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Recent reports have established that Fenton chemistry involves the tbrmation of hydroper~ 
oxide {ROOH ) Mducls ( | ) of reduced transition metals [iron( 11 ), copper{| ), and cobtdt( 11 )] 

n 
via nucleophilic addition {e.g. Fe"L, + R O O H ~  ~ [L;Fe"OOR, BH'](I)} {B=py or 
H20). These reactive intermediates ( | )  react with Ca) excess catalyst {|:girL0 to tbrm 
L,,FemOHIR); (b) excess ROOH to form O~, H,O and ROH; (c) excess hydrocarbon (RH) 
to form ROH { Fenton chemistry); and (d) ambient dioxygen (02) to |brm adducts of I le.g. 
I{Oa) = [L, ~ Fe"qO,, )OOR( BH ~ )1 { 5)1. ( Note: All bracketed species are speculative, but con- 
sistent with the product proliles.) The latter i5) reacts selectivity with (a) methylenic carbon 

centers of hydrocarbons ( C l 4 z )  to lbrm ketones [e.g. c~oC,H~z=~, c~CoH~o(O)] 
{oxygen~ted Fenton chemistry) and (b) arylolefins via dioxygenation [e.g. 

cis~-PhCH=CHPh-~ 2PhCH(O)], The species 5 formed by t-BuOOH and 02 with 
FclS(PA)2 (in 2'1 py/HOAc) (PAll=picolinic acid; 2.earboxyl pyridine), FeU(bpy)~ '~ 
(MeCN), Fen(OPPh3)~ + (MeCN), i , + Cu(bpy)2 {4:1 MeCN/py) and Con(bpy)~ (4:1 
MeCN/py) ke|onize the methylenic centers of hydrocarbons (e.g. coCoH~z, 
PhCHzCH3, c-CoHto). With the allylic centers of cyciohexene {c-C~:,H~o) the various 
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species 5 exhibit catalytic turnover of 02 [e.g. 10raM FeU(bpy) 2+ 120mM t-BuOOH yields 
86 mM c-Chris(O) (4.30~ turnovers per t-BuOOH)]. For analogous combinations with other 

Cut-b -+ complexes the turnover numbers are: Fen(OPPh~)] +, 3.0; FeU(PA)z, 3.0; ( py~z, 1.3; 
CoU(bpy)~ + , 0.7; Mnm(salen)(OAc), 8.0; Mnm(bpy)~(OAc)a, 7.0. With PhCHzCHa as the 
subst.rate the O:-turnover numbers are: FeU(PA)z, 3.2; FeU(bpy)~ " , 1.8; FeU(OPPhs)]  +, 1.9; 
Cu=(bpy)~", 1.4; Con(bpy)~ +, 0.9; Mnm(salen) (OAt) (salen = Sc~ff base from two salicylalde- 
hydes and ethylenediamine), 2.0; Mnat(bpy)~(OAc)~, 1.6. The ~veral species I react as 
hydroxyiases (including aromatic substrates) and dehydrogenases, and species 5 react as 
ketonization agents and dioxygenases. With excess HOOH its ML,,-induced disproportiona- 
tion to O~ and H~O results in production of species 5 without external sources of O~. © 1997 
Elsevier Science S.A. 

1. |ntr~'uction 

The reaction chemistry of coordination complexes involves substitution by a more 
nucleophilic ligand, e.g. 

Fe"(OH2)~* +3bpy ~.~, 2÷ ~Fe  (bpy)i +6H20 (i)  

Fe"(bpy)]* +HzY: -  ~Fe"Y 2" + 2bpyH* +bpy (2) 

Fen(bpy)]  * + HOOH ~ r(bpy)~ ~ F ~ t ~ H ( b p y H  * )] (3) 

In this set of displa~;~ment reactions bipyfidine (bpy) is a stronger nucleophile than 
H~O, EDTA (H2Y  ~.'. ) stronger than bpy, and H ~ H  slronger than bpy, H20 and 
the carboxylates of  H~Y 2 .... . As with all !igand°substitutioa reactions the more 
nucleophi!ic 1 ' .  . . . . . . . . . . . .  , . . . . .  |gand displace~ an existing ligand vi~ a smgie~el~tron.transter (SET)  
m~hanism (the entering ligand transfers an electron via the metal center to the 
displaced ligand), This is analogous !o the ' Snz mechanism for nucleophiiic organic 
reactions [I ] 

~" -~ SN2 
HO ° + n-BuBr ~ HOBu-n + Br ° (4) 

HO ° + Fe"~fl~ ~[ ltOFe"lCI ~ 1-, HOFe"lCl~ + CI ° (5) 

2NH~ + Ag~CI(s)-~Ag~(NH3)~ + C! .... (6) 

With saturated electrophiles (n-BuBr. Eq. (4)) the SET is to a less nucleophilic 
~ p l  ~ Q  

leaving group N ..... + R:.X,:iE)-, N'  R + :X: 

The m~de~fl~iliciO' (Nu) of a Lewis base {nucleophile. N ) is equal ~o its o:.Jdalion 
potential [(E,~)~.~] minus the bond-formation t'r~ energy [( ...... AG~v)N..~ ~:. ['or the N-E' 
bond that results from its ~action with an eleclrophi!e [E; electrophilicity (El) 
equals (E~)~d [21 

N + E ~  N -  E'(+ X )= -AGr~,~ (7) 
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(-AGBF) (for nucleophilic displacement reactions) 

Nu = (Eox)N --[(-- AG~F)N-E,/23.1 kcal (eV)- 1 mol - l] (8) 

El= (E~,l )~ (9) 

The free-energy for the reaction of a nucleophile with an electrophile (Eq. (7)) can 
be determined with the relation 

- AG,~¢ = ( E l -  Nu)23.1 kcal mol - t = [(E~)E -- (Eo~)N ] 23.1 + (-- AGaF)N - E, 

(10) 

Hence, the driving force for nucleophile/electrophile electron-transfer reactions is 
the redox potential for the nucleophile in the solution matrix ( H O - / H O . ,  + 0.92 V 
vs NHE in MeCN) [3] plus the nucleophile-substrate bond-formation free energy 
( -  AGm~, n-Bu-OH; ~ 83 kcal tool - t). 

Nucleophilicity = (E1:2)o~ - (-- AGa~.(~ - E)/23.1 ) (11) 

=(+0.92 V ) - [ 8 3  kcal tool-t/23.1 kcal mol ~t (eV)- t] 

= ( + 0 . 9 2 - 3 . 6 )  V=  -2.70 V vs NHE 

[ n - B u B r + e  ~° - ~ n - B u .  +Br  ,E , - 2 . 0  V vs NHE] 

Thus, in MeCN reaction Eq.(4) is exothermic by about 16kcalmol ~ 
[~ AG,~,,o, ~ ( E l ~  Nu) eV ~0.7 V x 23.! kcal t o o !  t ( e V ) 1 ~  i6 kcal tool ~]. 

With reaction Eq. (5) the bond.ibmaation free energy for ClzFe"!.OH is 
62 kcal tool t and Fe"'CI~ is reduced at +0.50 V vs NHE in acetonitrile (El). Hence, 
the " .... 3," ¢ Ic.latt~ n nudeo[luhcuty of HO in this reaction is given by the ""' ':~ 

Nucleophilicity ~(Et:2)o~ ~o( .... AG~,,(N,~ ~)/23.1 ) ( ! 2 )  

=(+0.92 V)--[62 kcal tool ='/23.1 kcai tool °t (eV) °t ] 

= ( + 0 . 9 2 -  2.68) V = - 1.76 V vs NHE 

The reaction is exothermic by about 52 kcal tool = ~ [ -  AG, o~,It,,, = 
( E / -  Nu) eV ~ 2.26 V x 23.1 kcal tool ~ ~ (eV)= ~ = 52.2 kcal tool ..... ~]. 

Table I summarizes the oxidation potentials for nucleophiles and the reduction 
potentials for electrophiles in acetonitrile (MeCN) and in water [2]. The relative 
positiot.~ will be the same in other solvents, but nucleophiles that are stronger than 
H O  will be "leveled" ~o its nucleophilicity in aqueous media. Under all conditions 
hydro~roxides (e.g. HOOH, t-BuOOH) are more nucleophilic than water (and 
alcohols), and peroxide anions are stronger nucleophiles than other oxy anions 
( nO- ,  PhO ~ ).  

Thus, hydroperoxides are favored relative to water in the ligand-centered 
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Table 1 
Nucleophilicity and electrop~licity of  molecules and iotas (strongest or  most reactive at top o f  listing) 

Nucleophile (Etlz)ox (V)  vs N H E  Electrophile (E~ ,rL,.~ (V)  vs NHE 
( M e C N )  (H:O)  (MeCN)  (H,O)  

e ~  - 3.9 + 2.9 H20 +" + 3.2 + 2.7 
( ~ P - . ) C o -  - 1.7 Fem(bpy)] + + 1.3 + 1.1 
(TPP ° .  )Fe ~ - i .4 H O .  +0 .9  + 1.9 
(T'PP)Fe ° - 0.8 Fe"~(PA)a + 0.4 
(TPP)Co~ ~ 0 . 6  (TPP)Fem(py)~ +0 .4  
O~ ~' . ~o 0,7 ~ 0.2 (TPP)FemCI + 0.2 
PhCHzS ~ 0.0 AQ (anthraquinone} - 0.6 
HOO"  0.0 +0.2 CoU(bpy)~, ~ o-0.6 
PhO"  + 0.3 O: ..... 0.7 ~0.2 

| ~,¢. 
MeaN + 0.7 Cu (bpy)~ ~ 0.9 
HO"  + 0,9 + 1.9 FeU(OPPh~)~ * - 0 . 9  

MeC(O)O ~ + 1.3 Fen(bpy).~ * - 0 . 9  
PhOH + 1.7 CCi4 - 0.9 
Pyridine + 2.0 Fe"CI: = 1.0 
CI ~ +2.2 +2.4 H~O ~ ~ !.6 =2.1 
H ~ H  +2 ,3  +0~9 (pH 7) n~Bul ~ 1 . 9  
H~O +3.0  +2,3 (pH 7) n-BuBr =2.2 

n- BuCI - 2. 
H:O -o 3.9 -- 2,9 

t uc!ei~phflic substitution reactions of co ordh!afion chemistry 

Fet'( b~v~-' )~ a * + H:O~(bpy)~ * Fe m ~-~-~ Oi-~i + bpy~i ' (i3~ 

F~"t(bpy)]* + H~)H-~(bpy)~  * Fe "l = O O H  + bpyH ' (14) 

(PA)~FemCi + H~O/py-~(PA)~Fe m ~ O H  + pyHCI (15) 

( PA)2FentCI + HOOH/py ~.( PA )~Fe m ~ OOH + pyHCI (16) 

FeU(PA)~ + HOOH/py~[ (  PA)~ ~ ]l::c "1 ~ ( ~ H  + p y H '  (17) 

Fe"(bpy)~* + HOOH o~,[l bpy)~ ]Fe u ~oOOH(bpyH * ) (18) 

The nucleophilic character of hydroperoxides |bllows from the fi~ct that H ~  ..... 
is a much stron~r Lewis base than HO .... { (E,~h.~ = +0 .20V vs NHE vs 
{Eo~)t4o ~:~ ~ + 1,89 V (pH 14)] [the m o ~  negative, or less positive, the potential the 
more basic; with the el~tron (e ~) at ~he reduction lx~tential of the solvent the 
ultimate Lewis base, = 2.93 V vs NHE tbr H~O]. Relative to the Lewis basicity of 
H~O [(Eo~)u~o,pu s, + 2,43 V ], that for HOOH [(E,,~)HooH,~u s, + 1.01 V ] also is much 
greater [ 1,2], 
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2. Fenton chemistry 

The traditional formulation of the one-to-one primary step for Fenton reagents 
[FeU(OH2)~, +/HOOH in H20 at pH 2] depicts the production of free hydroxyI 
radical (HO.)  [4--8] 

kl9 
FeP(OHz)~+ + HOOH ~ (H20)s + FemOH + H 2 0  "4- HO" (19) 

pH 2 

ktg=41 M- l  s-t 
With this assumption, the subsequent reactions of Fenton reagents have been 

based on the primary chemistry of HO. (generated by radiolysis of H20 or 
photolysis of HOOH) [9], which reacts with iron(ll) Call in aqueous media) 

k2o 
HO" + , , ,  ~,-,,,,/~ -~ (H,O)~ FemOH+H20 (20) 

k,o=3 x 10s M-~t s ~t 

and aliphatic (RH) and aromatic (PhR) hydrocarbons [9] 

HO. +RH-* R. +HaO (21) 

kal= I.I x 10s M- I  s ~'~l (CH4), 1.8× 109M °1 s ~~ (C2H~,). 
3.7 x l0 ~ M ~ t s ,~ t (c-CsHto; cyclopentane) 

H O .  + PhR o~ HOPh 'R  - ' ~  :!RC,,H4 ~C,!!4R (20)  

lil~O 

k,~ ::~ 3.0 × I0 'J M .... l s ~ l (ph(313~ 97'¼, aryl addi t ion),  
7.5 × I0 '~ M m s t ( i  h(~H~(.i.i~, 85% aryl addi t ion)  

The resultalll carbc" :~n radical (R. )  can (a) dimerize to R:, (b) react with a second 
HO. to form ROH, and (c) in the presence of air, couple to O~ to lbrm ROO. 
{ uareac|ive with saturated hydrocarbons; dimerizes to [ROOOOR]~ ROOR + O2 
(when R is tertiary), kd~ 10:~ 10 ~ M ~t sO~} [6]. 

The kinetics for substrate reactivities with Fenton-generated "HO. " "  usually are 
determined via the relative rate of di, appearances' ' ' of iron(il) (Eq. (20)) to that of 
the substrate [4]. However, if Fenton reagents generate reactive intermediates (X) 
other than flee HO.,  the reactivity of X with iron(ll) and organic substrates will 
be different and may not produce free carbon radicals (R.) .  

In 1989 we discussed the characteristics of a Fenton reagent in an organic solvent 
matrix [Fe"(PA)2 (PAH = picolinic acid)/HOOH/2:l pyridine (py)/acetic acid 
(HOAc) (tool/tool)] [ 10]. With one-to-one Fe( II )/IIOOH stoichiometry (under an 
Ar atmosphere) the system reacted with hydrocarbons in a manner similar to that 
of r' " i  t adlt onal aqueous Fenton reagents [c-C61t~zo~,(c-C~,H~)pyl (pyl; pyridyL 
Cst|4N ) (or c-C~,H~OH )]. As with all Fenton systems, the dominant product is nol 
bicyclohexyl (c-C6Hll) z, which is the major product from the reaction of HO. with 
cyclohexane (c-Coil lz). 
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TaMe 2 summarizes the product profiles for two substrates 
(c-C6Ht2, PhCH2CHa) when combined with 1"I or i:20 mot-ratios of 
ML~(M = De, Co, Cu) /HOOH in the absence and the presence of O2 (1 atm) [11- 
13]. The kinetic i s o t o ~  effect for cyclohexane [K/E, k , - c ~ n J k , - c ~ a , ~ ]  in relation 
to its major p r o d ~ t s  is listed for the Denton reagents under various reaction 
~nd i t i ons  In contrast to the l : l  FeU(PA)2/HOOH system [dominant product; 

Table 2 
Comparison of hydrocarbon (RH) reactivities for classical and oxygenated Fenton reagents with those 
for frc¢ hydroxyl radical (HO.) 

O~idantlsolvent ~ Primary product (yield, mM :1: 5%P 
c-CaHt2 PhCH~CH~ 

[KIEF Ik,-c#,:lkr~o~,ah I '~ 

HO'/H10* 
1:1 FeO(OH~)~o */HOOH]tH~O(pH 2) ~ 
!:1 F,"(PAh/H~H ]/(pyhHOAc s 
1:1 Fe"(PAh/HOOH, O~]/(pyhHOAc 
! :20 F¢"(PA h / H ~ H  ]/(pyhHOAc ~ 

1:2{) F¢"( PA h / H ~ H ,  O:]/(whHOAc 
1:1 Fe"(PAh/H~H ]/M~N 
1:20 F¢~(PA h / H ~ H  ] / M ~ N  
1:20 Fe)))CI~/H~H FM~N 

I:I Fe)i(PA)~IHOOH ]/McCN' 
I:1 Fd'(bpy)]" !HOOH,O~]/M¢CN 
I:~0 Fe"(bpy)~ */H(~H ]IM~'N ) 

1:1:1 F(¢)(OPPh.~ ~:] ~/I~t(.)OH/HOtM67N ~ 
1:20 Fdl(Oppth)~ */i~t{~)i~t ]/MeCN .~ 

i:20 ~o"(bpy)~*/HOOH j / ( M ~ N  ) ~  
1:20 ~ ( b p y ) ; / H ~ H  ]/( M~N)4)y ~ 
1:20 Cut(bw)a* tH~H,O1]/(M¢~N hpy ~ 

c-C~H,~' 
c-CaH,,OH 
(c-C6H,i)CsH~N 
~6H,dO) 
c-Coil,dO) 
(c-C~H~t)CsH~N 
coC~H,dO) 
e~C~H) ~OH 
c,C,,H dO) 
c-C~H~)OH,CI 
~.C,,H,,XO) 
0 
c°C,,H,,)(O) 
c-C,,H,)(O) 
e-C:',,H ~, O H 
c-C,~H),CI 
c-C~H))OH 

coCoH~dO) 

~C,H,dO) 

[ ! .0} HOPh- CH~CH:~ {0. I } 
[1.1] PhCH(MeiOH 

4 [I.7] PhC(O)CH~ 2 |0.3} 
2 [2,1] PhC(O)CH~ 4 {0.1} 
27 [2.5] PhC(O)CH~ 23 I0,2} 
4 [ 1.7] HOPhCH:~CH~ $ 
15 [2,1 ] PhC(O)CH~ 27 {0.1 } 
3 PhC(O)CH:~ 6 {0.I } 
2 
24 [2.9] PhCH(OH,CI)CHd 20 I0.2I 

[ i l l  PhC(O)CH~ 15 {0,1I 

I PhC(O)CH~ 
i4,0] PhC(OiCH~ 

4 i ,41 
4 it,s] 
? [!,9} PItCH(Me)OH 
6 [>10] PhC(O)CH~ 
12 [~A] PhCiOICH~ 
20 [2,9] PhC(O)CH~ 
12 [2,5] PhC(O)CH~ 
12 [2,4] PhC(O)CH~ 

2 10,1i 

2! {0,1I 
O 10,~i 
14 I02I 
20 I02I 
12 i02I 
12 I021 

Sub,trite ~nd FeL~ ~ m b i l ~  in 3,S mL of ~|venl, fo|low~ by the slow addition of HOOH ( 50%, in 
H~O) to ~ve 10 or 1~ mM H ~ H ,  The produ~I solmions w ~  m~ly~d by eapiUa~-column ~as 
ch,~mato~r~phy ~nd ~ ° M S  after a ~action ~im~ of 3 h a~ 24 ± 2 ~C, 
t, Solvents: (pyhHOAc, 2:1 tool ratio; ( M ~ N  hPY, 4:1 tool ratio, 

Rdati~ reactivity of c-C~H~ venus PhCH:CH~ (~r CH?group), 
. 10L 

Re|: IS], 
i:I, 10raM ML~/10 mM IIOO!ol, 

h 1:~, S mM ML,j 100 mM HOOH, 
I" I [ Fe"(OPPh~)] ', Co~{ bpy)~ * and Cul( hpy~ "/H~l! ] also m~ unrea¢l.i~ ~vilh c-C~ll,~. 

Rei' ,  

' Rer, I s], 
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cyclohexyl pyridyl, (c-CtHt0pyl ], the 1:20 system yields c-CtHlo(O ) (cyclohexanone) 
as the dominant product plus some (c-CtH~)pyl or c-CtHttOH. With the 1:1 
systems in the presence of 02 (1 atm), ketonization of methylenic carbon centers is 
dominant [¢-CtHL,--}¢-C6Hto(O)]. 

These [ 11-13 ] and related studies of iron(II )/HCI [ 14] and copper(I ) [ 15] Fenton 
systems have confirmed that the metal/HOOH ratio is decisive with respect 
to reactivity and product profile. Thus, 1:1 MLx/HOOH combinations of 
Fell(bpy)~ *, Fen(OPPh3)42÷, Con(bpy)~ 2+ and Cul(bpy)~ " are not reactive with 
c-CtH~2, but 1:20 combinations yield substantial quantities of c-C6H~o(O) as the 
dominant product [their 1:1 combination in the presence of 02 also transforms 
c-CtHt2 to c-C6Hto(O)]. Clearly the latter conditions produce a different reactive 
intermediate than that from the 1:1 combination of classical Fenton chemistry. 

The product profiles for a Fenton reagent [Fen(PAh/HOOH/2:I py/HOAc 
(mol/mol)] with several organic substrates (RH or ArH) have been compared with 
those for free hydroxyl radical (HO.) in an aqueous matrix [ 10-13,16 ]. In no case 
is substrate dimer (R-R) (dominant product for HO./saturated-hydrocarbon reac- 
tions in the absence of 02) or ROOR (dominant product for HO./saturated- 
hydrocarbon reactions in the presence of 02) detected in the product solutions [9]. 

In the absence of 02, (a) the Fenton systems yield (i) R(pyl) (alkyl pyridyl) or 
ROH from saturated hydrocarbons (RH), (ii) PhOH from Phil, (iii) 3-hydroxy- 
pyridyl [3-HO(pyl)] from py, and (iv) PhC(O)CH3 from PhCH2CH3; and 
(b) HO. yields (i) (R. ~R-R) from RH, (ii) (HOPI1H-~Ph--Ph) from Phil, 
(iii) hydroxyl adduct [HO~y(o/p, 2.0)~pyl-pyl] (bipyridyl; bpy) from py, and 
(iv) (HOAfH~Ar-Ar)  from PhCH2CH,~. In the presence of O2, (a) the Fenton 
system yields ketones from the methylenic centers of hydrocarbons [RH; 
c-C6Ha2~c-C6Hlo(O)], and (b) HO. yields (ROO. ~,ROOR +O2) from RH. 

Although HO. reacts with CH4 (k= 1.1 × 10 ~ M o~t sot) [9], Fenton reagents are 
unreactive. Hydroxyl radical reacts with Fe"(bpy)~*o ,~r'"'~v~,, 2,2':bipyridyl) via aryl 
addition to give (bpy)~ * Fem(bpy ~- OH ) (bpy~OH, hydroxyl derivative of bipyridyl ) 
( k ~ 9 x l 0 9 M ° t s  ~°t) [9], but the 1:1 combination of FeU(bpy)~ + and HOOH in 
MeCN is unreaetive (Table 2). 

In spite of the common belief that Fenton reagents (Fe"LJHOOH) (L, ligand) 
produce free HO. (Eq. (19)), recent studies [11,17,18] and the results of Table 2 
provide dear evidence that free HO. is not the dominant reactant, and that 
with highly stabilized iron(ll) complexes [Fen(diethylenetriaminepentaacetate) 
and Fea(EDTA)] a nucleophilic adduct {(EDTA)Fe"-O~OH(H30+), |;  "bound 
HO"}I  reacts directly with substrates [18]. Another study finds product profiles 
that are inconsistent with free HO. as the dominant reactive intermediate for a 
biological Fenton reagent [19]. 

The 1:1 FeU(PA)z/HOOH combination in 2:1 py/HOAc is an effective Fenton 
reagent for organic substrates [ 10], and has reactivities and product profiles that 
are within the same mechanistic framework as those for traditional aqueous Fenton 
reagents [4]. Hence, the initial step is the reversible nucleophilic addition of HOOH 
to FeU(PA)2 to give the primary reactive intermediate ( | ) [ 1 l-  13 ] which ~eacts with 
(a) excess FeWl(PA)2 via path A (k=2x 10 3 i °~t s ~l) [10], (b) excess HOOH via 
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Fell(PA)2 + HOOH-2-py/HOAc ~ [ F ~ O O H ( P A ) 2 " ( p y H t ) ] ~  2 (PAhFemOH 

(c-C6Hu)pyl + 2 H'20 + Fen(PAh k 

KJE, 1.7 02 + 2 H20 + FelI(pA)2 

(23) 

path B to give Oz and (c) excess c-C6H~2 via path C to give (c-C6H~,)pyl (cyclohexyl 
pyridyl) [aqueous Fenton systems producx c-C~,H~OH with a kinetic-isoto1~-efl~ct 
(KIE) of 1.1 [8], and free HO. (pulse radiolysis) produces o.C6Ht~" with a KIE of 
1.0 [9]. Although radical traps (e.g. PhSeSePh, B~CI3, Me,SO) [9] often are used 
to "prove" that free carbon radicals are formed by "free HO." from Fenton 
reagents, these also react with nonradi~is (e.g. the intermediate of path C, Eq. (23); 
Table 2). With IM c-C6H~: the p r o s  of path C is facilitated via formation of an 
intermediate (~) that pr~uces 2-(c-C~,H,~)pyl and 4-(c-C~H~t)pyl 

1 +c=C~,H12 + py~ {(PAhFelV(OH)[py!(c~C6Hll )]} ~Fe"(PA): 
2 

4 ~c =C.H~ }py! + H:O (24) 

The r;~e~.~ce of pyridine in the solvenl malt|× causes the primary reactant to be 
[( L~ )Fe"OOH( pyH ': )] ( l ), which reacts with aliphatic sub~ stra|~s (RH) to produce 

L2,, o , 
alkyi pyridyls (Rpyl) via i( ~ )FdV(pyR)(OH)] (~), When oxidized metal com- 
p!exe~ [e,g, Fe~"Cl:~, Fem(PA)~, CC~(bly)~ ]a~e u~ed, the retinal event appears to 
be reductio, by HOOH, e~g, [ 12, 13] 

2F:e"t-Ci~ + HOOH ~,2Fe"Cla ~ O~ + 2HCt { 25 } 

The Fe"CI+ product in turn forms [Fe"OOH(CI++ )(H+O ++~ )] ( | ) ,  which reacts with 
c+C+Hl+ and PhCH+CH+ via [Ci+F¢+V(OH )( R)] (2) to produ+,+ approximately 50:50 
mixtures of ROH and RCI [ 13], With H ~ H  and c-C+Hi+ the [KIE] value for I is 
2,9 [13], and with t - B u S H  it is 4,3+ The porphyrin catalyst I(CIsTPP)Fe"; 
[tetra(2,6~ichioro-pheayl)t~xphyrin]iron(ll)l reacts with t - B u S H  to form 
[(CI~TPP) Fe"~Bu°t  ( H~O * )] (l),  wh ich  reac|s with c-C~H ~ ~ via 
RCIsTPP)FdV(OH )(R)] (2) to produce ROH [KIE~ 5.01 [12]. 

In summary: Fento, reagents do not produce (a) free HO., (b) free carbon 
radicals (R.)  or (c) aryl adducts ( H O A r .  L Early work [.20] has demonstrated that 
the primary ehemis!ry of HOOH is nuck~, phdlc addition, even in matrices as weakly 
basic as water at pl:~! 2. Hence, FeJ~ton reagents [reduced electrophilic transition- 
metal complexes ( FeUL,, CutL~ and CoULd}] must h ~  a primary step of nucleophilic 
~ddifion to the metal ~nter to give 1 (the reactive intermediate of Fenton reagems). 
The efficient and selective reactivity of | (Fenton chemistry) makes it a more 
reasonable cytotoxic agent than fr~ HO. within ~he oxy-radical theory of aging 
and heart disease [21,22]. 
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3. Oxygenated Fenlon chemistry 

When excess HOOH (or t-BuOOH) is combined with transition-metal complexes, 
it becomes the dominant substrate for the initially foimed Fenton intermediate (1, 
Eq. (23)). This reaction facilitates the disproportionation of hydroperoxides via 
species 3 (rapid in the case of HOOH; and much slower in the ease of t-BuOOH) 
[12,13.15]. 

a:"ooza>A)  (8 )i + HOO -Wta>A),F,'V<oMi<OOR)i 
1 R O H , I I ' 3 B  t 

R -- H or t-Bu ~ R O H  
0 2 + FentPA~ 

(26) 

Hence, a system with excess HOOH initially produces its own O2-atmosphere. For 
example the 5 mM Fen(PA)2/100mM HOOH/1 M c-C6Hl2 system yields 27 mM 
c-C6Hio(O) and 4 mM (c-C6Hlt)pyi (the respective [KIE]-values are 2.5 and 1.7, 
Table 2). More than half of the HOOH is decomposed to 02 (Eq. (26)). When t- 
BuOOH is used in place of HOOH the system yields 7 mM c-C6H~lOOBu-t ([KIE] = 
8.4), 11 mM c-C(,Hto(O) ([KIE]=7.6) and 19mM (c-C6Htt)pyl ([KIE]=4.6). 
Again, almost half of the t-BuOOH is decomposed to O2 via Eq. (26). Combinations 
of Fea(PA)2 and HOOH in the presence of 02 transform c-C6H12 to c-C6Hlo(O) 
([KIE], 2. I) as the only detectable product (Table 2). 

Although 1:1 combinations of [Fen(bpy)~ +, Fen(Ozbpy) 2÷, Fen(OPPh3)~ + 
"~ I I  ~ +  + ( o  (bpy)7 ol" Cut(bpy)2 ]IHOOH ill llic absence of 0 2 are unreactive with 

c°C,ltl~, they readily react in its presence to produce c-C,H~o(O). When their ratio 
is 1:20 ML,/HOOH, most of the HOOH is transformed to Oz via Eq. (26), which 

an~: act!v,it ~ n of Oz for reaction with c-C(~,H~. ' t i~¢Sii!I~ i l l  ~in~!ll gOI l~ i ; ~ ' en ton - i nd l l ced  ' " '  ' i - )  ~, 

PhCH~,CIt3 (Gl~ibl¢ 2 ). 
The 9 mM Feil(pA)~t9 mM/.BuOOH system in the absence of Oz and substrate 

reacts via a Fenton process {path A, Eq. (23)) to give (PA)2Fe"IOH. In the presence 
of Oz (with or without IM c-C~,Ht2) there is no evidence tbr free F~"(]F'A)z in the 
reaction matrix {no electrochemical oxidation, but a two-electron per iron irreversible 
reduction) [12]. These observations are compelling evidence that species I (formed 
from t-BuOOH) produces an Oz-adduct (5) 

1 + 02 -->[ Fenl (OOBu - t)( PA)2" (O2)(pyH + )]511(02) ] (27) 

which reacts with excess c-C6Hiz to produce c-C6HIo(O). The dioxygen adduct (5) 
appears to be the steady state primary reactive intermediate rather than species 1 
on the basis of the enhanced [KIE] value for ketone formation {8.5 [for initial 
formation of 6] vs 4.6 [for formation of (c-C~,H~t)pyl]}. Table 3 summarizes the 
product profiles for several ML.Jt-BuOOH/O2 (1 atm) combinations with c-C6Htz 
and c-C6Hlo. In all cases the oxygen atoms that are incorporated in the product 
species come from O2 [12]. 

The production of 16 mM PhC(O)Me by the 5 mM 
Fen(pA)z/5 mM t-BuOOH/Oz/IM PhCH2CHa system [12] indicates that (a) most 
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of the oxygen in the product comes from 02 and (b) the rea~'tion is initiated by 
species 5, but (c) the catalytic cycle is carried by species 6 [(PA).,FeW(OH)(OOR)] 
(three times as much product as initial t-BuOOH). 

$ + PhCH 2Ct~ ~ {(PA)2Felv(OH)[OOCH(CH3)Ph]} P ~ 6 a  
RH t-BuSH aa 02 

+ PhC(O)CH3 (28) 
+H20 

Cyclohexene (c-CtHlo) has similar reactivity in the 10raM Fen(bpy)zZ+/20mM 
t-BuOOH/Oz system with at least 4 02 turnovers per t-BuOOH (Table 3). 

Scheme I outlines a set of reaction paths that are consistent with the product profiles 
for Fenton chemistry and oxygenated Fenton chemistry [1:1 MLx/HOOH (or 
t-BuOOH)/*Oz] with cyclohexane (c-C6HI2) as the substrate. The species 3 that is 
formed from t-BuOOH (rather than HOOH) is about 100 times longer lived 
[decomposes to 02 and t-BuOH (Eq. (26))], and thereby can react with c-C6HIz to 
form c-C6HnOOBu-t. Because the K/E value for its formation is 8.4, the reactive 
intermediate must involve a pathway other than that for Fenton chemistry (path C 
[K/E, 4.6] and Table 3). The product is only observed with t-BuOOH (and not HOOH ), 
which is consistent with the longer lifetime of 3 when formed from excess t-BuOOH. 

With 20:1 HOOH (Bu-t)/Fen(PA)2 ratios, substantial fractions of the HOOH (Bu- 
t) are decomposed to O2 via species 3 (Eq. (26)) (rapidly for HOOH and slowly for 
t-BuOOH). This internally generated O~ in turn combines with I to form 5, which 
accounts for the production of ketone (rather than ROOBu-t) in Oz-free systems of 
t-BuOOH. Electrochemical results [ 12] confirm that excess t-BuOOH with Fe~I(PA)2 
undergoes a sustained disproportionation to O2 and formation of 5 [same reduction 
~ak  as lbr I:1 Fell(PA)jt-BuOOH in the presence of O2]. A similar set of observations 
and rationalizations has been presented for incorporation of 02 derived fr~m 
t-BuOOH in a Fe(!ll)/toBuOOH/c°C8Ht6/(lO:l py/HOAc) system [23]. 

lnlll~| Other iron(il)conp|exes~ ~ [Fen~b'-"2+~ w~2 , Fen(OPPhs),~ + ~  , F~"CI~] undergo ° ' " !  
addltltn by I IOOH to form an analogue of g ,'~s nucleophilic ' " :~ Jpecle~ !. For the 

Fe"L~* complexes in pure MeCN this is a cationic reactive intermediate 
[(L~* )Fe"OOH(HsO* )] that reacts with excess HOOH to form 3, which d~omposes 

"~ to O2 and reacts with substrates. In the presence of Oz I reacts with t-C6H~2 to 
form 6, which reacts with a second c-C6Ht2 to produce c-C6HIo(O) and 
c-C6HttOH (Scheme 1). 

With excess HOOH or t-BuOOH, the primary reactive intermediates (1) dispro- 
portionate HOOH (rapidly) and t-BuOOH (slowly) via path B and species 3 
(Scheme 1). For the conditions of excess t-BuOOH and substrate (RH), species 3, 
~eacts with RH to produce ROOBu-t (tb ~ {KIE] values for c-C~,H~2 range from 5.4 
to 8.4 [13]). The reactivity parameters for [Con(bpy)~ + ] [13] and [CuW(bpy)~] [15] 
are similar and in accord with the proposition that all of these complexes activate 
HOOH initially via a species 1, which reacts with hydrocarbon substrates (RH) via 
path C to Ibrm s~cies 2. In general, the reactivity parameter [KIE] has smaller 
values for the path-C step than for the path-D step of Scheme 1. 

With excess O2 most of the species I react with substrates (RH) via path D to 
form species 6, which in the case of c-C6Ha2, reacts initially either with excess HOOH 
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k II + FeIIL2 
FelI(PA)2 + H O O H ~  [L2"Fe OOH(pyH )](A)---~" L2FelIIOFelIIL2 

2:1 py/HOAc 1 / ,  ( ~  py, H20 

"O2/  H :'C+H12 ~" 
Z c'C~H'2 ~ = ~  PY" H20 

/ , r . o . .  , 
r__wlo. 1 M~a~, _ & ~ , , I  t "~"q 

,o', ~ (~) I(~> ' = "~'\ " ~ " " R  "c'"'' 
,t) " 7  l H ~ H  \ 2 H20 ~' "~ n 

Fe L 2 / - H [ ~ "  c'CsHm(O) + Oz + Fe L 2 
.A. c'cr' ~2 ~, .2  H20 ~ " H 2 0  KIE, 2 5 

.{. ~H:~O ;.C6H10('O) + 02 + FeI|L2 ~ 
KI~, 2.1 py(Cc, H n) + Fe L 2 

L~ Fe!l)O Feml~ ,~%12 0 KIE, 1.7 

c~6Hl0('O) + c-C6HII'OH + FeilL2 

Fe"(bpy)a 2. • HOOH • c~,H~2 , ~ [ L  2*~eWOH(OOC~H1~)I 

KIE, 4~0; 1.4 + Fe"l,~ ~* 
With t--i~o.C::X3t. |: 

[L a FolI~3Bu(py!:!')] ~. coCt~t l~a ~ ~  py{C, llt~) * tdh~O|| * l|aO + F'elIL~ 
1 KiE, 4,(~ 

ii,aFoiv(OH)I(~Bu)l, e~C~i l~a ~ ~  coC~,H~tX)I~h~o¢, i | aO ,  Fe"Io a 
3 RtE, 8.4 

a • t.oB. uO~H + c~H~a ~ 6 • 2 toSuOH 

~ 6  + c,C¢,H~o(O) + 2 t-BuOH 
2 b B u ~ H  KIE, 7.6 

l+O~+coC,,Hla ~ +t-BuOH+ y 

Scheme !. Fenton Chemistry and the activation of dioxygen iOxygen~atcd Fenlon Chemistry} 

via path E of excess c,,C~ti~a via palh F, and finally wilh excess F~"L, via path G 
(Scheme I ), Thus. the various st~'ies I ( Fenton intermediates) catalyze the incorpo- 

b ~@ ~ ration of O~ into the ketone and alcohol products [e.g. Fe"( py)~ /t BuOOH, 
O~/coQHIv q~ble 3], 

~ BuOH + HaO (29) 
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Results [23] for a Fem(NO3)3/t-BuOOH/tSO2/c-CsHt~, system in acetonitrile establish 
that the O-atoms in the c-CsHtAO) and c-CsHt5OH products are from O2. This 
supports the stoichiometry of Eq. (29) [ 10:20 Fe"L,./t-BuOOH systems are 20-80% 
efficient (ketone per t-BuOOH, Table 3)]. 

For substrates with weak C-H bonds in their CH2 groups [PhCHzCH3 and the 
allylic carbons of cyclohexene (c-C6Hto)], species 6 becomes a catalyst for the 
activation of O2. When the reaction efficiency for such substrates is > 100% (ketone 
per t-BuOOH, Eq. (29), Table 3), species 6 must activate 02 for reaction with the 
substrate [turnovers per FenL.,. > (t-BuOOH/Fe"L,3] 

c- C~,Hto 
[L,F¢|V(OH) (OOC6H,~)] ~ 61}+ c-C6Hs(O) +H20 (30) 

61} 0 2 2 ~ c y c l o h e x e n e  ~ o n e  

b ~+ Hence, the 10 mM Fe"( py)~ /20 mM t-BuOOH/c-C~,H~o system has at least 3 O2 
turnovers via path E, which is similar to the 1.4 O2 turovers per copper for the 
5 mM Cu'(bpy)2 +/5 mM t-BuOOH/PhCH2CH3 system [15]. Likewise, the 10 mM 
Fe"(OPPh3)~ ÷/20 mM t-BuOOH/IM c-C6H~o syslem has almost 2 02 turnovers via 
Eq. (30) [12]. Scheme 2 outlines a set of reaction paths that are consistent with the 
product profiles with c-C~H~o as the substrate. 

Perhaps the most dramatic example of oxygenated Fenton chemistry is the 

Fen(bpy)~ 2+ + t-BuOOH ~[(bpy)2+FenOOBu (H3*O)I BuO~-"~'[(bpy)z2+FelV(OH)(OOBu)] 

111.o  
[(bpy)~*(*'O'O)FemOOBu (H~*O)] 

BuOH, 
H20 s l o w  

02 + BuOH + Fe"(bpy)~ 2'* 

1(O2) 
l o"CbHlo 

b BuOH, H20 

6 A B H20 Fetm(bpy)22~ 

c'C6HIo [Ao 2 ~O~~2 c-C6HIo 

6 + c-C6Hs(O) N ~  

(3.3 cycles per t-BuOOH) 6 + 2 c-C6H9"OH 
(1 cycle) 

Scheme 2. Proposed pathways and intermediates tbr file metal/hydroperoxide-mduced activalion of O: 
for the ketonization of cyclohcxane (c-C¢,Hio). 
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MnmL,,/t.BuOOH-induced activation of O2 for reaction with c-C6Htto (Table 3) [24]. 
With (salen)Mn"q~)Ac (sa~e,~; Schiff base of two salicylaldehydes and ethfieiiedia- 
mine) in MeCN more that 10 product molecules are produced per t-BuOOH. When 
the solvent is changed to 2:1 py/HOAc, the overall efficiency is reduced by a factor 
of three. However, whereas the ketone [c-C6Hs(O), 2-cyclohexene-one] is the domi- 
nant product in MeCN, in py/HOAc approximately equal amounts of epoxide, 
alcohol and ketone are produced (a~u t  4 produ'~t molecules per t-BuOOH). A set 
of reaction paths that are consistent with the product profiles and reaction dynamics 
are outlined in ~heme 3. S ~ i e s  1 is unreactive with c-C6Ht2, and the system is 
ineffective when t-BuOOH is replaced by HOOH. The Mn(II) analogues of the 
complexes in Table 3 are not effective Fenton catalysts. 

(salen)Mnm(OAc) + t - B u O 0 ~  [LMnmOOBu(HOAc)| 

*O~o~H,0 (cyclohexene} 

BuOH 

'B H20 + LMnl"lOA¢) 

Hi° 

H20 

6 ,  c~Hd*O) 
(7 ~cle~ ~r  

t4uOOH) 

*02 2 ~ H l o  

{~;I py/HOAd 

6 + 2 c%H~'OH (0~5 cyde) 

(¢po~id¢) 

Scheme 3~ MnmL~/r~BuOOHoi.duced activation of O~ tbr the oxygenation of ol¢flns, 

Thus, transition-metal complexes [ML~; Fe"L,,Mn*"L~, Cul(bpy)~ and 
Co"(bpy)~*] undergo nuclcophilic addition by hydroperoxides (HOOH or t- 
BuOOH) to form [LxMOOH(BH÷)] (1), which in the presence of 02 oxygenates 
hydrocarbons and related organic substrates via sl~ies 6 (oxygenated Fcnton chem- 
istry; Scheme I, Scheme 2 and Scheme 3). Analysis of the results in Table 2 and 
Table 3 confirms that the catalytic efficiency for the various species 6 depends on 
the metal, its ligand, the hydroperoxid¢ (HOOH or t-BuOOH ), the solution matrix, 
and the substrate. Hence, the Fe"(PA)JHOOH/(2 py/HOAc) system provides lhe 
most potent reactive intermediates (1 and 5; smallest [KIE], 1.7 and 2.1, respectively 
for c-C6H~2), but has low reaction efficiencies because HOOH acts as a competitive 
substrate. In contrast, the Mn|"(~Ien)(OAc)/t-BuOOH/MeCN system is not an 
effective Fenton reagent, nor an oxygenated Fenton reagent with c-C6H~z. However, 
with c-C~H~o as the substrate it is by far the most emcient oxygenated Fenton 
reagent (8.2 keton~ [c-C~Hs(O)] and 2.4 alcohols [c-C6HgOH] produced per t- 
B u S H  ). Table 4 summ~izes the relative reaction efficieneies (ketone per hydroper- 
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Table 4 
Relative reaction efliciencies (ketone/hydroperoxide) for the ketonization of cyclohexane (c-C6H t,3, cyclo- 
hexene (c-C6Hto) and ethyl benzene (PhCHzCH3) via metai/hydroperoxide-induced activation of 

c - C ~ H t :  :HOOH:FeU( PA)2 > CoU( bpy)~ * > Cut(bpy)~ > FeU( bpy)~ ÷ ~ Fen(OPPh3 h z ÷ 

(K/HP)  0.4 [2.11 b 0.2 [2.9] b 0.1 [2.4] b 0.05 [4.0] b 0.05 [> 10] b 

(AIc/HP) 0.0 0.0 0.07 [ l . l ]  b 0.q4 [1.4] b 0.07 [1.9] b 
t -  BuOOH:FeU(PA)2 > Cu~(bpy)~ > Fen(bpy)[ + ~ FeU(O~ ?h3)~ + > Con(bpy)~ + 

(K/HP)  0.8 [7.6] b 0.3 [8.8] b 0.2 [> 10] b 0.2 [10] b 0.1 [9.6] b 

(Alc/HP) 0.0 0.1 [>8] b 0.25 [4.8] b 0.31 [5.4] b 0.03 [6.3] b 

c-C6Hto:HOOH:Con(bpy)z z+ > Fen(PA)2 ~ Cut(bpy)~ " > FeU(bpy)~ + > Fen(OPPh3h z+ 

(K/HP) 0.2 0. I 0.1 0.05 0.03 

t ~ BuOOH:Mnm(salen)(OAc) > Mnm(bpy)z(OAc)~ > Mnm(OPPh3h(OAch > FeU(bpy)~ * > 

Fea(PA)z > Cui(bpy)~ > Con(bpy)~ + Fe u(Opph3)4 z + 

(K/HP) 8.0 7.0 5.6 4.3 3.0 1.3 0.7 

(Alc/HP) 2.4 2.1 0.6 3.0 !.8 0.0 

PhCH2CH3:HOOH:Fea( PA): > Con{ bpy)~, ÷ > FeU( bpy)~ + > Cu~( bpy)~ > FeU(OPPh3)~ ~ 

(K/HP) 0.8 0.2 0.15 0.1 0.05 

t -  BuOOH:FeU(PAL, > Mn m(salen)(OAc) > Fe u (OPPh~)~ + > Fen(bpy)~ + > Mnm(bpy), ( O A c h >  

Cul{ bpy)~ > CoU( bpy)~* Mnm(OPPh3 h(OAch 

(/tTHP) 3.2 2.0 1.9 1.8 1.6 1.4 0.9 

(Ah'/HP) 0.0 0.0 0.8 0.6 0.0 0.0 0.2 

Data from Refs. [ i I-  13]. 
h Kinetic-isotope-effect; [KIE] = k, L~ c,u,.~/k,, o C,,D,~. 

oxide) for the several systems with cyclohexanc, cyclohexene and elllyl benzene. 
Although the various species 5 and 6 lbrmed via HOOH are more reactive than 
those formed via t-BuOOH {the former have much smaller KIE values), the htter 
have much larger efliciencies (HOOH is a much more reactive com~titive substrate 
than t.BuOOH). 

4. Summary 

Hydroperoxides (ROOH) in solution react as nucleophiles towards electrophilic 
substrates [SOz; RX; HOCI; transition-metal complexes (FenLx, Cu~L:,, MnmL~,, 
ConLx)] [25]. In contrast, dialkyl peroxides (ROOR) [with a weaker O-O bond 
(AHDB~ about 40 kcal tool - 1) than that for ROOH (about 50 kcal tool °~ t)] are much 
less reactive and must be activated via homolytic dissociation of their O-O bond. 
Because all coordination complexes of metals (MLx) have electrophilic metal centers 
with nucleophilic ligands, the primary chemistry of hydroperoxides towards them is 
nucleophilic addition and substitution. When the complex includes a reduced trans- 
ition metal [e.g. FeU(PA)2], nucleophilic addition yields the reactive intermediate tbr 
Fenton chemistry (1) and the precursor to the reactive intermediate for oxygenated 
Fenton chemistry {5 [1(O2)]}. Table 5 lists proposed formulations tbr the reactive 
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Table 5 
Proposed formulations for the reactive intermediates tbr Fenton chemistry (1) and oxygenated Fenton 
chemistry {5 [l(Or.)] and 6} 

s [l(oz)]: 

6: 

{[(PA)~ ] FeUOOH( Bu)[ pyH * ]} 
2py/HOAc 
{[(PA)z- 1(" OO)FemOOH (Bu)[pyH ÷ l} 
{ ( bpy )~ (. OO ) FemOO H ( Bu )[ H s O ÷ ] } 
{(bpy)~ (. OO)CCnOOH(Bu)[pyH + ]} 

[(PA2FetV(OH )(OOR)] [C1,FetV(OH) (OOR)] 
[(bpy)2 ~ Cure ( O H ) ( ~ R ) ]  
[(bpy)~(AcO)3MnV(OH )(OOR)] 

{[(CI ); ] FcnOOH(Bu)[ H30 ÷ ]} 
MeCN 
{[(CI )~- l(" OO) FemOOH( Bu)[ H30* ]} 
{(bpy)a(O.,)CumOOH(Bu)[H30 ÷]} 
{( bpy):~( AcO).4 "OO) MnlVOOBu [ HOAc]} 
{(salen) (- OO)Mn'VOOBu[ HOAc]} 
[( bpy)~ ÷ Fe w (OH)(OOR )] 

2 |( bpy)2 + ColV(O H ) (OOR)] 
[(salen) ( AcO)MnV(OH )(OOR )] 

RH = c-C,~,H t: (c.yclohexane), c-C~,H~o(cyclohexene), PhCH,CH ~ (ethyl ~nzene) 
PAH ~ picolinic acid (2-carboxyl pyridine) 
salen = Schiff base (ethylenediamine plus 2 salicylaldehydes) 

intermediates for Fenton chemistry ( | )  and oxygenated Fenton chemistry {5 
[|(O~)] and 6} within the present study. Each of these reactive intermediates ( | ,  5, 
6) includes a stabilized hydroxyl group (HO) that (a) is less reactive than free HO. 
and (b) gives products from organic substrates via the internal formation of an 
intermediate with an iron=carbon bond [or Fe(pyl)~ocarbon bond, or an 
FeOO~carbon bond] that are different from those for free HO.. Thus, the metal- 
induced activation of hydrolveroxides via nucleophilic addition (f'~nton chemistry) 
i~ a highly disciplined "distant cousin '~ to the radical chemistry of flee HO.. Hence. 
the specific reactivities of Fenton reactive intermediates [|.  5, 6] are affected by the 
me~ai (F e, Cu, Mn or Co), the !igand and the solution matrix. The more limited 
,'eac~ivity of Fenlon ~y~lcms more lhan comj/~nsaled tk~r by lheir seleclivity and 
utlique ~bility to produce pure pro duc|s. 
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