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Abstract: A brief summary is presented of the life and scientific work of Prof. John O. Edwards (Brown 
University, USA) and honorary member of the Italian Chemical Society who died recently. We summarize his 
notable contributions to the development of peroxide chemistry and, in particular, to mechanisms of oxidation, 
the reactions of electrophilic oxygen with nucleophiles, the generation of radical species, catalysis by transition 
metal species, and the reactions of the elusive peroxynitrite. 

 
Prof. John O. Edwards (Emeritus Professor, Brown 

University, Providence, Rhode Island, USA), honorary 
member of the Italian Chemical Society, died on the 4th of 
November, 2005, at the age of 83. This was a serious loss to 
both the Italian and the International chemical community. We 
discuss his life and his illustrious scientific works and 
personality. 

He was born in 1922 and was a chemistry major at Colgate 
University in 1941 (Hamilton, N.Y.) when the United States 
entered the 2nd World War. He left his studies and joined the 
Marine Corps. He served in the Pacific theatre and was 
involved in the conquest of Saipan & Tinian until 1944. At the 
end of the war, John resumed his studies at the University of 
Wisconsin, Madison where he met his life’s companion and 
later wife, Ruth Christofferson. After receiving the Ph.D. 
degree from the same university in 1950, John went to Cornell 
University as a postdoctoral fellow and research associate to 

work with the famous physical chemist and Nobel Prize 
winner, Peter Debye. 

In 1952 he was offered an academic job by Brown 
University. Because of his publications, his teaching, and his 
research he quickly rose to be Full Professor and then 
Professor Emeritus. His long, fruitful, and versatile teaching 
activities earned him, in 1974, the MCA (Manufacturing 
Chemists Association) College Chemistry Teaching Award. In 
the academic year 1967–1968, he was the recipient of a 
Guggenheim Memorial Fellowship which he took at the 
Universities of Rome and Padua and attended conferences and 
research seminars at various Italian Universities (Bologna, 
Milano, Genova, Bari et al.) Finally, after another three years 
of visits to research institutes and universities in Italy he was 
nominated to be Honorary Member of the Italian Chemical 
Society. 

He was the author of more than 300 papers in internationally 
recognized journals and the author or editor of excellent books 
(one was translated into Japanese (see Figure 1, [1]). These 
researches were principally concerned with the chemistry of 
peroxides and the mechanisms of both inorganic and organic 
reactions. He did pioneering work on peroxydisulfate, 
peroxydiphosphate, on catalysis by complexes of vanadium 
and molybdenum, and more recently research on hyper-
reactive peroxides, peroxy-nitrites, and dioxiranes. We present 
in the following pages a tentative resumé of the highlights 
which have characterized his prolific scientific work. 

Mechanisms of Polar Reactions of Peroxides with Reactive 
Nucleophiles 

Of first importance in Edwards’ contributions is the 
establishment of the mechanisms of the reaction of organic and 
inorganic peroxides of various types. This class of compounds 
is commonly prone to homolytic fission of the weak oxygen-
oxygen bond (eq 1, Figure 2). In fact, in the most common 
peroxides, the energy for homolytic cleavage in the gas phase 
varies from about 50 kcal/mol for hydrogen peroxide, to 35 
kcal/mol for dialkyl peroxides, and 25–27 kcal/mol for 
dialkylperoxydicarbonates [2]. The oxidation reactions which 
then  follow   the  preliminary   homolytic   fission   by  radical 
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Figure 1. Books by John O Edwards. 

 
Figure 2. Leaving group, second-order kinetics, alkyl, acyl, etc. 

pathways are more or less complex and quite common. It has 
been estimated that in the gas phase, heterolytic fission of the 
oxygen-oxygen bond (eq 2, Figure 2) is disfavored compared 
with homolytic cleavage by about 240 kcal/mol! [2a]. On the 
other hand, in condensed phases, heterolysis of the oxygen-
oxygen bond can take place preferentially assisted by 
polarization during the approach of the electron-donating 
nucleophile (eq 3) in a polar solvent, and eventually with the 
cooperative assistance of a protonated species (see stabilization 
by a hydrogen bond, 1, Figure 3). These polar reactions, 
characterized by a simple stoichiometry, show a transfer of an 
electrophilic oxygen to the nucleophilic substrate (for example, 
the oxidation of an organic sulfide, R2S, to a sulfone, R2SO). 
These are quite common for oxidations with hydrogen 
peroxide in water or other polar solvents. They are frequently 
acid-catalyzed (Figure 3, eqs 4–6). Such reactions can be 
distinguished from radical processes by the rate law which is 
usually second-order overall, first-order each in the peroxide 
and the substrate. 

In accord with the kinetic law, one can formulate a simple 
bimolecular mechanism in which the nucleophilic substrate 
brings a pair of non-bonded electrons to attack one of the 
oxygen atoms of the peroxide while the weak oxygen-oxygen 
linkage undergoes a heterolytic cleavage in the transition state 
as shown schematically in Figure 2, eq 3. 

In terms of frontier molecular orbitals, the concerted process 
involves interaction of the occupied orbital at the highest level  

 

(HOMO) with the lowest non-occupied orbital (LUMO) of the 
peroxide to form a new bond, Nu-O (Figure 4). Edwards was 
the first to recognize the close similarity of this process with 
the general reaction process of SN2 nucleophilic attack at sp3 
carbon (also an electrophilic center) of organic substrates, 
which, for example, forms an alcohol from a halide R-X. For 
both cases, in fact, the processes have a stringent steric 
alignment for the nucleophile (the entering group) for bond 
cleavage to take place. In support, Edwards showed that, for a 
large series of negatively charged nucleophiles, the reaction 
rate of hydrogen peroxide toward an organic substrate, for 
example methyl bromide, showed a linear free energy 
correlation (Figure 5). Note the excellent correlation despite 
the fact that the selectivity (sensitivity to the nature of the 
nucleophile) of the two electrophiles (alkyl halide and 
peroxide) is significantly different. And indeed, while for alkyl 
halides the expected rate trend for the ionic  halides in  water 
(I–›Br–›Cl–) varies by a factor of about 250, the same series in 
the case of typical peroxides varies by about 106. 

With regard to the nature of the peroxide, Edwards 
emphasized how, in accord with the proposed mechanism, the 
efficiency of the process depends critically on the nature of the 
leaving group, YO–, and so on the nature of the peroxide. The 
less basic is YO–, the better it will be as a leaving group and so 
more efficient as a peroxide or hydroperoxide in transferring 
the peroxide oxygen to the nucleophilic substrate. There are 
very many examples [2a]. 

For example, the logarithm of the rate of reaction of the 
bromide ion with an inorganic peracid such as the Caroate ion 
(leaving group sulfate), peracetic acid (leaving group acetate), 
and hydrogen peroxide (leaving group hydroxide) shows a 
decrease in log k ca. 0›–0.8›–6.4 with a reactivity range of 
about 106. Detailed kinetic studies by Edwards highlighted the 
fundamental details of the influence on reactivity of 
hydroperoxides for donation of the electrophilic oxygen, for 
example the favorable effect of a protonated molecule on the 
transition state through stabilization via a hydrogen bond 
(see 1', Figure 3); this minimizes the unfavorable separation of 
charges and promotes the reaction. These observations thus 
form a solid base for the rationalization of the effects of 
solvent as well as the varied cooperative effects proposed 
as explanations of the regional and stereoselective observations 
in  numerous electrophilic oxidations by peracids and 
peroxides [2]. 

Studies of the reactivity of nucleophilic substrates with 
organic and inorganic peroxides fit a theme largely cultivated 
by Edwards and aimed at a study of the factors which 
determine the nucleophilic scale in comparing diverse 
electrophilic centers (carbon, sulfur, phosphorus, etc.) [3]. 
Following these observations on the basicity of the nucleophile 
(eq 7, Figure 6) and in particular that it (the basicity) reflects 
only in part the subsequent interaction effects at the transition 
state which presents a whole or only a partial positive charge at 
an sp3 carbon (eq 8, Figure 6). In fact, it is known that all of a 
series of nucleophiles (iodide, thiourea, triphenylphosphine 
and others) give altogether a far superior view of reactivity 
than that ascribable simply to their basicity. This is attributable 
to their polarizability or to their “soft” nature and leads to the 
development of the concept of soft and hard acids and bases 
(HSAB) [4]. In fact, a nucleophilic SN2 reaction accords with 
the  principal of  polarizability in stabilizing the transition state 
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Figure 3. General acid catalysis of the protonated species, alkyl, acyl, 
etc. Specific acid catalysis by strong acids, Leaving group, conjugate 
acid. 

 
Figure 4. Similarity of nucleophilic reactions. 

since a relatively polarizable or soft nucleophile can approach 
the center of reaction more closely while avoiding in large 
measure electronic repulsion (see eq 8, Figure 6). Typically, a 
soft nucleophile arranges its molecular or atomic non-occupied 
orbitals for easy access. As mentioned, another relevant factor 
in determining nucleophilic reactivity is the solvent effect and 
so its greater or lesser solvation. The greater the basicity, in 
general the greater the solvation in protic solvents and so the 
desolvation energy requires more energy to reach the transition 
state. 

Edwards recognized that more than a single factor 
contributes to the definition of nucleophilic reactivity. He 
posed the problem of defining the polarizability in non-
empirical terms and developed a rigorous two term equation 
(eq 9) connecting the nucleophilicity to a dependence on the 

electrode potential of the process in which the nucleophile 
loses an electron. In the Edwards equation, α and β are 
constants which describe the sensitivity of each particular 
substrate: the effectiveness of the nucleophile is a function of 
the basicity parameter (Hn) and also of its polarizability, 
reflected in the parameter En (eq 11) linked to the electrode 
potential Eo, eq 12. 

Edwards emphasized that a particular advantage in using his 
equation lies in the fact that solvation factors are included in 
the values for Eo (and so for En) used for each solvent. The 
equation may be used to correlate kinetic data with equilibria 
in a variety of processes as well as for the accurate prediction 
of the reactivity of a whole series of electron-donating 
substrates. 

In this connection, Edwards’ name is always linked with 
the   important so-called alpha effect, that is the phenomenon 
in   which a nucleophile shows an exalted reactivity to 
that    expected on the basis of its basicity and 
polarizability [2a, 4a, 5]. The term alpha effect comes from the 
observation that these species have, alpha to the nucleophilic 
center, an atom which possesses a pair of unshared electrons 
as, for example, in the hydroperoxide anion or in 
hydroxylamine. The alpha effect is very striking in most cases, 
for example, the nucleophilic reactivity of the hydroperoxide 
anion is elevated about 20-fold for attack at sp3 carbon and by 
several orders of magnitude at sp2 carbon as compared with the 
hydroxide ion despite the fact that the latter is more basic by a 
factor of greater than 104 ([2a], Table 5). 

The alpha effect was rationalized by Edwards as involving a 
partial release of the interelectronic repulsion (due to the pair 
of non-bonded electrons) in the ground state while moving 
toward the transition state. This has also been rationalized in 
terms of the interactions of frontier orbitals [6]. 

The Use of the Technique of Isotopic Labelling to Define 
Reaction Mechanism 

The pioneering studies of Edwards using isotopic labelling 
to define reaction mechanism remain memorable to this day. 
For peroxides this involves labelling with 18O. This was made 
possible by the development in Edwards’ group of a practical 
method for the synthesis of doubly-labelled hydrogen peroxide 
(see Figure 7, eqs 13–16). Starting from this peroxide 
precursor, and diluting with unlabelled hydrogen peroxide, one 
obtains a variety of labeled (5–20%) peroxides [8]. We 
illustrate the synthesis of labelled Caro’s acid in eqs 17–18, 
Figure 7. The use of this double labelling technique, due to 
Edwards, is illustrated in the uncovering of the dioxirane 
intermediate 2 (Scheme 1) in the reaction of the Caroate ion 
with both simple and complex ketones. In fact, using doubly 
labelled Caroate ion and following the fate, the mechanism 
predicts 75% of the original labeled hydrogen peroxide will be 
present in the evolved oxygen. Using mass spectrometry, the 
experimental value is 73±2%, in good accord with that 
predicted for the intermediate dioxirane [9]. 

In the eighties, the chemistry of dioxiranes was developed in 
the framework of a fruitful collaboration of a group at the 
University of Bari. Moving on from the pioneering studies and 
following the successful isolation of several dioxirane species 
of sufficient volatility (using the simple method of distillation 
in the cold), the chemistry of dioxiranes evolved vigorously in 
the last decade [10]. 
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Figure 5. Linear free energy correlations. 

 
Figure 6. The Edwards equation. 

In spite of unfounded preconceptions [11], the 
demonstration of the utility of this class of efficient and 
selective oxidants gave rise to numerous applications 
appearing in the literature [12]. A recent application uses chiral 
dioxiranes for enantioselective epoxidation which have 
appeared in numerous papers. (See Bortolini et al. in the paper 
immediately following, pp.40–43). 

The Reactivity of Inorganic peroxides and of metal-
peroxide complexes 

Edwards’ studies on the reactivity and use of inorganic 
peroxides, such as the salts of peroxydisulfate ([3], Figure 8) 
and of peroxydiphosphate ([4], Figure 8) [2, 13], remain 
relevant, in particular the detailed investigation of the 
generation of the radical ions by photolysis (eq 19) or by 
reaction with transition metal ions (eq 20). The Edwards group 

has carried out many studies using potassium peroxydisulfate 
either with silver(I) salts or with other metallic reducing ions. 
The sulfate ion radical proves to be an effective oxidant 
transferring its electron to a variety of aromatic and aliphatic 
organic substrates. For the case of oxidation of alcohols 
(eq 21) [14] the oxidation by the sulfate radical ion turns out to 
be more selective than the same reaction carried out by the 
hydroxyl radical generated from hydrogen peroxide in the 
classical Fenton reaction. The contributions of Edwards to the 
activation of simple and cheap peroxides such as hydrogen 
peroxide or t-butylperoxide in catalytic oxidations of ions of 
transition metals through the formation of metal peroxide 
complexes of the type shown in scheme 2 (head on or side on 
[2, 14]) have been equally remarkable. Close studies of the 
velocity of  these  reactions and  determination  of the rate laws 

 
Scheme 1. Slow. 73% of the labeled oxygen gas, 18O, m/z = 34. 

 
Scheme 2. End-on; Side-on. 

have shown that it is possible to deduce the nature of metal-
peroxide intermediate by measurement of its formation 
constant in solution. The formation constant for the side-on 
complex is, in general, greater than the ones measured for the 
end-on complex 6 [2, 14]. In this area, in collaboration with a 
group at the University of Padova, Edwards carried out 
fundamental studies on the synthesis and reactivity of do metal-
peroxide complexes of vanadium(V), molybdenum(VI), and 
titanium(IV)(2). It was demonstrated that such intermediates 
are characterized by an elevated reactivity and selectivity in 
the course of transferring oxygen to a diverse group of organic 
substrates. One such significant transformation consists of the 
direct hydroxylation of benzene to phenol catalyzed by a 
peroxide  complex of vanadium  which allows the utilization of 
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Figure 7. Electric discharge, 2000 Volts. Condense in a trap at –80°C. 
Remove under vacuum. 

 
Figure 8. Peroxydisulfate and Peroxydiphosphate. 

 
Figure 9. Peroxynitrite. 

hydrogen peroxide as the primary oxidant [15]. There is more 
detail about Edwards’ contribution to this topic by other 
authors referred to in this memoir. 

The Formation and Reactivity of Peroxynitrous acid: the 
Final Investigation 

The principal theme confronted by Edwards during the last 
years of his life regarded the chemistry of peroxynitrous acid 
and its salts ([7 & 7'], Figure 9 [16]). This peracid is 
characterized by one of the longest O-O bonds recorded in the 
literature (1.44 Å) as well as the weakest bond energy of this 

class of compounds, i.e. ΔHD(O–O) = 19kcal/mol [17]. Prior to 
the last three decades, the chemistry of this species received 
little attention although peroxynitrites had been observed in 
many processes detected by space probes. These experiments 
indicate that on Mars nitrogen oxides generated by UV 
irradiation in the atmosphere react with material on the ground 
to produce nitrates which then photochemically form salts of 
nitrous acid and peroxynitrites (eq 22) [16]. On our own planet 
there exists the possibility that small crystals of nitric acid 
trihydrate, present in the Antarctic stratosphere, contain 
appreciable amounts of the powerful oxidant peroxynitrite, 
formed by UV radiation and so play a significant role in ozone 
depletion as well as in other processes involving terrestrial 
biogeochemistry. But the chemistry of peroxynitrites is not 
limited to what has already been discussed. There are strong 
indications that peroxynitrites are formed in the blood vessels 
by interaction between the nitrogen oxide radical, NO. , and 
superoxide, eq 23. This reaction not only removes nitrogen 
oxides, which act in vivo as vasodilators, but leads to the 
formation of peroxynitrous acid, a pernicious intermediate 
which functions as a precursor to the toxic intermediate 
hydroxyl radical (eq 24). In effect, peroxynitrous acid is one of 
the very few peracids produced in vivo and has been estimated 
to have a half-life of less than one second at 37o [17]. Edwards 
can be credited with devising a method for the synthesis of a 
stable salt of peroxynitrous acid, the potassium salt, by 
irradiation at 254 nm of a sample of potassium nitrate in the 
solid state [16]. This simple procedure allows the preparation 
of substantial amounts of the potassium salt which triggered 
the detailed study of the spectra and reactivity of this elusive 
species. In fact, while samples of the salt are stable in the solid 
state, transfer to solution at pH values less than 7 gives the 
unstable acid. As we have seen, this decomposes rapidly 
giving rise to the hydroxyl radical and then the less reactive 
species NO. . This method is thus a valuable alternative to 
other techniques for producing the hydroxyl radical in solution 
such as gamma radiolysis, UV photolysis, and the Fenton 
reaction all of which have problems in establishing an exact 
definition of the reactivity of the hydroxyl radical [2b]. The 
availability of peroxynitrite also made possible the easy 
generation of the hydroxyl radical from a stable and easily 
accessible sodium salt. Characteristically, Edwards christened 
potassium peroxynitrite as the hydroxyl radical in a bottle. 
This opened the way to numerous applications. For example, at 
Brown University he demonstrated that peroxynitrite dissolved 
in an aqueous solution containing serum albumin induces the 
cleavage of proteins and simultaneously oxidizes the 
sidechains of the fragmented amino acids in a way similar to 
that produced by gamma radiation [2b, 18]. In a similar way, 
he initiated an important phase of research concerning the rôle 
played by peroxynitrite in biochemical processes including the 
interaction of the hydroxyl radical with proteins and nucleic 
acids. 

Conclusions 

In an article of this small size it is clearly impossible - 
because of the emphases which represent the personal choices 
of the authors - to present the multiple and fruitful scientific 
activities of Prof. Edwards. He has had a profound effect 
which has benefited us and many other Italian scientists 
working at many different Universities. For them and for all of 
our colleagues who have had the privilege of meeting him, his 
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scientific and cultural acumen, not separated from his profound 
human qualities, make him a friend and an unforgettable 
figure. 

Translator’s Note 

I spent a year (1964–1965) with John Edwards at Brown. It 
was a very good year with congenial colleagues and calm after 
the tensions of Boston. My wife, three children, and I lived in 
an apartment above a garage near the corner of Olney St. and 
Hope. I walked to work every day. The project, funded by the 
Army, was to study the kinetics of the reaction between two 
phosphonic acids and a series of nucleophiles. The connection 
with the Army was to find a way to deactivate phosphorus-
containing nerve gases. The phosphonic acids were chosen to 
simplify the effects of pH. John was a marvelous combination 
of a brilliant chemist and a thoroughly good human being. Two 
papers in J. Org. Chem. resulted from that year’s laboratory 
work, but work also began on a review of polar reactions of 
peroxides and later we collaborated on a review of the thermal 
reactions of peroxydisulfate. It was characteristic of John that 
he refused to be full co-author on this latter work but instead 
insisted that the words “in part” be inserted after his name. 
Would that the whole scientific world were so scrupulous. 
Thereafter, I routinely consulted and always benefited from his 
advice on my research. 
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