 1.1 0.70
Arginine 12+3 0.86 0.72
Lysine 12+3 0.86 0.54
Histidine 6215 0.44 0.23
Tryptophan 1.6 £ 0.4 0.11 0.07

The conditions were [Ru]; = 0.5 mM, [Fe2*]; = 0.5 mM, [H20.};

= 20 mM, pH = 1.7, [S]; = 0-20 mM.

*Ki(S) = —ximt of (Abs(Ruox)s)~! vs. [S] plots (where Abs(Ruoyx)s is
the absorbance due to formation of Ru,x determined at 570 nm at a
fixed time interval Az = 5 s in the presence of a specified [S]).

TK{(S)et = K{(S)/K{(MeOH).

1K;i(S)e1 = Ki(S)/Ki(MeOH), where the K;(S) values are for substrate
quenching of transient A formation as summarized in Table 1.

comparable reactivity patterns indicate a common mecha-
nism for both quenching processes, consistent with the
commonality being the interception of X in each case. This
conclusion is reinforced by the observation that K; (MeOH)
is (within +20% experimental uncertainty) unaffected by
increasing the Ru concentration from 0.5 to 2.0 mM.

An obvious question is whether this second intermediate is
‘OH or some other oxidant. This can again be addressed by
considering the quenching by MeOH, which displayed a K;(S)
value consistent with a mechanism operating by interception
of X. The rate constants for the second-order reactions of
MeOH and Ru(bpy)3* with ‘OH have been determined to be
9.8 X 108 and 5 x 10° M~Ls~1, respectively (24). Thus, if Y
were ‘OH, the condition necessary to quench half the oxi-
dation of Ru would be met when kop(MeOH) [MeOH] =
kou(Ru) [Ru]. Given that these experiments were carried out
for [Ru]; = 0.5 mM, this condition would have been met for
[MeOH] = 2.5 mM, which is much less than the 14 mM value
observed. Thus, Y also cannot be ‘OH.

SUMMARY

The above results indicate that two strongly oxidizing inter-
mediates, denoted as X and Y, are formed in the oxidation of
organic substrates by the simple mixture of ferrous ion and
hydrogen peroxide in acidic aqueous solution. Furthermore,
examination of the competitive reactivities of these interme-
diates, using the oxidations of NDMA and of Ru(bpy)}* as
spectroscopic probes, shows that neither intermediate can be
the hydroxyl radical. The reactivity patterns for X and Y
differ from the known reactions of ‘OH under comparable
conditions; one feature is the much greater selectivities of
these intermediates.

The exact natures of X and Y are as yet uncertain, although
kinetic simulation studies carried out in this laboratory (16)
suggest that X is formed by a reversible reaction of Fe2+ with
H;0,. Thus, we consider a peroxo complex such as Fel(OOH)
to be a likely candidate for X. The substantial kinetic isotope
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effects noted for the reaction of X both with MeOH-d; or
NDMA-d; indicate that the rate-limiting steps with both sub-
strates involve direct activation of a C—H bond, perhaps via
hydrogen atom abstraction. Since Y appears to form via
unimolecular decomposition of X, a likely candidate for Y
would be an iron(IV) oxo complex. Both Fe'(OOH) and
FeO?* would be capable of one-electron redox reactions such
as H atom abstraction, and it is easily imagined how such
might be mistaken for ‘OH, if a narrow range of substrates
were examined for competitive reactivities. Ferryl and hy-
droperoxy complexes have been subjects of previous specu-
lation regarding Fenton-type reagents under certain condi-
tions, although concrete evidence for two oxidizing interme-
diates has not been described.

Fenton-type chemistry has been implicated in the oxidative
processes involved in the etiology of many disease and
degenerative states of organisms (2-10). Hydroxyl radicals
are often invoked as being responsible for such damage;
indeed the term ‘‘Fenton chemistry’’ is sometimes used to
imply reactions involving free ‘OH. The present study dem-
onstrates by using the simplest [and original (1)] Fenton
reagent that such descriptions are misnomers. Indeed the
Fenton system is characterized by two oxidizing intermedi-
ates, neither of which is free ‘OH. Each appears to be a
metal-based oxidant, the reactivities of which should be
considerably more selective and governed by local environ-
ments in biological systems than that of ‘OH. The question
one now must ask is whether the historical Fenton reagent is
simply an inadequate model for in vivo metal-catalyzed
oxidations by peroxide or if the importance of hydroxyl
radical in such situations has been broadly overestimated.
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from National Science Foundation Grant CHE-9024845 to P.C.F. is
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