Available online at www.sciencedirect.com

sclENCE@D'“E°T° COORDINATION

CHEMISTRY REVIEWS

ELSEVIER Coordination Chemistry Reviews 249 (2005) 1937-1943
www.elsevier.com/locate/ccr
Review
Oxidation of organic substrates in aerated aqueous solutions
by the Fenton reagent
Alexandra Masarw& *, Sandra Rachmilovich-CafisNaomi Meyersteif,
Dan Meyersteift ©
a Department of Chemistry, Ben-Gurion University of the Negev, POB 653, 84105 Beer-Sheva, Israel
b Department of Physiology, Faculty of Health Sciences, Ben-Gurion University of the Negey,
Beer-Sheva, Israel
¢ Department of Biological Chemistry, College of Judea and Samaria, Ariel, Israel
Received 20 December 2004; accepted 7 January 2005
Available online 13 February 2005
Contents
R 1110 T [ o 1T o 1937
2. Oxidation of organic substrates by Fenton reagents in aqueous SOIUtIONS. . .. .. ...ttt 1938
2.1, Reaction With @lConOlS . . . . ... s 1938
2.2. Substrates in the PreSENCe Of OXY QBN . . ..ot et e e et e e 1939
3. CONCIUING FEMAIKS. . . o et e e e e e 1942
ACKNOWIEAGEMENES. . . . .ttt e e e e e 1942
= =T = ot 1942
Abstract

There is only limited information about Fenton reactions involving organic substrates in oxygenated systems. In the presence of dioxygen,
substrate radicatR are generally converted rapidly into peroxyl radicaBOR, so that these radicals are the main reactive species in aerated
aqueous systems under the majority of conditions. It is argued that the reactions of the peroxyl radicals with the transition metal complexes
present in the solution are the key steps in determining the nature of the products and their yields.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction oxidation states (e.g. Fe(ll), Cu(l), Ti(lll), Cr(ll), Co(ll)).
‘Fenton-like’ reactions play an important role in a variety of
In 1894 Fenton reported that alcohols are oxidized in the catalytic and biological processes. In biology these reactions
presence of KO, and Fe(HO)s?* [1]. ‘Fenton Reagents’  are believed to be the main source of reactive oxygen species
refer thus to a mixture of hydrogen peroxide and ferrous (ROS) inthe cel[2—6] causing a variety of diseases, e.g. can-
salts and ‘Fenton-like reactions’ are analogous reactions ofcer, arteriosclerosis, essential hypertension, Alzheimer’s dis-
peroxides with metal complexes,"M, in their low valent ease, amyloidosis, osteoarthritis, d#%8]. After more than
110 years of further research the active intermediate in, and
* Corresponding author. Tel.: +972 8 6472737; fax: +972 8 6472043,  detailed mechanism of, these kinds of reaction are still am-
E-mail addressmassarwa@bgumail.bgu.ac.il (A. Masarwa). bigUOUS and repeatedly discussed in many publications and
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reviews, e.g[9-16]. In 1934 Haber and Wei$%7] suggested  Analogously it was shown that also in the aqueous Cu(l) and
that the key step in this procesqis}]: Cu(l)phen/H 0O, system the main productis not the hydroxyl
% e _ 34 radical[21,27,28]
H202 + Fe(H0)™" — *OH + OH™ + Fe(H;0)s An important source of b, in biological and catalytic
k=42-79Mm1s? 1) systems is dioxygen, which can react with low-valent transi-
tion metal complexes via the following sequence:

The rates of Fenton-like reactions depend on the natureM”L,, +Oz2 — M"+1L,, +0z*~ (7)
of M, L, ROOR, and the medium. They might be orders of

°o— +
magnitude faster than reaction (1) e.g. fof Faith suitable 2027 +2H = HOz + 0 ©
ligands: M”L,, + 0z~ 5 ML, + Ho0, 9)
ROOH + M"L,, — *OR + OH™ +M"*1L,, @

or analogous reactions.

Thus the*OH/RC® radical is suggested to be formed as Low-valent transition metal complexes can be formed in
the active intermediate via an outer sphere mechanism andsystems containing a reducing agent (e.g. ascorbate) and a
radical pathways are generally assumed throughout the re-higher valent transition metal complex. These kinds of sys-

maining mechanism. tems are often referred to as Udenfriend reagents and serve
However, detailed kinetic studies and thermodynamic as models for oxygenasg9,30] Reactiong7)—(9)are also
considerations indicate that hydroxyl radicals or*R@di- the main source of @~ and HO- in biological systems and

cals are not formed in all these reactidt®,11,13,18-24] thus the source of biological deleterious processes.
The detailed mechanism seems to involve the formation of
a transient low-valent transition metal peroxide complex via
an inner sphere mechanig©0,21}. 2. Oxidation of organic substrates by Fenton
reagents in agueous solutions
H,O0, +M"L,, 2 L,,M"*H20%0rL,,_1M"*H20, + L
(3) The oxidation of organic substrates by Fenton reagents
is reviewed in several recent publicatiqid—16] Unfortu-
followed by one of the ensuing routes: nately there is only limited information about Fenton reac-
tions in oxygenated systems.

. +L +1 ° _
Ln—1M"*H20, — M"7L,, 4 *OH + OH (42) In general the oxidation of organic substrates RH un-
L, 1M"*Hs0, — L,,_1M"*2=0 + H,0 (4b) der anaerobic (_:onditions is fr(_equently describ_ed by Egs.
- (10)—(12) following the production of the organic radicals
+

Ly—1M"**Ho0, =5 ML, + R® + HoO + OH™ (4c) *R via one of the abovementioned routes:
General case:

*OH + RH — R*® + H,0 (5) o
" *R+M"1L,, — M"L,, + Rt 2’ R-OH (10)

Ly_1M"t2=0 + RH - M"*1L,, + R* + OH~ (6) —H*
(H202 is used in these equations for simplicity purposes, but R + ML, — M"*t1L,, + R~ +H20 R—H (11)

other peroxides might be involved). —OH
Accordingly either the hydroxyl radical (RQadical) or ‘R + *R — R-RorR"(ROH) + R~ (RH) (12)

a high valent transition metal species, e.g. a ferryl species,

can be formed, or the organic substrate can be directly ox-  Product distribution of ROH, R-H, and R-R are obvi-
idized by the ly_1M"*H,0, transient. Obviously the rates ously governed by the nature of the raditR| the complex

of reaction of those species might well differ from those of and the medium.

the*OH radicals with the substrate. In the presence of an or-  Organic substrates not containing activating substituents
ganic substrate, RH, often the same radicalai ultimately (e.g. alkanes) are usually studied mainly in organic solvents
formed. [31,32]and are not within the scope of this review.

The results point out that the choice of the route fto R
depends on the nature of M, of L, of RH and its concentration, 2.1. Reaction with alcohols
and on the medium, e.g. the giH0,21,25,26]

Recent results demonstrate that foPl\, = Fe(HO)e2* The reaction of Fenton reagent’s with alcohols (easily
in strongly acidic solutions reactiof#b) is the dominant  oxidizable substrates) under anaerobic conditions can be
pathway{19,23] For Fe(edta) the Fenton product was shown described according t8cheme 1(example for 2-propanol
to be indistinguishable from thOH radical under the ma-  [15,16], for simplicity the radical pathway based t@H rad-
jority of conditions[25], whereas for Fe(nta) oxidations by icalsis shown, although in the following schemes the organic
ferryl species are more favored under most conditj@6$. radicals (R) can alternatively be produced via reacti¢#is),
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‘OH + CH:CH(OH)CH; = H0 + CH:C(OH)CH; ko= 1.7x10° M's'[15, 16] (13)
‘OH + CH3CH(OH)CH; = H,O + CH,CH(OH)CH; kp=2.7x10* M's™ [15, 16] (14)

‘OH + MLy, = HO-M™'Ly, (OH + M™'Ly ) kia(Fe,)=3.0x10° M's" [15, 16](15)

CHyC(OH)CH; + M™'L,, = CH:COCH; + H™ + M"L,, (16)
2'CH,CH(OH)CH; — CH3;CH(OH)CH,CH,CH(OH)CH; (17)
Scheme 1.

(6) or (4c)for those systems, where the Fenton reaction doesan extensive list of substrates and imply two active inter-

not produce “free™OH radicals). mediates (presumably a ferryl species and an iron-peroxo
Hydrogen atoms are abstracted from alcohols (ROH) by complex) differing from the OH radic24].

*OH preferably from thex-position (reactior(12)) and the

distribution betweem and (andv, etc.) abstraction prod- 2.2, Substrates in the presence of oxygen

ucts is specified by the relative rate constgdB8. The prod-

uct of reaction (13) is oxidized fast by Fe(lll) to yield the It should be mentioned, that according to Sawyer et

respective aldehyde or ketone (reaction (16), whereas that ofa|. [13], intermediates of the oxygenated Fenton chemistry

reaction (14) accumulates to yield termination products; e.9. (mainly in non-aqueous systems) are oxygen adducts de-

dimerization, reaction (17)). rived from the products of reaction (3),\M"H>O, or
However studies in the last 30 yed8d] suggest thatthe | ,M"——OOH. These intermediates supposedly react with

reactions of the organic radicals with the transition metal the substrate to incorporate B¢heme pand subsequently

complexes present in solution should be addesidoeme 1 produce oxygenated products. Neith@H or carbon cen-

Most of these reactions do not proceed via an outer spheretered radicals are supposedly produced at any stage of the

electron transfer mechanism but involve the formation of mechanisnjil3]. However, there is compelling evidence that,

transient complexes with metal-carbefbonds[11,34,35] at least in aqueous solutions, radicals are major products of

These transients decompose either via heterolysis, homoly-the reactiori11,16,36]

sis orB-elimination reactions in the presence of a suitable  The possible follow-up reactions of theradicals formed

leaving group (reactiof18)) and the products of these re- in reaction (13) in oxygenated solutions are summed up in

actions have to be considerid,34,35] In biological sys- reactiong19)—(21)(incl. rate constants for RH = ethanol and

tems the decomposition of these transients, especially viamnL,,= Fé@) [37-39]

B-elimination processes, cause irreversible structural modi-

fications of the aliphatic residue, and are often deleterious. °*R, + Hy0, — ROH+ *OH, kj7=16x 10°M~1s1

M"L,, + *CH,CH(OH)CHs (29)

— L,,_1M"+1-CH,CH(OH)CHs

- *Ry + ML, - P+ M"L,, + HT,
— M""L,, + CH;=CHCHz + OH (18) kis— 38 x 1PM-1s1 (20)

Earl!er report;, publishing _mainly the relative r_eactivities *R, 4+ 0» — RO,®., kig=46x10°M~1s! (1)

of the intermediate of the original Fenton reaction toward
various substrates and comparing them to those of hydroxyl —The rates of reaction of most radicals with dioxygen are
radicals produced by radiation chemistry, established that thenearly diffusion controlledk>10° M~1s™1). Thus, in the
data are essentially in agreement with tleH radical being presence of dioxygen, alkyl radicalR are generally con-
the active intermediate, unless ferryl species Q#l radi- verted rapidly into peroxyl radical$QOR, so that these rad-
cals are kinetically equivalefit5]. But more recent findings  icals are the main reactive species in aerated aqueous systems
demonstrate discrepancies in reactivity patterns on studyingunder the majority of conditions (excess substrate, etc.).

: >CH2 1 JOH :
LuPYM"H;0:+ 02 5 [LaPyM H:0,05] £—» LM% | HO2y
Py, -OH, YOCH

I—|11N1n + R2C:0 + 02 + 2H20

Scheme 2.



1940 A. Masarwa et al. / Coordination Chemistry Reviews 249 (2005) 1937-1943

ROO &5 ROOF" 1 » ROOH E_e, RO + OH with Fe(H0)s2" were studied recentlj40]. All these pro-
He e - cesses involve reaction (29) with an equilibrium constant of
ROH + R

K29~ 200 ML, (Surprisingly enough thé values are nearly
independent of the redox potential of the radical and are con-
siderably higher than calculated from the relevant redox po-
tentials. These results indicate that the ROl@ands con-
siderably stabilize the Fe(lll) complex, this stabilization is
smaller for radicals with electron withdrawing groups which
raise the redox potential of the radical but decrease the basic-
ity of the ROO™ ligands, two effects which seem to nearly
cancel each other.) The valueskef (~2.6x 10°M~1s71)
approach the ligand exchange rate of Fedh§2*, implying
that the rate determining step of these reactions is the ligand
exchange stefd2]. Thus these kinds of reaction are expected
to compete efficiently with the abovementioned bimolecular
processes of peroxyl radicals not involving metal complexes.
The following reactions are subsequently involved in the
decomposition of the peroxo iron complgho]:

Scheme 3.

The possible follow-up reactions of the RO@adicals,
formed in aerated solutions, are summarized very briefly by
Gozzo[12] in Scheme 3According to this scheme the per-
oxyl radicals are reduced by Feto form hydroperoxides.
These hydroperoxides react in a Fenton-like reaction to form
alkoxyl radicals, which abstract H from-&1 bonds more
selectively tharfOH radicals. If the R radical is a carbon
centered radical of the typ€R'R?OH then the final product
is a ketone or an aldehyde (reaction (183].

The oxidation of ethanol in aerated aqueous solutions was
described in more detail by Sych§i4] in Scheme 4The
mechanism includes the formation and ensuing potential re-
actions of the peroxyl radical derived from ethanol, entailing
unimolecular elimination of Hg» to produce the aldehyde (H,0)sFe" —~OORZ* + H30™ /H,0
(reaction (22)), H-abstraction from the substrate ROH (reac-
tion (23)), and reaction with iron(ll) (reaction (24)). Possible ~ —Fe(H0)s>* + ROOH + H,0/OH~ (30)
metal-bound intermediates are not mentioned in this context.

This scheme does not include the role of tRg radicals. It
should be noted that this scheme describes a chain procesg,0)sFe! —OORE* + 2Fe(H0)e2"
without a termination step.

Peroxyl radicals in general may undergo a number of
unimolecular (e.g. H&» and Q*~ eliminations) and bi-
molecular processes (dimerization, reactions with organic so-2R0,* — products (32)
lutes/substrates) as specified als&aheme 4However, the
rates of the latter bimolecular processes are usually consid-
erably slower than those of the reactions witRL}, [11,40}

— 3Fe(H0)s>" + ROH (31)

ROz* + (H20)sFe" —OORFT — Fe(H,0)s?" + products

M"L, +RO;* < L,M"t'-OO0OR (29) 33)
These kinds of reaction are well documented in the lit-  The rate constant of reactigl) (clearly not an elemen-

erature for a number of transition .metal complef@s41] tary reaction), a Fenton-like reaction, was found also to ap-

Moreover the reactions of RO (R: H, CHs, CH,COOH, proach the ligand exchange rate and thus is several orders of

CHCN, CHC(CHg)20H, CHOH, CHCL/CCl) radicals  magnitude faster than the Fenton reaction. This result points
out that the metal complex activates the peroxide towards the

H,0, + Fe(HZO)f,Z. -+ ‘OH+OH + FC(H:O)({M 1) Fenton_“ke reactio'[ﬂ_o]_
OH + C,H;0H o R, +H,0 ) The _Fen_ton reaction is also u_sed as an application for the
determination of the concentrations 0f® and hydroper-
R+ Oz - ROy 21 oxides in biological samples in the FOX asd448]. In this
' ‘ assay the yield of Fe(lll), produced in the Fenton reaction, is
ROy = CH,CHO +HO, 22) measured via the absorption of its complex with xylenol or-
RO, + ROH = CH;CH(OOH)OH + Ry 23) ange. The addition of alcohols to the aerated reaction mixture
. . increases the Fe(lll) yield. Thus for example in solutions con-
ROy +Fe™ = Fe'+ CH:CH(OOH)OH 24 taining 0.1 M sorbitol the yield is [Fe#D)s3*)/[H 202] = 14
. . 3+ .
HO, + CHOH = Ry + Hy05 25) [44]. Th_ls resuIF clearly points out that.the Fe@®)s°" is
formed in a chain reaction. Two mechanisms were suggested
HO, + Fe?* M5 Fe* + H,0, (26) in the literature for this process:
HOy +Fe’' —» Fe*' + 0, +H' 27 1. Wolff [43] suggested the following mechanism:
CH;CH(OOH)OH — CH3;CHO + H,0, (28) H,0, + Fe(H20)52+ — HO® + OH™ +Fe(H20)63+

Scheme 4. Q)
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HO* + R,CHOH — H20 + R,C°OH (5) (4) decomposition of the metalperoxo comp|ég,40,41]
these can generally decompose via a variety of possi-

R2C*OH + Oz = RoC(OO")OH (1) ble reactions, but preferably decompose via heterolysis
R,C(OC")OH — RyC=0 + HO,* (22) of the M—O bond to yield the hydroperoxide species, or

. oy 3r via Fenton-like reactionfl1,40] In the case of Fenton
HO2® + Fe(H0)e™" — H202 +Fe(H:0)e (26) systems, reactior(80), (31) and(33) have to be consid-
However itis difficult to suggest which reaction terminates ered, vide supr@0]:

this chain process as the rates of reacti(#)s(21) and L L
(22) and(26) are known and are high. Thus second order (M"T—OO0RY'* = M"**+HOOR
reactions between the radicals are not expected to compete

with these reactions. (5) reactions of any other unstable species:

2. Gebicki[45] proposed reactioii34) instead of(26) in e.g. HOOR peroxides of the form HOQRH) de-
the reaction mechanism (first four reactions analogous to compose further in the following possible reactions:
Wolff):

HO,CH(CHROH)OH
2HO,* — H20 + 0o (34)

— HC(O)(CHROH)

This mechanism is clearly wrong as it predicts a yield of + Hy04 or C(O)(CHROH)OH + Ho0 (35)

[Fe(H20)6>1/[H202] = 2.

A recent study[44] points out, that the length of the The decomposition into the acid is acid catalyzed,
chain depends linearly on the number of IR (h=1 or whereas the aldehyde analogue preferably forms in more
2) groups in the alcohol. The reaction is accelerated by in- basic solutions and at higher temperatyéy.

creasing [Fe(HO)s2*] but this cation is also active in at least
one of the termination steps of the chain reaction. Addition
of ethanol to a solution containing sucrose shortens the chain
lengths. Saturation with dioxygen, instead of air, increases
the chain length. The increase in [alcohol] increases the chain

Incorporating the experimental results and the above con-
siderations a scheme describing Fenton reactions with al-
coholic substrates in aqueous aerated solutions was derived
[44,18,47,48,40,50]

length up to a limiting valu¢44]. Fe(l—b0)62+ + H,0p = [(H20)5F€“'H202]

An attempt to establish a complete, general scheme of all v on 11 ,
relevant reactions of the Fenton-like reactions with organic = (H20)sF€V=0?* + H,0, 56M's (4b’)
substrates in oxygenated aqueous solutions has to include the
following reactions and considerations: (H20)sFeY=0?* + R'R?CHOH
(1) choice of pathway and intermediate of the initial Fenton _, Fe(H,0)5(OH)?t + R'R?C - OH(ER®) (6"

reaction, according to conditions, etc. (from reactions
(3)-(6) R 4+0; — RO, k>1x10°M1s1 21)

(2) reactions of the organic radicals derived from the or-

ganic substrates including its reaction with dioxygen, RO,* —» RIR2C=0 4 HO,®*, 400s?! <k < 7000s?

vide supra, and possible unique reactions (e.g. water- ,

elimination reactions aof,3-diolic radicals (e.g. sugars) (22)

[46])

(3) reactions of the peroxyl radicals:

- unimolecular reactions (HO elimination from hy-  ROz*\HO®2 + Fe(H0)s*" = (H20)sFe" ~OORPT,
droxyperoxyl radicals to yield the corresponding alde- k>2x108M-1ts ! Kk ~200M1 29)
hyde or ketonej46—48] ’

- bimolecular reactions of the peroxyl radical

"
(a) dimerization (H20)5Fé”—OOR2+ Lt Fe(HzO)e3+ + HOOR,
(b) hydrogen abstraction reactions, preferably from k ~ 1500 M1t (30)
substrate
(c) reaction with the metal complexto form atransient
metal-bonded intermediate: (H20)sF" —OORt + Fe(H0)2*

n+ — n+l_ +
M"T +ROC® = (M"T1-OORY HY (H20)sFeY=0%" + Fe(H,0)s>" + ROH,

Therate of this reaction is usually controlled by the rate —1-1

k~5x10°M~1s 31la
of ligand exchange, e.g. for Eeca. 1x 10°M~1s71, x (312)
Thus this reaction is expected to compete efficiently with oHt
reactions (a) and (b). (H20)sFeV=0?" + Fe(H0)s>" = 2Fe(H0)s ",
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k<3x1fMts? (36)

Moreover in principle two types of radicals Rre formed,
depending on the substrate:

a. Aterminala, o, radical*CH(CHROH)OH=R!,
b. A B radical®*C(CHROH)(CHR'OH) OH=*R2.

Both these radicals react with dioxygen to yield tHOR
radicals. However the latter eliminate HOat considerably
different rate§47,48]

*0,CH(CHROH)OH — HO,* + CH(O)(CHROH),

k =400s? (22a)

*0,C(CHROH)(CHR'OH)OH

— HO,* + C(O)(CHROH)(CHR'OH), k =2600s*
(22b’)

For sugars there is an additional faster elimination step for

the group next to the ether linkagex 7000 s 1) [47,48] For

substrates other than alcohols reactions analogous to reaction
(22) are expected to be considerably slower if they occur at

all.
In order to explain the effect of [§) on the yield of
Fe(HO)s®* in aerated solutions, it was concluded that the

A. Masarwa et al. / Coordination Chemistry Reviews 249 (2005) 1937-1943

3. Concluding remarks

This review clearly demonstrates that the mechanism of
the Fenton reaction and Fenton-like reactions, in aerated
aqueous solutions containing organic substrates is consid-
erably more complex than usually assumed.
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