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7Lipid Oxidation:
 Theoretical Aspects
 K. M. Schaich
 Rutgers University,
 New Brunswick, New Jersey
 1. INTRODUCTION
 Many excellent chapters and books have been written on lipid oxidation (1–11).
 Studies of lipid oxidation are provided differently by different authors: each scien-
 tist studying lipid oxidation focuses on a different single aspect, such as following
 early kinetics by oxygen uptake or LOOH production, determining volatile pro-
 ducts by gas chromatography (GC) or nonvolatile products by high-performance
 liquid chromatography (HPLC), or analyzing specific catalyst or antioxidant effects
 on oxidation; oxidation mechanisms are then interpreted in that context. There have
 been few attempts to integrate multiple stages or approaches to lipid oxidation, and
 as a result, descriptions of lipid oxidation have been disparate and totally dependent
 on the individual aspect being studied. This can be quite confusing to anyone not
 deeply immersed in the field. That is not to say that any of the published informa-
 tion is incorrect. Much of it, however, has been presented in too narrow of a context
 to provide an accurate overall picture of complex lipid oxidation reactions.
 Part of the problem stems from considering lipid oxidation as precisely follow-
 ing classic free radical chain reactions. To be sure, lipids do oxidize by a radical
 chain mechanism, and they show initiation, propagation, and termination stages
 Bailey’s Industrial Oil and Fat Products, Sixth Edition, Six Volume Set.Edited by Fereidoon Shahidi. Copyright # 2005 John Wiley & Sons, Inc.
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 Figure 1. Classic free radical chain reaction mechanism of lipid oxidation with propagation by a
 series of hydrogen abstractions.
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as is normally depicted (Figure 1). However, the generalized reactions of the classic
 free radical chain reaction scheme are very much oversimplified and, because they
 do not portray the wide range of competing side reactions that contribute to the
 great complexities of lipid oxidation, they are often inconsistent with observed
 oxidation kinetics and product mixes.
 Thus, this chapter presents lipid oxidation from a broad systems perspective to
 make the overall process logical, reconcile some common inconsistencies in pro-
 posed mechanisms, address some of the complexities that are important in directing
 downstream pathways and ultimate product mix, and develop an integrated view of
 lipid oxidation. In doing so, attempts are made to bridge basic chemistry to applied
 lipid and food chemistry. ‘‘Old’’ literature is cited liberally, despite current trends to
 ignore anything outside the previous two to five years, because the fundamental
 chemistry is still relevant, the early researchers in the field deserve recognition
 for their ground-breaking observations, and the information needs to be revisited
 to remind us of what already has been done to prevent ‘‘rediscovering the wheel.’’
 Furthermore, consideration of fundamentals too often gets lost in the sophistication
 of applications, particularly in biological systems. Lipid oxidation processes in
 foods or biological tissues may be more complicated, but will still follow funda-
 mental mechanisms identified in simpler chemical reactions. Greater consideration
 of details learned from fundamental chemistry should help clarify and elucidate
 mechanisms and kinetics in complex media.
 In particular, this chapter will stress the need to look beyond the classic radical
 chain reaction. Lipid oxidation mechanisms have been proposed based on kinetics,
 usually of oxygen consumption or appearance of specific products (e.g., LOOH) or
 carbonyls (e.g., malonaldehyde), assuming standard radical chain reaction
 sequences. However, when side reactions are ignored or reactions proceed by a
 pathway different from that being measured, erroneous conclusions can easily be
 drawn. The same argument holds for catalytic mechanisms, as will be shown in
 the discussion about metals. In the past, separation and analysis of products was
 laborious, but contemporary methods allow much more sensitive detection and
 identification of a broad mix of products. Thus, multiple pathways and reaction
 tracks need to be evaluated simultaneously to develop an accurate picture of lipid
 oxidation in model systems, foods, and biological tissues.
 In vivo lipid oxidation will not be covered, although the fundamental chemistry
 presented certainly applies wherever lipid oxidation occurs. Also, in light of the
 product and reaction pathway complexities presented in this chapter, kinetics of
 lipid oxidation will not be covered. That is not to say that kinetics are not important.
 However, kinetic analyses are always based on assumptions, and kinetic equations
 derived in different studies are often difficult to reconcile even in simple systems.
 The broader consideration being urged in this chapter poses even greater chal-
 lenges. A citation from the past remains cogently relevant today: ‘‘in view of the
 numerous possible routes that might be followed in the initiation, propagation, and
 termination stages of the decomposition process, kinetic analysis of the results has
 proved to be difficult’’ [(12) citing (13)].
 INTRODUCTION 271
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1.1. Classic Radical Chain Reaction Scheme
 Lipid oxidation has long been recognized as a free radical chain reaction (14–18),
 and the classic chain reaction scheme with three phases has been repeated in many
 forms. Figure 1 is one version. Sometimes secondary abstraction reactions of lipid
 alkoxyl radicals (LO�) and peroxyl radicals (LOO�) are presented as initiation
 reactions because they form L� radicals. That is true when lipid oxyl radicals
 are from outside sources, e.g., lipoxygenase reactions followed by Fe2þ and Fe3þ
 reactions with LOOH. However, in the following discussion, LO� and LOO�
 deriving from the initial L� or its subsequent reactions are considered to mediate
 propagation or chain branching (initiation of secondary chains) rather than ab initio
 initiation.
 The driving force in the chain reaction is the repeated abstraction of hydrogens
 by LOO� to form hydroperoxides plus free radicals on a new fatty acid. The process
 continues indefinitely until no hydrogen source is available or the chain is inter-
 cepted. The radical chain reaction imparts several unique characteristics to lipid
 oxidation:
 1. Lipid oxidation is autocatalytic—once started, the reaction is self-propagat-
 ing and self-accelerating.
 2. G (product yield) � 1, i.e., many more than one LOOH are formed and more
 than one lipid molecule are oxidized per initiating event. Chain lengths as
 long as 200 to 300 lipid molecules have been measured (19, 20) showing how
 effective a single initiating event can be. However, this also points out one
 reason why it has been so difficult to study initiation processes—initiators
 become the proverbial needle in a haystack once oxidation chains become
 established.
 3. Very small amounts of pro- or antioxidants cause large rate changes.
 4. The reaction produces multiple intermediates and products that change with
 reaction conditions and time.
 These features present distinct challenges in measuring and controlling lipid oxida-
 tion, and are part of the reason why lipid oxidation is a major problem in vivo and
 in storage stability of foods.
 Citation of the classic chain reaction for lipid oxidation persists even though, as
 product analysis and studies of mechanisms have become more sophisticated, there
 is now considerable evidence that only Reactions 1, 2, and 5 (and perhaps also 6) of
 Figure 1 are always present. Research has shown that, although hydrogen abstrac-
 tion ultimately occurs, it is not always the major fate of the initial peroxyl or alkox-
 yl radicals. Indeed, lipid alcohols from H abstraction are relatively minor products
 of lipid oxidation. There are many competing alternative reactions for LOO� and
 LO� that propagate the radical chain but lead to different kinetics and different pro-
 ducts than expected from the classic reaction sequence (5, 6, 21). A more detailed
 consideration of each stage shows how this basic radical chain sequence portrays
 only a small part of the lipid oxidation process and products, and a new overall
 reaction scheme for lipid oxidation is needed.
 272 LIPID OXIDATION: THEORETICAL ASPECTS
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2. INITIATION (LH �! L�)
 Initiation of lipid oxidation produces the ab initio lipid free radicals, L�. The initia-
 tion process is not well understood, so it is usually represented in reaction schemes
 merely as an ‘‘X’’ or ‘‘?’’ over the reaction arrow. Lipid oxidation is a very facile
 reaction that is nearly ubiquitous in foods and biological systems, so it is often trea-
 ted as an instantaneous reaction that just happens, and has been referred to as
 ‘‘spontaneous’’ (22). Nevertheless, lipid oxidation is not a spontaneous reaction!
 Thermodynamically, oxygen cannot react directly with double bonds because the
 spin states are different (Reaction 1). Ground state oxygen is in a triplet state (two
 free electrons in separate orbitals have same spin direction, net positive angular
 momentum), whereas the double bond is in a singlet state (no unpaired electrons,
 paired electrons are in the same orbital and have opposite spin, no net angular mo-
 mentum). Quantum mechanics requires that spin angular momentum be conserved
 in reactions, so triplets cannot invert (flip spins) to singlet states. Reaction then
 demands that the double bond be excited into a triplet state, which requires prohi-
 bitive amounts of energy (Ea ¼ 35–65 kcal/mole). Thus, no direct reaction occurs.
 O O C C ROOH+Triplet Singlet
 ð1Þ
 To overcome this spin barrier, initiators or catalysts are required to start the lipid
 oxidation process by removing an electron from either the lipid or oxygen or by
 changing the electron spin of the oxygen. As only trace amounts of catalysts are
 needed, many situations that appear to be spontaneous or uncatalyzed are actually
 driven by contaminants or conditions that have gone undetected or unconsidered.
 Indeed, in most foods, biological systems, and laboratory experiments, it is fair
 to say that multiple catalysts and initiators are always operative.
 The most common initiators are described below. Somewhat more detail than in
 most reviews of lipid oxidation is presented because control of lipid oxidation ulti-
 mately demands control of initiation. Antioxidants that scavenge lipid free radicals
 after they are formed are always playing ‘‘catch up,’’ and may be totally or partially
 ineffective if the total radical load from initiation (whether from known or unknown
 sources) is excessive. To achieve full protection against lipid oxidation and attain
 long-term stability of any material, control strategies must include elimination, or at
 least inhibition, of initial alkyl radical production in lipids.
 2.1. Catalysts
 2.1.1. Metals
 Redox-active metals are the initiators of perhaps greatest importance for lipid
 oxidation in oils, foods, and biological systems because they are ubiquitous and
 active in many forms, and trace quantities ( micromolar) are sufficient for effec-
 tive catalysis (23–26). Only metals undergoing one-electron transfers appear to be
 active catalysts; these include cobalt, iron, copper, manganese, magnesium, and
 INITIATION 273
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vanadium. Metals that oxidize by two-electron transfers, e.g., Sn2þ and Tlþ, are not
 active (23).
 The mechanisms and rates of metal-catalyzed initiation operative in individual
 reaction systems are determined by a complex mixture of factors: the metal and
 type of complexes it forms (inner sphere or outer sphere), the chelator or complex-
 ing agent, redox potential of the metal and its complexes, solvents, phase localiza-
 tion of the metal, and availability of oxygen or preformed hydroperoxides. The
 reactions outlined below show the multiplicity of mechanisms possible.
 Direct initiation through higher valence metals involves direct electron
 transfer from the metal to a bond in the lipids and is the simplest mechanism
 for metal catalysis. Electron transfer to methyl linoleate is exothermic
 (�H ¼ �62:8 kJ;�15 kCal), so is probably the dominant initiation mechanism
 with lipids (23, 27). Ab initio lipid radicals are formed directly by removing an
 electron from a double bond (Reaction 2) (28, 29) or, more generally, from the
 C��H bond of any labile H in lipid molecules (e.g., allylic hydrogens) (Reaction 3),
 or via subsequent secondary hydrogen abstraction reactions, as designated in the
 bracketed reactions.
 RCH CHR RCH CHR Mn+ RH+ M(n+1)+ +LH
 L + ð2Þ
 RH R H+ Mn+ RH+ M(n+1)+ +LH
 L ++ ð3Þ
 RCOOH RCOO H+ Mn+ CO2+ M(n+1)+ + ++ R ð4Þ
 RCHO RCO H+ Mn+ scission products+ M(n+1)+ +LH
 L ++
 ð5ÞReactions 2 and 3 have been proposed as the primary mode of catalysis for Co
 (30), Mn (31), and Cr (32). However, it must be pointed out that metal reactivity
 can change tremendously with complexing agent, which shifts redox potentials, and
 with solvent, which alters acid/base properties and electron transfer efficiency. Elec-
 tron transfer oxidations to generate L� are extremely rapid in nonpolar media (33, 34),
 including neat oils, and are less efficient in aqueous or polar protic solvents.
 Analogous electron transfers involving the carboxylic acid group of fatty acids
 (Reaction 4) or lipid oxidation products such as aldehydes (Reaction 5) (35) can
 also occur to form radicals that are potential initiators. Reaction 4 with free car-
 boxylic acids has been demonstrated with cobalt and short-chain organic acids
 (29, 36, 37), so the potential exists for its occurrence with fatty acids. The aldehyde
 reaction (Reaction 5) is strongly catalyzed by Cu2þ, Co3þ, and Mn2þ (38–40) and,
 being inhibited by water competition for ligand sites, occurs primarily in organic
 solvents or neat lipids. However, the reaction is relatively slow and not competitive
 with the first three reactions under most food conditions.
 The rate and selectivity of the direct electron transfers of Reactions 2–5 are
 influenced by the type of metal complex formed. In outer sphere complexes,
 electrons flow directly between the valence shell of the metal and the target group;
 274 LIPID OXIDATION: THEORETICAL ASPECTS
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electron transfer is fast and selective. Inner sphere complexes involve ligand bind-
 ing to the metal and electron flow is through the ligands; electron flow is slow and
 less discriminating (41). Iron forms mostly outer sphere complexes. Copper forms
 mostly inner sphere complexes with organic substrates, especially in nonpolar sol-
 vents, but most inorganic copper salts catalyze direct electron transfer through outer
 sphere complexes. Cobalt forms inner sphere ligand complexes in nonpolar solvents
 such as oils (42); but in polar solvents and with polar ligands, cobalt catalyzes elec-
 tron transfer by an outer sphere mechanism (29, 43, 44). The difference may seem
 academic, but it partially explains differences in reactivity, kinetics, and products
 for different metals and in some cases for different complexing agents, and it points
 out the need to understand mechanisms when determining which products to ana-
 lyze to most accurately evaluate extent of oxidation.
 Direct initiation by lower valence states (Mnþ] of metals proceeds through
 formation of activated complexes with O2 (23, 45)—mostly via inner sphere com-
 plexes. As free reduced metals react rapidly with oxygen (Reaction 6a), this
 mechanism is active primarily when chelators specifically stabilize the reduced
 metals. These reactions also proceed mostly facilely in nonpolar solvent (46),
 e.g., in hydrophobic lipid phases of membranes or in oils.
 Mn+ O2
 Mn+
 O2−
 HOO
 HOO
 HOO
 H2O2
 H2O2
 H2O2
 + M(n+1)+...O2−
 M(n+1)+ +LH
 L +
 L + M(n+1)+ ...−O2H
 L + +L′H
 L′ +
 LO + M(n+1)+ ...−OH
 M(n+1)+ L− + M(n+1)+ +L′H
 L′ +Mn+LH
 LH
 LH
 LH
 ð6aÞ
 ð6bÞ
 ð6cÞ
 ð6dÞ
 ð6eÞ
 Direct initiation by either mechanism is characterized by a lack of induction
 period (47) and is most efficient by metals that are strongly oxidizing (Co and
 Fe) or can form metal-oxygen complexes (Co and Cu).
 Indirect initiation of lipid oxidation by reduced metals (Co2þ, Fe2þ, V2þ, Cr2þ,
 Cuþ, Ce3þ, Mn2þ) occurs by two different mechanisms, depending on the pO2 of
 the system and levels of preformed or nonlipid hydroperoxides:
 a. autoxidation of reduced metals to generate oxygen radicals that then react
 with lipids (27) occurs at moderate to high pO2, e.g., for iron:
 Fe2+ + O2 Fe3+ + O2− HOO
 H+
 L + H2O2ð7Þ
 O22 O2− H2O2 +or O2
 − / HOO ð8Þ
 Fe2+ Fe3+OH−H2O2 + +HO + ð9Þ
 LH H2O+HO + L ð10Þ
 INITIATION 275
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Evidence for this process has been obtained in systems of charged micelles
 prepared from linolenic acid (48) and by chemiluminescence in very early stages
 of lipid oxidation in oils and a variety of foods (49).
 b. reduction or oxidation of hydroperoxides (either from other sources or from
 preformed lipid hydroperoxides) to RO� or ROO�, respectively (Reactions 11
 and 12), which then react with lipids; dominates under conditions of low
 metal, substrate, and oxygen concentration (27, 35). Lipid hydroperoxide
 reduction is an extremely facile reaction. The activation energy is consider-
 ably lower than that of H2O2 (EaLOOH ¼ 12.5 kCal; EaHOOH 35 kCal) and
 the rate of reduction is correspondingly several orders of magnitude faster:
 kLOOH ¼ 5 � 109 L �mol�1sec�1 (50, 51) and kHOOH 104 M�1sec�1 (52).
 Fe2+ Fe3+ OH−+ +RO+ROOHfast LH
 ROH + L ð11Þ
 Fe3+ ROOH Fe2+ ROO H+ ROOH+ ++extremely slow LH
 + L ð12Þ
 Metals that form complexes with oxygen also form intermediate complexes with
 hydroperoxides during oxidation and reduction, particularly at low hydroperoxide
 concentrations and in nonpolar solvents, as shown in Reactions 13 and 14 for cobalt
 (53–57). However, in polar solvents, cobalt acts by direct electron transfer, as in
 Reactions 11 and 12 (58). Copper forms similar complexes with hydroperoxides (59).
 Co2+ LOOH [Co2+ HOOL] Co3+OH+ + LO ð13Þ
 Co3+ LOOH [Co3+ HOOL] Co2++ + LOO + H ð14Þ
 Metal autoxidation and hydroperoxide decomposition are both very active pro-
 cesses in foods, oils, and biological tissues where metals are always present. Con-
 sidering the constant presence of peroxides from various sources in all natural
 materials, it could reasonably be argued that peroxide decomposition is the major
 practical source of initiators for lipid oxidation. However, these reactions are per-
 haps even more important in accelerating chain branching in later stages of oxida-
 tion when higher concentrations of LOOH accumulate.
 Whatever the operative mechanism for a given system, the effect of metals is
 tremendously amplified when redox cycling occurs. Coordination of redox pairs
 of metals has the same effect in early stages of lipid oxidation that bimolecular
 decomposition has in later stages (60):
 Mn+ LOOH+ Mn+1 LO + OH–+
 Metal redox cycles
 Mn+1 LOOH+ Mn LOO + H++
 2 LOOH LO LOO + H2O+ 2 LOOH LO LOO + H2O+
 Bimolecular LOOH decomposition.
 ð15Þ
 276 LIPID OXIDATION: THEORETICAL ASPECTS
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Initiation by hypervalent metal-oxygen complexes, e.g., Fe4þ��O. The ques-
 tion of oxidation catalysis by hypervalent iron also needs to be raised because new
 evidence is suggesting that some of the mechanisms of metal catalysis described
 above may actually be driven by hyperoxidized iron. Ferryl iron complexes
 [Fe(IV)��O; FeO2þ] (61) and perferryl iron [Fe(V)] catalyze oxygen insertion
 into C��H to yield epoxides, ketones, and alcohols. However, the mechanisms for
 both formation and reactions of Fe(IV) complexes are still unclear, and their invol-
 vement in initiation of free radical autoxidations is hotly debated. Walling (62),
 highly respected for his research on Fenton chemistry, disputes the Fe4þ pathway
 and argues that one-electron oxidation to Fe3þ is the major pathway for most iron
 compounds. Nevertheless, it is well-known that hypervalent iron complexes are
 transient intermediates in many heme enzyme mechanisms, as will be discussed
 later, and there is now unequivocable spectroscopic and EPR evidence for Fe(IV)
 participation in nonheme iron enzymes as well (63–65). Still, hypervalent iron com-
 plexes were considered too difficult to form and too unstable to be relevant in solu-
 tion chemistry without porphyrins or proteins as electron sinks until observations
 that iron reacted with hydrogen peroxide in acid to give the same nonselective pro-
 ducts as HO� in pulse radiolysis, whereas in neutral and alkaline solutions, products
 were more stereospecific and selective (66). This led to the proposal that hyperva-
 lent iron does form transiently in some solution reactions and may be the catalytic
 species involved rather than hydroxyl radicals. The two-electron oxidation of fer-
 rous iron yields an equivalent ferryl peroxyl complex, 2 FeII þ O2 ¼ [FeOOFe]IV.
 There are ten total unpaired spins on each side of the equation, the thermodynamics
 are favorable (�H  ¼ 17 kCal, �F  ¼ 11), and the reaction can occur without a net
 spin change (67). Pulse radiolysis studies show that FeIV and FeV have significant
 lifetimes when complexed with simple ligands like hydroxide and pyrophosphate
 and, as such, are plausible intermediates in iron-catalyzed oxidations of organic
 compounds (68). Thus, participation of Fe(IV)��O may explain aspects of kinetics
 and product distributions that have not fit traditional Fe3þ/Fe2þ mechanisms
 (Reactions 6–14).
 There is now substantial evidence that the metal-oxygen complexes described
 above do indeed form hypervalent intermediates that catalyze both radical and non-
 radical oxidations (63, 69–78). Most is known about Fe(IV) and Fe(V) complexes,
 providing support for the idea that hypervalent iron is at least one catalyst in Fenton
 reactions (79); analogous complexes have been identified for Cu2þ (73, 80) and
 Co2þ (73). Both Fe2þ (74) and Fe3þ (63, 75) complexes participate, although
 through different routes: Fe2þ��HOOH yields Fe4þ��O; Fe3þ��HOOH yields the
 Fe3þ���OH complex, which is functionally equivalent to Fe4þ (79).
 Figure 2 presents overall reaction schemes for the Fe2þ and Fe3þ reactions. The
 schemes include radical and nonradical pathways and represent reactions for both
 H2O2 and ROOH. In the figure, ROOH is used to indicate lipid hydroperoxides
 to avoid confusion with metal ligands, L, and for simplicity, only the lipid
 species are carried completely through reaction sequences. These reactions have
 been determined using H2O2, but have not yet been demonstrated specifically with
 lipids. Nevertheless lipid hydroperoxides are expected to follow the same general
 INITIATION 277
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pathways as H2O2, although perhaps even more facilely because the O��O bond
 energy is lower in lipids (HOOH ¼ 51 kCal mol�1 vs. LOOH ¼ 25–35 kCal mol�1).
 In Fe2þ reactions (Figure 2A), the initial Fe-hydroperoxide complex formed
 with H2O2 or LOOH can undergo a traditional one-electron oxidation
 (Reaction 1), yielding Fe3þ and hydroxyl or alkoxyl radicals, respectively, in a
 O OLFe
 O H
 H
 RO O
 LFe
 OH
 H
 R LFe
 O H
 OO H
 R
 LFe
 O H
 O
 III III IV
 IV
 HORO
 2
 HLFe2+ (ROOH)
 8
 R′H (or R′OOH)
 OHR′H ROH
 Fe2+
 H2O OH
 LOO , L
 H2O
 6
 OHOR
 R′
 4
 ROOH
 H2O
 R′H
 R′OH
 HRO
 O OR
 LFeIII
 O H
 H
 HLFe3+ ++
 Site-specificoxidationa
 b
 1
 3
 HLFe4+ LFe3+ LFe2+ + +
 Back-biting
 2 e– transfer throughinner sphere complex
 HLFe3+ ++
 Direct e– transfer throughouter sphere complex
 + HLFe4+7
 +
 6
 R′OOH
 LFe2+ + +
 A. Ferryl iron (Fe4+) complexes from Fe2+-hydroperoxide reactions:
 HLFe2+ +
 (R′OO )
 B. Ferryl (Fe4+) and perferryl (Fe5+) iron complexes from Fe3+-hydroperoxide reactions:
 heterolytic
 homolytic
 stereospecifichydroxylation
 + +
 LOOH
 LH
 radicalgeneration
 Cage Reaction
 Figure 2. Formation of ferryl iron in initiation and catalysis of lipid oxidation: Reaction schemes
 for formation of hypervalent iron states by Fe2þ and Fe3þ complexes and subsequent reactions
 leading to radicals that can initiate lipid oxidation. L, metal ligand; R, alkyl or acyl group. Fe2þ
 sequence (71, 73); Fe3þ sequence (81), adapted.
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cage reaction. In systems where the radicals can diffuse out readily, they escape to
 react and initiate new lipid oxidation chains (A), or while still in the reaction cage,
 the oxyl radical can backbite on the Fe3þ (B) and oxidize it to Fe4þ (Reaction 2).
 Alternatively, the Fe-hydroperoxide complex can generate the ferryl iron complex
 directly by two-electron oxidation to the Fe4þ complex (Reaction 3). Fe4þ reactions
 are responsible for the catalytic power and greatly increased radical production.
 Fe(IV)��O abstracts hydrogens even more rapidly that HO� (k > 109 L M�1s�1).
 It can abstract allylic hydrogens from unsaturated fatty acids to form the ab initio
 L� radical or it can abstract H from lipid hydroperoxides to give LOO� that will
 propagate radical chains. Thus, through either a one-electron process involving out-
 er sphere complexes (Reaction 4) or a two-electron process with inner sphere com-
 plexes (Reaction 5–6), radicals are produced in any unsaturated fatty acid or lipid
 hydroperoxide that comes in contact with the Fe4þ complex.
 It should be stressed that the radicals evolving from Reaction 3 are not from the
 initial complexed hydroperoxide, but rather are in new lipid molecules. The initial
 hydroperoxide serves only to activate the iron to Fe4þ in contrast to Reaction 1 in
 which the hydroperoxide was the direct reactant and source of propagating radicals.
 In ferryl iron reactions, oxygen groups from the initial hydroperoxides are inserted
 or transferred directly to a substrate without radical intermediates, yielding alco-
 hols, ketones, epoxides, or water. This finally explains earlier observations of
 ‘‘crypto HO�,’’ hidden HO� that hydroxylated target compounds but could not be
 detected free in solution (82). In terms of kinetics, oxidation rates much greater
 than would be predicted for trace levels of hydroperoxides and iron can thus be
 achieved by Fe4þ because Reactions 3–7 in Figure 2A are much faster than Reac-
 tion 1, the selectivity of Fe4þ in hydrogen abstractions is greater than either HO� or
 RO�, and Fe4þ both initiates and propagates radical chains. Reaction 8 depicts the
 reduction of Fe4þ complexes in the presence of excess Fe2þ to yield two Fe3þ com-
 plexes with concurrent release of water and hydroxylated products. This is
 one explanation for the loss of catalytic effectiveness at high concentrations of metals.
 In the Fe3þ reactions (Figure 2B), hydroperoxides bind to the iron atom and sub-
 sequent formation of the Fe4þ complex is accompanied by either heterolytic scis-
 sion of the O��O bond to form hydroxylated products or homolytic scission to
 release hydroxyl or lipid alkoxyl radicals. Current evidence suggests that
 Fe3þ��H2O2 and Fe3þ��LOOH form different Fe4þ complexes, so H2O2 undergoes
 preferential heterolytic scission, whereas homolytic scission is the almost exclusive
 route for organic hydroperoxides (81). For LOOH, increased conversion to initiat-
 ing LO� and rapid H abstractions by Fe4þ to produce L� or LOO� combine to tre-
 mendously accelerate generation of new chains of radical reactions, and it accounts,
 at least in part, for the great catalytic effectiveness of even traces of lipid hydroper-
 oxide.
 Both Fe2þ and Fe3þ complexes undergo two-electron oxidations to yield Fe4þ
 and Fe5þ states, respectively. The Fe5þ state, in particular, is achievable with inor-
 ganic and small organic ligands because both electrons needed for oxidation come
 from the Fe. This doesn’t happen with hemes, where one electron comes from the
 iron and the other is taken from the porphyrin or apoprotein (81).
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There is much still to be learned about conditions required for formation of fer-
 ryl or other hypervalent iron complexes, the actual structure of the complexes under
 different circumstances, the kinetics and mechanisms by which they react, and the
 overall consequences to lipid oxidation. The factors that appear to be most impor-
 tant include the following:
 1. Ligand structure. Highly electrophilic ligands are most effective in producing
 Fe4þ (73). Changing the ligands alters the lifetime of FeIV��O complexes.
 Longer lifetime translates as lower reactivity; shorter lifetime results from
 higher reactivity, but makes the state more difficult to detect and study (65).
 2. Redox potential of the complex (73).
 3. Spatial arrangement of ligand components relative to the iron atom (64, 71,
 74, 78).
 4. Acid-base properties of the ligands (64, 77). The presence of a Lewis base in
 the ligand exerts a tremendous push effect on the ��OH group in the
 hydroperoxide, enhancing both formation of FeIV��O and homolysis of
 O��O in Fe3þ��OOH complex (increased release of HO�) (77).
 5. Relative proportions of iron and hydroperoxide. High iron favors oxygen
 insertion and formation of ketones, whereas 1 : 1 Fe : hydroperoxide shifts
 products to epoxides (73); excess ROOH yields large amounts of free radicals
 caused by a shift of the iron to high spin [FeL(Z1-OOH)2þ] states and rapid
 reaction of iron with ROOH instead of substrates (83).
 6. Solvent and presence of water. 1–5% water decreases the redox potential of
 iron complexes and increases homolytic scission to HO� radicals; in aprotic
 solvents, heterolytic scission and oxygen insertion products predominate (69).
 7. Chemical structure of hydroperoxide forming the initial complex. This alters
 the structure and spin state of the Fe4þ complex and, consequently, affects
 dominant product pathways (73). H2O2 forms low spin complexes that
 undergo heterolytic scission, whereas alkyl hydroperoxides form high spin
 complexes that release alkoxyl radicals in homolytic scissions (81).
 2.1.2. Light
 2.1.2.1. Ultraviolet Light—Direct Effects Direct initiation of lipid oxidation by
 ultraviolet light,
 R1CH(R2)R3 R1C(R2)R3 H R1CHR2 R3
 hν+ or + ð16Þ
 requires either direct deposition to sufficient energy to break covalent bonds or
 transformation of light energy to chemical energy that can catalyze the reaction.
 The Ea’s for L��H and L��L scission reactions are higher than the correspond-
 ing bond energies ( 98.4 kCal/mol and 83.1 kCal/mol, respectively), and this
 photon energy is available only at wavelengths <254 nm (Table 1). In fact, however,
 most ultraviolet light damage to lipids occurs at wavelengths less than 200 nm.
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Although ultraviolet light is thermodynamically capable of producing L� radi-
 cals directly in lipids, the process is not a competitive reaction. In solution, ioniza-
 tion generally requires energies of about 5–6 eV (87), available only at wavelengths
 < 230 nm, so direct L� production is not easily achieved by ultraviolet irradiation.
 When ionization does occur, there usually is not enough energy to push molecular
 segments apart, except when the sample is heated, so radicals recombine in cage
 reactions and do not initiate chains. Also, UV initiation is kinetically slow and
 very selective because the absorbed energy must match �E between energy states
 of elements and bonds.
 The principal light-absorbing groups of lipids are double bonds, peroxide O��O
 bonds, and carbonyls; the last two are most important. The primary mechanism by
 which ultraviolet radiation initiates lipid oxidation is actually indirect, mediated
 through homolytic scission of any preformed hydroperoxides to generate the true
 initiators —LO�, HO�, and RO�— that abstract hydrogens from lipid molecules
 and form the ab initio L�.
 ROOH
 HOOH
 LOOH
 HO
 RO
 LO
 OH
 OH
 OH
 H2O
 ROH
 LOH
 L2
 (17a)
 (17c)
 (17b)hν (UV)
 +
 +
 +
 L2H
 +
 TABLE 1. Energies of Light at Various Wavelengths vs. Typical Energies of Bonds
 in Lipids.
 eVa kJb kCalbBond Dissociation Energy �E
 (Physicists) (Chemists) (Biologists) Bond kJ/molc kCal/mold
 200 6.2 596 143 C��C 612 146
 230 5.4 518 124 O��H 463 111
 260 4.8 458 110 C��H 412 99
 290 4.3 411 98 C��O 360 86
 320 3.9 372 89 C��C 348 83
 350 3.5 341 82 C��N 305 73
 380 3.3 314 75 O��O 157 35
 410 3.0 291 70
 440 2.8 271 65
 470 2.6 254 61
 510 2.4 234 56
 540 2.3 221 53
 570 2.2 209 50
 600 2.1 199 48
 630 2.0 189 45
 660 1.9 181 43
 700 1.8 170 41
 aSee (84).bCalculated from E ¼ Nhc/l, where N ¼ Avogadro’s no.(6.02*1023 photons/mol), h ¼ Planck’s constant
 (1.58*10�34 cal/s or 6.6*10�34 J/s or 4.36*10�15ev/Hz), c ¼ speed of light (3*1017nm/s), l¼ wavelength (84).cSee (85).dSee (86).
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When the reaction involves LOOH, UV light is also a potent catalyzer of pro-
 pagation and, from a practical standpoint, exerts its main effects in that stage. In
 fact, it is often difficult to maintain LOOH on the lab bench for reaction or analysis,
 especially under fluorescent lights, because the decomposition is quite rapid. Hand-
 ling samples for analysis of LOOH and separation of hydroperoxides by column
 chromatography are best done under red light or at least with the vessel or column
 wrapped in aluminum foil or other light-impermeable material— and also in the
 cold, as will be shown later.
 A second source of UV-induced radicals to initiate lipid oxidation is excitation
 of carbonyl compounds (88). The carbonyl n ! p� transition (340 kJ/mol) occurs
 when light is absorbed at 350 nm and lower wavelengths (87).
 C Ohν
 C O* C OLH
 C OH + L ð18Þ
 The production of H2O2 during UV-irradiation in aqueous solutions should not
 be overlooked as another source of initiating radicals from ultraviolet light. H2O2
 yields of 3.7 and 1.3 mmol per mole L and Ln, respectively, have been measured in
 solutions exposed to UV light (89), more than enough for very active initiation of
 lipid autoxidation.
 Contrary to what might be expected from their reactivity, double bonds are
 not effective targets for UV light. The energy of the p ! p� excitation transition
 in conjugated dienes is 560 kJ/mol and in isolated double bonds is 680 kJ/mol,
 which is only achievable at the lower limit of the ultraviolet ranges (215 nm and
 <180 nm, respectively) (87). Long periods of irradiation are required because
 absorption of light must produce excited states and ionization before bond scission
 can occur. Free fatty acids, even saturated ones, are more susceptible to UV
 radiation than esters because the C��C and C��H bonds a to the ��COOH are
 activated 5–8 kCal/mol by mesomerism and thus are more susceptible to rupture
 by light energy. Chain reactions are not involved, and decarboxylation products
 result (12).
 Electron paramagnetic resonance (EPR) studies of lipid free radical production
 during UV radiation have found it exceedingly difficult to detect L� or subsequent
 LOO� in highly purified systems (90). Using nitrosodurene as a spin trap to detect
 free radicals too short-lived for direct observation by EPR, a mixture of free
 radical adducts were observed, consistent with H abstractions at allylic carbons
 for unsaturated fatty acids and carbons a and b to COOH in saturated fatty
 acids (91, 92). However, since UV irradiation produces radicals in both benzene
 and nitrosodurene (both of which were trapped), the lipid radicals detected are
 more likely to have been produced by secondary H abstractions than light-induced
 bond scissions. Similarly, radicals were only detected in light-irradiated unsaturated
 fatty acids at 77 K when photosensitizers were included. Thus, UV-induced
 direct bond scission that could start radical chain reactions in lipids does not
 seem likely.
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2.1.2.2. Photosensitization of lipid oxidation by visible light Visible light (>400 nm)
 lacks the energy to produce radicals directly. However, when the low level quantum
 energy of visible light is collected by specifically absorbing molecules, it is trans-
 formed to chemical energy that can drive reactions. This process, called photosensiti-
 zation, involves excitation of the sensitizer, then transfer of the excitation energy to
 bonds to form free radicals directly (Type 1) or to oxygen to form singlet oxygen,
 which then adds to double bonds of unsaturated fatty acids without generating radicals
 (Type 2):
 Type 1 sensitization ðfree radicalÞ �! L� ðe�transfer reactionÞType 2 sensitization ð1
 O2; singlet oxygenÞ �! LOOH ðno free radicals producedÞ
 By these two reactions, photosensitization provides the spin state requirements
 cited above for reaction of oxygen with double bonds, namely a change in oxygen
 spin state from triplet to singlet or loss of a bonding electron from the target
 molecule. Type 1 reactions are oxidations, whereas Type 2 reactions are oxygena-
 tions (oxygen insertions) that are 1500 times faster than with normal triplet
 oxygen (93). Photosensitizers in foods and biological materials are usually, but
 not exclusively, pigments. Chlorophyll, in particular, acts as Nature’s light
 gatherer, collecting low-energy visible light and converting it to chemical energy
 in plants. Other photosensitizers include flavins (especially riboflavin), porphyr-
 ins, aromatic amino acids, and any molecules with carbonyls or an extended
 conjugated double bond system (94). Some photosensitizers, including chloro-
 phyll, catalyze by both free radical and singlet oxygen mechanisms, with the
 dominant reactions depending on substrate and reaction conditions (95–97).
 Other photosensitizers are very specific in their reactions (98). With nearly all
 sensitizers, regardless of final mechanism or product, the initial steps
 involve excitation of the sensitizer to its lowest triplet level, 3S* (requires the least
 amount of energy). The triplet sensitizer then directs subsequent reaction, trans-
 ferring the excitation either to the lipid substrate (Type I) or to oxygen (Type II)
 (97, 99).
 3O
 S O2*
 −H+
 1S
 SH
 1O2
 L
 LH
 0S
 1S
 O2
 0S
 0S
 1O2
 LOO
 H+
 O2
 H+
 LH
 H+
 0S
 1Shν
 3S*
 LH
 L
 −e−
 Type 1 − Redox/
 Free Radical
 + + LOO LOOH
 (S− + L+ ) or (S+ + L− ) + LOOH
 Type II − Oxygenation A. Direct
 + + LOOH
 B. Indirect +
 +
 LOOH
 LOOH
 (Gollnick)
 (Kautsky-Foote)
 (Gollnick)
 (Schönberg-Schenck)3O2LH
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1O2 itself is not a free radical generator, but rather generates hydroperoxides
 that are precursors for initiating radicals. In a concerted ‘‘ene’’ reaction, 1O2
 attaches to either carbon of a double bond and abstracts an allylic proton to
 form a hydroperoxide directly (Reaction 19); no free radical is involved. There
 is little preference for carbon position, so approximately equal amounts of
 LOOH are produced at both ends of the original double bond. At the same
 time, a new double bond in trans-configuration is formed between the other dou-
 ble bond carbon and the allylic position. When the hydroperoxide is decomposed
 to radicals by metals, light, or heat, subsequent hydrogen abstractions initiate
 autoxidation chain reactions.
 H
 R
 R′
 OO
 OO
 H
 R
 R′
 ð19Þ
 In polyunsaturated fatty acids with nonconjugated double bonds, 1O2 reacts with
 each C��C as if it were isolated, so it yields roughly equivalent amounts of hydro-
 peroxides at both internal and external positions. However, if the double bonds are
 conjugated (e.g., natural conjugated linoleic acid or oxidized linoleic acid), cyclic
 endoperoxides are formed.
 O O O Oð20Þ
 Dioxetane formation by 1O2 does not occur in lipids because it requires an elec-
 tron-donating atom such as N or S next to the double bond (100).
 It has been proposed that 1O2 can be generated in chemical reactions (so-called
 dark biochemistry) by unstable oxygen adducts, endoperoxides, metal complexes
 (101, 102), and peroxyl radical recombinations (103–105), and that the low levels
 of internal hydroperoxides produced thereby initiate lipid autoxidation chains (102,
 106, 107, respectively).
 O2− + O2
 − 1O2 + H2O2 ð21Þ
 O2− H2O2+ 1O2OH− + OH + ð22Þ
 2 (R2)CHOO (R)2CHOOOOCH(R)2 O2 (R2)CHOH3(>C=O) + +
 >C=O + 1O2ð23Þ
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However, the production of 1O2 in the dark remains highly controversial. Bielski
 and Allen, Matsoura et al., and Nilssa and Kearns have shown that this reaction
 is highly unlikely both on thermodynamic grounds (108) and because 1O2 is con-
 verted to HOO� so rapidly by phenols (Reaction 24) (109) that it cannot be detected
 (110).
 ArOH + 1O2 ArO + OOH ð24Þ
 The general consensus remains that if 1O2 production in dark biochemistry occurs,
 it is not competitive with other modes of catalysis and cannot be considered an
 important initiator of lipid oxidation.
 2.1.3. Heat High temperatures (e.g., frying temperatures) have sufficient energy
 to break covalent C��C or C��H bonds in the acyl backbone to form a variety of
 lipid alkyl radicals (111, 112), which then start the radical chains of oxidation.
 Moderate temperatures have lower energy, so act primarily by breaking O-O bonds
 in traces of ROOH or LOOH preformed by other reactions, particularly metals,
 lipoxygenase, or photosensitizers. The RO�, LO�, and �OH thus generated abstract
 hydrogens from neighboring lipids to form L� and initiate radical chains. As shown
 by the activation energies for the individual stages of lipid oxidation, LOOH
 decomposition and its subsequent contribution to propagation is the major catalytic
 effect of heat (113, 114). Effects of increased LOOH decomposition are amplified
 by increased rates of subsequent H abstractions by LO� and LOO�, which is
 reflected in the doubling of oxidation rate for every 10 C rise in temperature (115).
 2.1.4. Lipoxygenase Lipoxygenases catalyze the aerobic oxidation of fatty
 acids with cis-nonconjugated pentadiene structures to generate optically active
 conjugated LOOH without releasing a lipid free radical. Hydroperoxides are
 synthesized in a cage reaction involving electron transfer to the lipid from the fer-
 rous iron atom in the enzyme’s active site (116) and removal of the bisallylic hydro-
 gen as the rate determining step (117–119). Oxygen bound to a separate site on the
 enzyme is activated to react with the free radical, then Hþ donation from the
 enzyme completes the LOOH before it is released. As the oxygen always adds
 anti to the hydrogen removal, the resulting conjugated dienes are always trans-,
 cis-relative to the hydroperoxide (117).
 Reaction Activation Energies (Ea) kCal/mole
 (L� þO2) 0
 kp (LOO� þ LH) 5–15
 kt (2 ROO�) 4
 kt (2 R�) 5
 kt (R� þ ROO�) 1
 * ki (monomolecular) 31
 * kii (bimolecular) 50 uncatalyzed system
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R2R1
 H+
 E Fe2+...LO2
 (E Fe)...L...O2
 E (Fe2+)...LOO
 R1
 HOO R2
 +
 R2R1
 OOH
 (H+)
 LOOH
 E (Fe3+)
 LH
 Ternary complex
 E (Fe3+)...LOO−
 E (Fe3+)
 Feedback inhibition by high [LOOH] ð25Þ
 Radical oxidation chains are initiated when LOOH is decomposed to initiating
 LO� and �OH radicals by light and heat, to LO� /LOO� by metals, or to LO� by the
 enzyme itself (120). Very low levels produced in plant or animal tissues may pro-
 vide the ‘‘invisible’’ initiators that make lipid oxidation sometimes appear sponta-
 neous. Perhaps just as important, LOOH produced by lipoxygenase can accumulate
 to relatively high levels under appropriate conditions (e.g., cold and dark, as in fro-
 zen unblanched materials), then lead to a cascade of rapid oxidation when LOOH
 decomposes.
 It should be noted that although oxygen is not required for formation of the
 bisallylic radical, it is necessary for formation of high yields of hydroperoxides.
 Hence, when lipoxygenase is being used to synthesize lipid hydroperoxides, full
 oxygenation must be ensured, and conversely, when lipoxygenase action needs to
 be inhibited without thermal inactivation, reduced oxygen pressures offer an excel-
 lent means of control.
 2.1.5. Heme Proteins and Porphyrins Heme catalysis of lipid oxidation was
 first reported in 1924 (121), but it was another 30 years before research to determine
 mechanisms and effects began in earnest. In pioneering studies, Watts and Chang
 (148) observed that ferric hematin forms were the most active catalysts and pro-
 posed a fundamental electron transfer mechanism (122–125). A few years later,
 Tappel’s work in model systems suggested that hemes form complexes with pre-
 formed hydroperoxides, and radicals are generated in subsequent decomposition
 of the complex (126–132). Love and Pearson (133) then proposed that free inorgan-
 ic iron released from hemes, rather than the hemes themselves, catalyzed lipid oxi-
 dation in meats. However, this theory was inconsistent with earlier observations that
 hemes were more effective catalysts than free iron, and questions were further
 raised when Fe3þ-hematin complexes were more active in model emulsions than
 FeSO4 and FeCl3 (134). Although all these theories address some behaviors of
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heme systems, none of them completely accounts for the kinetics, product mixes,
 and solvent effects of heme catalysis (99).
 That heme compounds catalyze lipid oxidation in food and biological systems
 has been extensively documented (128, 135–140), but how this occurs is still not
 clear. The greatest obstacle for unraveling heme catalysis in foods is the compli-
 cated composition and structure of the reaction system. The kind of compartmen-
 talization that isolates heme proteins in living tissues may or may not be retained
 after food processing, the cellular chemistry maintaining redox balance begins to
 decline immediately after slaughter or harvest, and previously protected sites
 become exposed. Under these conditions, overall measures of increased lipid
 oxidation can be obtained, but it is exceedingly difficult to determine details of
 reaction mechanisms.
 Application of data obtained from simple ‘‘clean’’ reaction systems in biological
 or chemical studies of heme catalysis also has its problems. Chemical model sys-
 tems use chelators, model hemes, and substrate structures that are quite different
 from those existing in foods. Reaction sequences change with heme, substrate, sol-
 vent, and reaction conditions. Intermediates are often difficult to detect (141), and
 derivations of mechanisms by measuring products and product distributions down-
 stream can lead to erroneous or incomplete conclusions. It is no surprise, then, that
 there remains considerable controversy over heme catalysis mechanisms. Further-
 more, mechanisms determined in these defined model systems with reaction times
 of seconds to minutes may or may not be relevant to lipid oxidation being measured
 in the complex matrices of foods stored for days or weeks under conditions where
 phospholipids, fatty acid composition, heme state, and postmortem chemistry com-
 plicate the oxidation once it is started (142). Hence, the mechanisms outlined below
 should be viewed as guides rather than absolutes. More research should be focused
 on determining, by kinetic and product analyses, which reactions actually occur and
 are of practical importance in specific food systems.
 Current evidence indicates that hypervalent iron complexes—ferryl iron (FeIV,
 FeO22þ, Fe(IV)=O) or perferryl iron (FeV)—are involved in the catalytic mechan-
 ism, but there is still controversy over the details of reaction mechanisms and what
 proportion of heme catalysis it accounts for. Very recently, some very elegant chem-
 istry has elucidated binding and O��O bond scission mechanisms and identified
 heme structural elements critical for oxidation catalysis (143, 144). Paradoxically,
 although the early theories of heme catalysis have been largely dismissed, they
 nevertheless are consistent with aspects of hypervalent iron behavior. Ferryl iron
 chemistry encompasses and explains the most important features noted in early
 studies (99):
 1. The porphyrin-Fe structure is an absolute requirement for catalysis.
 2. Catalytic activity varies tremendously among heme proteins, partly due to
 exposure/or accessibility of the hematin structure and partly due to other
 unidentified factors.
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3. Fe3þ-hemes are most active even without oxygen; Fe2þ-hemes require
 oxygen for catalysis.
 4. No change of heme iron valence seems to be involved.
 5. There is a solvent-related pH dependence that varies with the specific reaction
 components and conditions (e.g., liposomes vs. membranes vs. emulsions,
 fatty acids vs. phospholipids, buffer type, heme compound).
 6. Catalysis reverses to inhibition at high heme levels.
 The simplified reaction scheme given in Reactions 26–30 is a synthesis from
 several authors (139, 141, 143–158) and together with Figure 3 provide a general
 representation of current understanding of heme-mediated formation and reaction
 of Fe4þ. All iron is complexed to a porphyrin, P, and has hydration and hydroxyl
 ligands; F is a scission fragment; and radicals capable of initiating lipid oxidation
 are noted in bold type. An extensive discussion of heme catalysis with major
 emphasis on foods is available in a recent review by Baron and Anderson (159).
 FeIII Porph
 OO
 H
 R
 FeIII Porph
 FeIV Porph
 O
 FeIV Porph
 OH
 ROROH
 ROOROOHCH CH CH2 CH CHCH CH CH2 CH CH
 ROOOOR
 CH CH CH CH CH
 RO + O2
 L
 FREE RADICAL CHAIN REACTIONS
 +
 heterolysis homolysis
 + +e–
 epoxides
 LH
 (When protein has internal H source)
 ROOH
 OOR
 Figure 3. Heme-catalyzed formation of species that can initiate lipid oxidation: generation and
 reaction of ferryl iron complexes [FeIV ¼ O, FeIV(OH)]. Adapted (143, 160); used with permission.
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heterolysis (P)FeIII(OH) (H2O) ROOH
 H abstraction
 (P )FeIV O
 Internal cyclization
 RO
 ROHR′ epoxide
 2 H2O
 (P)
 + + ++
 +
 ð26aÞ
 ð26Þ
 (P )FeIV O H2O2 HPFeIV O HOO+ ++ ð27Þ
 (P )FeIV O LOOH HPFeIV O LOO+ ++ ð28Þ(P)FeIII(OH) (H2O)
 O2
 OOO
 ROOH
 F
 (P)FeIV(OH)
 ROH
 OO
 R′ epoxide
 O2
 X
 RO 2 H2O
 O
 homolysis + + +
 β-scission + aldehydes/ketones
 H abstraction +
 internal cyclization
 (R′OO )
 2 R′OO [R′OOOO′R] 2 R′O +
 ð29Þ
 ð29aÞ
 ð30Þ
 For hemes to be more effective initiators than Fe3þ and Fe2þ, either removal of
 an electron from the double bond, reduction of preformed hydroperoxides to gen-
 erate L� or LO�, or both of these reactions must be activated, or another mechanism
 entirely must be operative. Model system studies have now shown that the basic
 activating reaction involves binding of preformed hydroperoxides, either H2O2 or
 LOOH, to ferric hemes to generate hypervalent Fe in a very fast reaction
 (k109). In the concerted process, the negatively charged porphyrin ligand releases
 H2O and weakens the O��O bond, the hydroperoxide is decomposed heterolytically
 (Reaction 26; left reaction series, Figure 3) to produce an alcohol, or homolytically
 (Reaction 27; right reaction series, Figure 3) to produce alkoxyl radicals, respec-
 tively, and an O is transferred to the iron to form the ferryl complex, Fe4þ��O.
 This reaction is very sensitive to environment, particularly solvent and proton avail-
 ability; and the O��O scission mode and products vary with the heme, hydroperox-
 ide structure, solvent, and reaction environment. Heterolytic scission results in one
 of the oxidizing equivalents being transferred to the porphyrin apoprotein, forming
 a free radical that localizes on tyrosine (161–163) or tryptophan (164). This radical
 can be quenched by H abstraction from hydroperoxides, producing peroxyl radicals
 (30, 31).
 In protective heme enzymes such as catalase and peroxidases, the dominant
 process is heterolytic, and amino acids such as histidine in the apoprotein are in
 close proximity in the active site to transfer protons to the RO� in situ. For
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ROOH��LOOH, a lipid alcohol is released and no initiation or branching can
 occur. In aprotic solvents or acid environments, however, H abstraction is delayed
 and the radicals remain active. When the heme is myoglobin, hemoglobin, or a
 heme protein where an internal proton source is not available, the reaction mechan-
 ism is more likely to be homolytic, yielding alkoxyl radicals with no radical on the
 porphyrin.
 There is disagreement about the fate of the RO�, R0�, and F� radicals, and it is
 even less clear which species initiate new lipid oxidation chains. Most obviously,
 any of these would appear to be potential initiating radicals for lipid oxidation, but
 perhaps not directly. Unless a proton source is immediately available, there is a
 strong driving force for the bound LO� to cyclize internally to epoxides, at the
 same time generating epoxyallylic radicals (Reactions 26a and 29a) that are
 more stable than alkoxyl radicals (see Section 3.2.2). Indeed, most model system
 studies of heme catalysis have found that cyclization dominates overwhelmingly
 with fatty acids (147, 148, 156). The peroxyl radicals formed by oxygen addition
 to epoxyallylic sites (Reaction 29a) are slow and specific in reaction, giving them a
 much better chance of escaping the heme complex reaction cage to react elsewhere.
 Even so, the slowness of peroxyl radical reactions also argues against their initiat-
 ing lipid reactions much faster than normal autoxidation, so it is much more likely
 that the peroxyl radicals recombine outside the reaction cage (but still inside the
 heme crevice) and dismutate to LO� radicals, which react much more rapidly.
 Although the distinctions between heterolytic and homolytic pathways may be
 important for enzymes in vivo and may also provide some support for Tappel’s
 theory of lipid hydroperoxide decomposition, what happens to the activating
 ROOH (HOOH or LOOH) is inconsequential to lipid oxidation in foods. HO�
 from H2O2 may be diffusible and highly reactive, but it does not initiate lipid oxi-
 dation (144). Subsequent abstraction reactions of LO� dominate with Hb (165) and
 Myb (166), giving 9-LOOH as in autoxidation. Increased decomposition of H2O2 or
 lipid hydroperoxides alone cannot account for the explosive oxidation that can
 occur in the presence of hemes because (1) catalysis rate would then be directly
 proportional to the hydroperoxide concentration, and (2) final rates would approx-
 imate those controlled by LO� in secondary stages of autoxidation. Neither condi-
 tion seems to fit existing data. Something more is needed to connect these reactions
 to active, accelerated lipid oxidation.
 One missing link was provided in observations that myoglobin-H2O2 catalysis of
 linoleic acid oxidation gives highly regio- and stereospecific hydroperoxides,
 almost exclusively 9S-OOH (144, 167), which indicated some type of specific fatty
 acid binding to myoglobin. Comparative studies with Myb mutants revealed that
 fatty acids bind at the entrance to the heme pocket (Figure 4). The hydrocarbon
 terminus of a fatty acid penetrates into the crevice in the geometry required to
 form a trans-10,11-double bond. Abstraction of the pro-R hydrogen generates a pla-
 nar 1,4-dienyl radical directed toward the heme ring and protected from oxygen.
 Oxygen then adds from the opposite direction (from outside the crevice), and
 the 9-OOH forms preferentially because it is exposed, while C-13 is inside the
 crevice.
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A second missing link is that the critical driver responsible for the dramatically
 increased lipid oxidation rate is the Fe4þ itself, not radicals from the decomposition
 of contaminating hydroperoxides. Ferryl iron is a strong oxidant, kinetically
 equivalent to HO� in reactivity (154) but more selective due to its lower redox
 potential (168). Ferryl iron rapidly abstracts H from the doubly allylic C-11 of
 linoleate (now conveniently oriented toward the heme iron core) (144) and it
 abstracts hydrogens from hydroperoxides even more rapidly (154), in contrast to
 the very slow oxidation with nonheme Fe3þ:
 (P )Fe4+(O) LOOH H2O+ + ++ LOO Fe3+OH ð31Þ
 This has two consequences: (1) most importantly, direct initiation of radicals
 in lipids bound to the heme, and (2) assurance of lipid release as LOO� rather
 than LOOH. Chain propagation may proceed through LOO� directly or through
 epoxyallylic peroxyl radicals from LOO� cyclization.
 A third missing link important for rapid catalysis was recognition that once
 formed, Fe4þ states could be maintained by electron transfers to the apoprotein
 without involving the iron center. This is shown as the reversible reaction
 (P )Fe4+(O)+ (P)Fe4+(OH) ð32Þ
 in Figure 3. Thus, electrons can be shuttled facilely between two reactive states
 without the loss of oxidizing power and reduction of Fe4þ to less reactive Fe3þ
 O O
 ω α
 HS
 HR
 FeIV
 O
 A DV
 M M
 P
 HS
 CO2H
 M
 PM
 V
 HR
 B C
 V
 M M
 P
 M
 PM
 V
 V
 M M
 P
 M
 PM
 V
 CO2H
 CO2H
 H
 OOH
 HS
 O2
 Figure 4. Model proposed for the binding and oxidation of polyunsaturated fatty acids in the
 myoglobin heme crevice. From (144), used with permission.
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(160). Together, these three factors provide a powerful system for extremely effec-
 tive catalysis of lipid oxidation.
 Fe2þ-hemes also generate ferryl complexes, albeit more slowly, and this oxidant
 source may be important over longer reaction times or during storage. With H2O2 as
 the oxygen source, Fe2þ-myoglobin catalysis of lipid oxidation is initially slower
 but eventually reaches the same rate as Fe3þ-myoglobin (169). However, peroxides
 are not always absolute requirements. Direct (slow) reaction of heme-Fe2þ with
 oxygen,
 (P)Fe2+(H2O) + ½ O2 Fe4+(O) + H2O ð33Þ
 may not be detected as activity in short-term assays designed to mimic enzyme
 active sites, but nevertheless may provide a nonhydroperoxide source replenishing
 Fe4þ(O) in longer reactions. Fe2þ hemes may also contribute to delayed catalysis
 by regenerating Fe3þ hemes after some peroxyl radicals have been formed (2, 149,
 152),
 Mb(FeII)O2 + O2+ROO ROOH + Mb(FeIII) ð34Þ
 Variable catalytic activity between different heme proteins (137, 170, 171) and
 between the same hemes from different species (172) has long been recognized.
 The recent elucidation of the fatty acid binding (144) and clarification of O��O
 bond cleavage mechanisms by ferryl complexes (143, 173, 174) provide insights
 into why this happens. The composition and arrangements of amino acids in the
 heme crevice, as well as heme pocket size and orientation, affect lipid binding
 and proton transfer, while the heme structure and ligands influence electron transfer
 processes and stabilization of the ferryl complex. Attainment and stabilization of
 Fe4þ(O) long enough for reaction requires both appropriate adjustment of the
 heme redox potential and steric shielding of the bound oxygen at a fixed coordina-
 tion position on the iron. Small perturbations in the active site deactivate oxygen
 and lead to its release as O�2 /HO2
 � (149), which are not very reactive with lipids.
 All of these factors and the reaction environment influence whether O��O bond
 cleavage is homolytic or heterolytic, pro-oxidant or antioxidant, under given con-
 ditions (143). Considering this new information on lipid binding and mechanisms
 of ferryl iron formation, it should now be straightforward to interpret, model,
 and even predict catalytic activity based on individual heme protein and ligand
 structures.
 Similarly, this new information provides explanations for the shift from pro-oxi-
 dant to antioxidant at high heme concentrations that has long been recognized (123,
 175–177). High heme concentrations increase heme association and limit fatty acid
 access to the heme pocket (177). Under low oxygen conditions or when oxygen has
 been depleted by reaction, excess ferrous hemes oxidize instead by combination
 with reactive ferryl complexes, reducing them to ferric complexes (Reaction 35)
 with lower reactivity. High heme concentrations oxidize the radicals generated dur-
 ing formation of Fe4þ(O) (Reaction 36), or reduce them if the hemes are ferrous, so
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no subsequent reactions can occur. Any alkoxyl radicals produced in ferryl forma-
 tion, although kinetically inconsequential at low concentrations, become competi-
 tive at high heme concentrations and can convert the hydroperoxides being
 generated to alcohols and peroxyl radicals (Reaction 40)—a net reduction in pro-
 pagation capacity.
 (P)Fe2+(H2O) + (P )Fe4+(O)+ 2 (P)Fe3+(OH) (H2O) ð35Þ
 + R′ (or F ) (P)Fe2+ (H2O)(P)Fe3+(OH) (H2O) + ROH (FOH) ð36Þ
 + ROOH ROHRO + ROO
 (fast reactions) (slow reactions)ð37Þ
 Whether the porphyrin apoprotein radical shown in reactions above has a role in
 catalyzing lipid in oxidation is still being debated. Current evidence suggests that
 the heme protein radical is required for electron transfer in the ferryl iron-heme
 complexes (157) and that it may co-oxidize proteins or other molecules (163,
 178), but is probably not involved in direct catalysis of lipid oxidation (144).
 For food applications, another mechanism must also be considered as a possible
 minor contributor. Considering the photosensitization capabilities of porphyrin
 rings in chlorophyll, Schaich (99) questioned whether analogous reactions could
 be catalyzed by hemes in foods in which normal molecular and cell environments
 are disrupted and porphyrin rings can become exposed. This possibility has
 now been verified by EPR spin trapping evidence that hematin, but not intact
 heme proteins, produce 1O2 (179), and in observations that protoporphyrin IX cat-
 alyzed oxidation of rat liver microsomes only in the light, whereas in the dark it
 inhibits lipid oxidation (180). Photosensitization, which can only occur at the sur-
 face, would not be expected to compete with ferryl iron produced by intact hemes
 in the interior of muscle foods before cooking, but it may indeed contribute to oxi-
 dation in processed foods in which some disintegration of the heme complexes
 occurs.
 2.1.6. Ozone The reactivity of ozone with unsaturated fatty acids has long been
 recognized, and indeed, the reaction has practical applications in localization of
 double bonds (181). As a damage reaction, atmospheric ozone (O3) [e.g., from pol-
 lution or sterilization processes (182)] rapidly adds across double bonds in nearly
 all organic molecules to form ozonides (trioxides), which then undergo a number of
 different subsequent reactions, not all of which produce free radicals. However,
 there remains some controversy over whether direct or indirect mechanisms
 dominate.
 Ozone adds directly to double bonds in fatty acids to form ozonides (183–185).
 These decompose to lipid alkoxyl and peroxyl radicals that abstract hydrogens to
 initiate radical chains (186). In the process, internal rearrangements within the
 original lipid molecule(s) yield hydroxy epoxides and hydroxy epidioxides with
 1,3- and 1,4-cyclic hydroperoxides:
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R R′
 O3
 O OHO
 R R′
 HO
 R
 O O
 R′R
 HOO
 R′
 O2R R′
 OO
 O
 R R′
 O OO
 R R′
 O OOH
 O + OH–
 O2
 LH
 M+, uv
 LH
 Initial products
 LOO
 LH
 LLLLOORadical chain
 ð38Þ
 Indirect initiation of lipid oxidation by ozone is similar except that it occurs via
 decomposition of ozonides in non-lipid molecules to form alkoxyl and peroxyl radi-
 cals that subsequently abstract hydrogens from fatty acids. Two mechanisms have
 been proposed, both of which yield the same final lipid products (186):
 R CH CH R O3
 RCH CHR
 OOO
 RCH CHR
 OO
 RC CHR
 OOHO
 PUFAO
 C
 O O
 CO
 CHR
 ORC
 HO
 O2
 PUFA OO
 +
 + OH−
 +
 nonlipid molecule
 ð39Þ
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Ozone preferentially reacts with the most unsaturated fatty acids present (187);
 arachidonic acid and higher PUFAs are particularly sensitive. Trans-double bonds
 and fatty acids have been reported to react with ozone much more slowly than cis-
 double bonds (21), but this observation may be an artifact of measuring only initial
 ozonides. In fact, trans-fatty acids do react with ozone, but the initial ozonides
 decompose and rearrange more rapidly to generate peroxy-epoxide or peroxy-ozo-
 nide complexes and free acids (188). This is another example of how, as in lipid
 oxidation itself, downstream as well as initial products must be measured to obtain
 a full and accurate picture of reaction.
 Ozone reactions are not very fast (k105) and do not change the rate or product
 mix of lipid autoxidation once established (189). Nevertheless, ozone markedly
 shortens induction periods by contributing to early accumulation of the critical
 concentration of lipid radicals and hydroperoxides necessary to trigger the onset
 of rapid oxidation. Ozone also reacts with LOOH to produce radicals that propagate
 the oxidation chain:
 LOOH O3 HO O2+ LOO + + ð40Þ
 Whichever initial reaction occurs with ozone, once active oxidation equilibrium is
 established, LOO� and LO� propagation reactions dominate and effects of ozone on
 oxidation rates and product mixes becomes insignificant (190).
 2.1.7. Free Radicals In the discussion above, all the initiating processes gener-
 ate some form of radical that ultimately reacts with lipids to produce the ab initio
 lipid radical that starts the autoxidation chain. The kinetics of the initiation, how-
 ever, are governed by the speed of individual radical reactions with lipids, which
 can vary tremendously. Table 2 lists rate constants for a number of reactions impor-
 tant in initiation of lipid oxidation. For the most part, the rate constants speak for
 themselves. Nevertheless, a few comments need to be added.
 Not surprisingly, hydroxyl radicals have the fastest reaction rates with lipids.
 However, HO� are so strongly oxidizing that their reactions are also very nonspe-
 cific, and they attack lipids indiscriminantly at all sites along acyl chains (195, 207).
 These radicals then ‘‘migrate’’ (by intramolecular abstraction) to the doubly allylic
 H’s in dilute monomer solutions, or abstract H’s from doubly allylic sites of neigh-
 boring lipids in concentrated solutions, yielding the dienyl radicals that, when
 oxygenated to LOO�, become the main chain carriers.
 It is important to note that saturated fatty acids are not immune to effects of
 oxidation. The strongly oxidizing radicals HO� and RO� abstract hydrogens at rea-
 sonable rates even from saturated fatty acids (106 for RO� and 109 for HO�). The
 subsequent LsatOO� radicals then abstract hydrogens from neighboring unsaturated
 fatty acids and thus can be sources of external radicals initiating radical chains in
 PUFA’s (9, 208).
 Values for ROO� are average rates for all organic peroxyl radicals; peroxyl radi-
 cal rate constants vary little with R structure unless there is a halogen atom a to the
 radical peroxyl group (9). Although O�2� has been invoked as an initiator of lipid
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oxidation, the rate constants in Table 2 show clearly that O�2� does not react with
 unsaturated fatty acids or their hydroperoxides. O�2� is a weak reactant, both as a
 reducing and oxidizing agent (E  ¼ �0:33 V for O2/O�2� and þ0.94 V for O�
 2�/
 H2O2) (209). In lipid oxidation, O�2� is probably most active in recycling traces
 of contaminating metals, particularly iron, or as a source of highly reactive HO�,which very rapidly take over reactions, obscuring initial effects of O�
 2�. This has
 been demonstrated in reactions of Fe-EDTA complexes with linolenic acid (210).
 However, the conjugate acid, HO2�, abstracts doubly allylic H atoms of linoleic,
 linolenic, and arachidonic acids (211). At pH 7.0, only about 1% of O�2� solutions
 is present as HO2�, but the latter drives any radical abstractions. In acid solution,
 only HO2� is active.
 2.1.7.1. Radicals from Secondary Reactions One area of initiation that has gone
 totally unnoticed is reaction of radicals produced in solvents or other system
 TABLE 2. Lifetimes and Hydrogen Abstraction Rates of Various Radicals that Initiate
 Lipid Oxidation.
 Half-life with Typical Substrate, Ave. rx Rate,
 Radical 10�3 M, 37 C k (L mol�1sec�1) Reference
 HO� 10�9 sec 109–1010 191
 RO� 10�6 sec 106–108 191
 ROO� 10 sec 101–103 191
 L� 10�8 sec 104–108 191
 AnOO� 10�5 sec 192a
 O2�� 1 193b
 HOO� 100–103 194b
 18:1 18:2 18:3 20:4
 HO� 109 9.0 � 109 7.3 � 109 1010 9,195
 Monomer 8.0 � 109 8.0 � 109 196
 Micellar 1.3 � 109 2.5 � 109 195
 Non-allylic H 4 � 102 3.4 � 103 7.0 � 103 1.0 � 104 196
 RO� 3.3 � 106 8.8 � 106 1.3 � 107 2.0 � 107 9
 t-BuO� 3.8 � 106 9.1 � 106 1.3 � 107 2.1 � 107 197
 (trans) 3.3 � 106 (trans) 8.8 � 106 197
 aqueous 6.8 � 107 1.3 � 108 1.6 � 108 1.8 � 108 198
 ROO� 1.1 6 � 101 1.2 � 102 1.8 � 102 199–201
 O2�� no rx no rx <1 <1 196, 200
 (MLOOH) 7.4 � 103 202
 HOO� no rx. 1.1 � 103 1.7 � 103 3.1 � 103 193
 <3 � 102 200
 O3��CCl4 6.4 � 105 6.9 � 105 203
 ��aq SDS 9.5 � 105 1.1 � 106 203
 SO3–� 1.8 � 106 2.8 � 106 3.9 � 106 194
 GS� <2 � 106 8 � 106 1.9 � 107 3.1 � 107 2041O2 0.74 � 105 1.3 � 105 1.9 � 105 2.4 � 105 205
 O�� 7.5 � 102 9.7 � 103 1.2 � 104 1.9 � 104 196
 NO2� 1.2 � 106 6.2 � 106 6.6 � 106 206
 aAqueous solution.bH abstraction from unsaturated alkenes.
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components, which then react with lipids. Whether the primary initiator is heat,
 radiation, or metals, many of the initial oxygen radicals produced react more
 rapidly with solvent components than with lipids. For example, HO� react with
 alcohols (e.g., used as solvents in model systems) at rates as high as 1012 L
 mol�1s�1 (212, 213), and the alcohol radicals then react with lipids. Decomposition
 of MLOOH in 80% ethanol, for example, yields >7% ethoxylated products (214),
 and more than 60% of products from photolysis of MLOOH in methanol were
 methoxylated (215). Radicals induced in cyclohexane by photolysis also react
 with MLOOH (216). Similar co-oxidation occurs with Triton-X as an emulsifier
 (217). Tris, phosphate, and other buffer components form radicals that can be
 detected by EPR, and EDTA forms several radicals that are strongly reducing in
 nature (218–220). The role these ‘‘system’’ radicals may play in overall lipid
 oxidation is not yet known, but their possible involvement should be considered
 in designing test systems and calculating and interpreting oxidation kinetics.
 2.2. Sites of Radical Initiation by Hydrogen Abstractionand Formation of Peroxyl Radicals
 Hydrogen abstraction by free radicals is generally quite specific, occurring prefer-
 entially at allylic hydrogens where the C��H bond energies are lowest (Table 3).
 The order of reactivity is doubly allylic H’s between two double bonds > singly
 allylic H’s next to double bonds � H’s a to the��COOH group > H’s on methylene
 groups farther down the acyl chains. The one exception to this ‘‘rule’’ is the hydro-
 xyl radical, HO�, which is so electrophilic and reactive that it abstracts H’s indis-
 criminantly from all positions along the acyl chain (195). The radicals formed
 either migrate to the acyl carbon with the weakest bonding, i.e., the allylic H’s,
 or abstract allylic hydrogens from a neighboring lipid molecule.
 Older literature always presents the initial radicals in equivalent resonant posi-
 tions with equal probability of forming hydroperoxides. The three resonant posi-
 tions for linoleic acid or its ester and the three hydroperoxides resulting
 from these are shown in Reaction 41 (224). Comparable resonant structures have
 been published for oleate, linolenate, and arachidonate (222, 225).
 TABLE 3. Bond Energies of Hydrogens at Various Positions in Acyl Chains (bold font):
 Sites of Preferential Hydrogen Abstraction.
 E (kJ/mol) E (kcal/mol)a Relative Ease of H Abstractionb
 H��CH��CH2 431 105
 H��CH2��CH2��CH3 419 99
 H��CH2��CH��CH2 356 85
 R��HCH��CH��CH��CH2��CH3 322 77
 R(CH2��CH)��HCH��CH2�� 310 74 1
 R��CH��CH��HCH��CH��CH�� 272 65 62
 ROOH 377 90
 aSee (221, 222).bSee (223).
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CH3 (CH2)4 CH CH CH2 CH CH CH2 (CH2)6COOCH3
 R2R1
 R1 CH CH CH CH CH R2
 R1 CH CH CH CH CH R2
 R1 CH CH CH CH CH R2
 R1 CH CH CH CH CH R2
 OOH
 R1 CH CH CH CH CH R2
 OOH
 R1 CH CH CH CH CH R2
 OOH
 ð41Þ
 Product distributions show the inaccuracy of this notion. It is now recognized
 that after hydrogen abstraction from the allylic hydrogens, the free electron becomes
 distributed across a resonance stabilized double bond system (Reaction 42). The
 highest electron density is in the center, and the outside positions are relatively
 electron deficient. Thus, oxygen preferentially adds at the outermost points. When
 oxygen pressures are greater than 100 mm Hg, the addition occurs at diffusion-
 controlled rates (k > 109 L M�1sec�1) (223), so is essentially instantaneous as
 long as oxygen is available—one reason L� radicals are so difficult to detect,
 even by electron paramagnetic resonance.
 H H
 −H+
 O2
 e− deficient points
 ð42Þ
 Translating this into observed behavior, isolated double bonds behave as if there
 were two separate resonant systems of equal probability, so oleic acid yields
 (C9 þ C11) and (C8 þ C10) hydroperoxides from the two resonance systems,
 respectively, in approximately equivalent amounts (18:1, Figure 5). In 1,4-diene
 systems, H abstraction occurs preferentially at the doubly allylic hydrogen between
 the two double bonds, and the resonance system with the unpaired electron extends
 across both double bonds with electron density focused at the central carbon (11)
 and electron deficient positions at external carbons 9 and 13 (18:2, Figure 5).
 In higher polyunsaturated fatty acids with multiple 1,4-diene structures (18:3
 and 20:4, Figure 5), the resonant systems from multiple doubly allylic radicals
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overlap. In theory, then, hydroperoxides should form at internal positions in equal
 proportion to the external positions. Nevertheless, only minor amounts of internal
 hydroperoxides are observed, and then only with three or more double bonds,
 because they lack the C��OO� bond stabilization by conjugation and undergo rapid
 b-elimination of the oxygen to regenerate the original 1,4-diene radical (226). In
 addition, internal peroxides have a very strong tendency toward cyclization (227–
 230). Consequently, the dominant hydroperoxides of autoxidizing fatty acids are
 always found at the external positions, regardless of the number of double bonds,
 except under two circumstances; (1) in autoxidation, equal distribution of LOOH at
 all positions without any cyclic products is found only in media of high H donating
 power—e.g., when 3–5% tocopherol is added (6), and (2) internal hydroperoxides
 are characteristic of singlet oxygen photosensitized oxidation, as was discussed in
 Section 2.1.2.
 Hydroperoxide positional distributions in unsaturated fatty acids undergoing
 autoxidation and photosensitized oxidation are presented in Table 4.
 Hydroperoxides have geometric as well as positional isomers on lipid chains.
 When the hydrogen is abstracted at an allylic carbon, the double bond shifts one
 carbon to a position b to the abstraction site, and it reforms in the trans rather
 than cis configuration. The trans,cis-conjugated diene structure is retained whether
 oxygen adds or not, and provides the first detectable intermediate in lipids during
 autoxidation (238).
 For a long time, it was thought that the trans,cis-conjugated double bonds iso-
 merize to trans,trans as oxidation progresses, so both trans,cis and trans,trans
 forms are typically isolated for each hydroperoxide position. Linoleic acid, for
 example, forms 9tc, 9tt, 13tc, and 13tt hydroperoxides. It is now known that this
 11 10 9 8+
 16 15 13 12 10 9
 13 12 10 9
 15 14 12 11 9 8 6 5
 –H+
 –H+
 –H+
 –H+
 18:1
 18:2
 18:3
 18:4
 Electron delocalization Hydroperoxide positions
 Figure 5. Doubly allylic H abstraction sites, electron resonance distributions, and corresponding
 locations of hydroperoxide formation in unsaturated fatty acids. Heavy arrows denote dominant
 positions for hydroperoxide formation.
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TABLE 4. Hydroperoxide Positional Distributions in Oxidizing Fatty Acids.
 5-OOH 6-OOH 8-OOH 9-OOH 10-OOH 11-OOH 12-OOH 13-OOH 14-OOH 15-OOH 16-OOH Ref.
 18:1�9
 Autoxidation 26.4 24.2 22.8 26.6 231
 Photo-ox 1O2 47.5 52.3 232
 Photo-ox Chl* 49.1 50.8 233
 Thermal oxidation 25.1 25.1 24.9 24.9 231
 18:2�9,12
 Autoxidation 1 51 tr tr 49 1 234
 Photo-ox 1O2 31.9 16.7 17 34.5 232
 Photo-ox Chl* 30.2 19.8 19.8 30.1 233
 18:3�9,12,15
 Autoxidation 33.4 10.1 12.5 43.9 235
 Photo-ox 1O2 22.7 12.7 12.0 14.0 13.4 25.3 232
 Photo-ox Chl* 21.6 14.3 15.3 15.7 12.0 21.1 233
 20:4�5,8,11,14
 Autoxidation 27 7 9 11 6 40 9
 Photo-ox 1O2 14.4 4.8 12.9 13.2 14.4 13.3 6.9 20.3 236
 22:6�4,7,10,13,16,19
 Autoxidation % of��OOH at C20 (27.1), C17 (7.9), C16 (9.2), C14 (10.8), C13 (8.9), C11 (7.3), C10 (7.3), C8(7.9), C7(7.0), C4(6.5) 237
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explanation is inaccurate. The fundamental mechanisms underlying cis-trans
 isomerization and distributions in lipid hydroperoxides were recently elucidated
 by Porter and his colleagues (7, 226, 239). Two critical factors control the process:
 reversible b-elimination of oxygen from peroxyl radicals, and availability of strong
 hydrogen donors. Reversible addition of oxygen to the pentadienyl system was first
 proposed as the major action during the induction period about thirty years ago,
 based on kinetic (240), EPR (241), and 17O evidence (242, 243). Since then, Porter
 has contributed much new documentation of the phenomenon, but the concept still
 does not seem to be recognized widely and incorporated into general schemes of
 lipid oxidation.
 Data of Porter and colleagues (5, 7, 11, 226, 244–257) shows quite conclusively
 that both positional and geometric isomerism proceed through the delocalized allyl
 radical for oleate (Figure 6) or dienyl radical for linoleate and higher PUFAs
 (Figure 7) via alternating removal of the peroxyl oxygen by b-scission, migration
 of the free radical, and readdition of the oxygen at a new carbon position or orienta-
 tion (5, 7, 11, 226–257). There can be interconversion of peroxyl position and
 orientation indefinitely as long as the radical is in the manifold. Once the peroxyl
 radical is protonated, it becomes fixed as the hydroperoxide, but can return to the
 manifold if the LOOH hydrogen is abstracted.
 To explain different proportions of trans,cis and trans,trans isomers, Porter
 distinguishes thermodynamic and kinetic processes (5, 226, 253). Kinetically,
 hydroperoxides will form whenever an abstractable hydrogen atom is available,
 but thermodynamically, the system equilibrium moves toward trans,trans isomers
 in the absence of good H donors, as in organic solvents (248). The observed iso-
 mer mix reflects the balance and competition between these two processes in a
 given system. When good H donors are present, the trans,cis isomers kinetically
 form first. The H atoms can come from a protic solvent, an antioxidant, a cosub-
 strate, or the allylic hydrogens of the fatty acid chains themselves. For oleic and
 linoleic acids with only slightly bent chains, trans,cis formation is favored in
 oriented systems or at high concentrations that increase interchain contact. Trans,
 trans isomers are favored in dilute solutions, aprotic solvents, and at elevated tem-
 peratures in which there is less interchain contact and decreased H availability.
 With linolenic, arachidonic, and higher polyunsaturated fatty acids, the fatty
 acid chains bend back on each other, bringing double bonds and allylic hydrogens
 from opposite ends of the chain into proximity with the peroxyl radicals.
 When oxidized neat, higher PUFAs thus have an immediate internal H source
 and characteristically yield high proportions of trans,cis peroxides (kinetic
 products). However, when an H donor is lacking (e.g., low concentrations, aprotic
 solvent, elevated temperature), trans,trans cyclic hydroperoxides become domi-
 nant (251).
 The tendency for higher cis isomers at external hydroperoxides and positions
 closer to the –COOH terminus reflects the greater H abstracting power of those
 positions. Conversely, the increase in trans isomers with internal hydroperoxides
 and as the hydroperoxide position moves toward the distal end of the fatty acid
 chain reflects depressed activity at those sites. The cis/trans ratio changes with
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reaction system and with temperature. Cis isomers are enhanced by the presence of
 antioxidants such as tocopherol and by high concentrations of lipids, whereas trans
 isomers are enhanced by even mild heating which reduces contact between lipid
 and potential H donors. Contrary to earlier reports, the cis/trans ratio does not
 vary with extent of oxidation unless reaction conditions are changing or H abstrac-
 tion from LOOH is occurring, allowing LOO� to undergo b-scission.
 R1R2
 HOO
 R1R2
 OO
 R1 R2
 OOH
 R1
 HOO
 R2
 R1R2
 OOH
 9
 8
 10
 8 8
 RH
 R1R2
 OO
 R1R2
 OOH
 O2 RH
 R1 R2 R1R2
 OO
 O2 RH
 R1 R2
 OO
 R1 R2
 OOH
 R1 R2
 R1 R2
 O2 RH
 R1
 OO
 R2R1 R2
 O2 RH
 R1 R2 R1 R2
 OO
 RH
 11
 9
 9-trans
 11 11
 11-cis
 8-cis
 10
 10-trans
 R1 = C7H15, R2 = (CH2)6COOCH3
 RH = methyl oleate
 10
 11
 11-trans
 88
 11 8
 9
 11
 Figure 6. Radical sites and b-elimination manifold leading to isomerization of hydroperoxides
 in oleic acid. Adapted from (11).
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 R2
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 O2
 β (–O2)
 (–O2)
 O2
 (–O2)
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 R1 R2
 R2R1
 R1 R2
 (–O2)
 O2
 (–O2)
 O2
 β (–O2)
 β (–O2)
 R2R1
 HOO
 R1
 R2
 R1
 OO R2
 H
 R1
 R2
 OOH
 O2
 O2
 R2
 R1
 HOO
 R1 R2
 OOH
 trans, trans -9-OOH trans, trans -13-OOH
 trans, cis -9-OOHtrans, cis -13-OOH
 LH LH
 LH
 LH
 LH
 LH
 Figure 7. Reaction scheme for positional isomerization of double bonds and formation of trans-, trans-hydroperoxides during oxidation of
 linoleic acid via reversible b-scission of oxygen. Adapted from (246, 248, 250).
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3. PROPAGATION
 The classic free radical chain depicts propagation as proceeding directly and
 entirely by hydrogen abstraction. In reality, however, H abstraction by LOO� is
 very slow (k ¼ 36–62 L mol�1 sec�1) (200, 258) and selective, abstracting only
 hydrogens with low bond energy (e.g., doubly allylic ��CH2��, thiols, phenols)
 (259). Consequently, there is plenty of time for alternative reaction pathways to
 compete and change the direction of oxidation (260) yielding distinctly different
 products at different rates and having significant consequences to the ultimate mix-
 ture of products. Addition, cyclization, and scission reactions compete with H
 abstraction to reroute LO� and generate products and additional radical species.
 Ultimately, radicals are always transferred between molecules by hydrogen abstrac-
 tions, but the original LOO� may not be the propagating radical, and the product
 mix is much more complicated than implied by the simple free radical chain. At
 least one of the reactions (e� transfer) stops rather than propagates the radical
 chains.
 Multiple mechanisms are well established in radical chemistry and have been
 applied to peroxyl and alkoxyl radical reactions in lipid oxidation (6, 7, 261),
 although not all rate constants and reaction details are available. Consideration of
 the multiple competing pathways discussed below can explain complicated oxida-
 tion kinetics, account for complex product mixes, enable more accurate evaluation
 of the extent of oxidation, and facilitate design of more effective antioxidant
 strategies.
 3.1. Chain Propagation by LOO�
 LOO� are the chain carriers in early stages of lipid oxidation. Competing reactions
 of LOO� include:
 a. atom or group transfer (H-abstraction)
 b. rearrangement/cyclization
 c. addition to double bonds (! crosslinks)
 d. disproportionation
 e. b-scission
 f. recombination
 g. e� transfer (LOO� þ e�! LOO�)
 The first four reactions all contribute to chain propagation, although under
 different conditions. Disproportionation leads to branching and a shift in kinetics,
 and b-scission mediates isomerization, as was described in the previous section.
 Recombination (f) and electron transfer (g) terminate radical chains. Electron
 transfer is an active antioxidant mechanism that occurs particularly in the presence
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of active redox agents such as metals. The mechanism(s) occurring in any
 given system are determined by ease of H abstraction and double bond
 structure in the target molecule, solvent, and reaction conditions, particularly
 temperature.
 3.1.1. Atom Transfer (hydrogen abstraction) by LOO� �! Free Radical
 Chain Reactions Hydrogen abstraction is the heart of the classic free radical
 chain reaction schemes (Figure 1). Peroxyl radicals initially formed at any site
 on a fatty acid pass the unpaired electron to adjacent lipid molecules by abstracting
 hydrogens from an allylic position or a hydroperoxide, and the process repeats itself
 indefinitely until the chain is intercepted.
 + LH LOOHLOO + L ð43Þ
 + L′OOH LOOHLOO + L′OO ð44Þ
 H abstraction from dienes by peroxyl radicals (Reaction 43) is slow (k ¼62 L M�1s�1) (258) and highly selective for doubly allylic hydrogens (261, 262). H
 abstraction from hydroperoxides (Reaction 44) is ten times faster (223). Two fac-
 tors govern H abstraction by LOO�: (1) relative availability of H sources in solvent
 and lipids, and (2) viscosity of medium (263). H abstraction from other lipids (i.e.,
 chain propagation) is facilitated in neat lipids and aprotic solvents in which the lipid
 allyls are the only source of hydrogens, at high lipid concentrations where fatty
 acid chains come in closer contact, and in higher polyunsaturated fatty acids
 with multiple bisallylic hydrogens. Hydrogen abstraction is also facilitated in low
 viscosity media, whereas chain lengths are greatly shortened in viscous solvents
 (11, 264).
 On the other hand, when the solvent or other components in the system have H
 sources, competitive abstraction from nonlipid sites occurs and the net result is to
 quench the radical and interrupt the chain rather than propagate it. Abstraction from
 multiple H sources in a system is common, and subsequent oxidation at nonlipid
 sites may account for oxygen consumption that exceeds LOOH formation in
 many systems.
 Hydrogen abstraction also increases at elevated temperature as thermal energy
 decreases bond dissociation energy. Typical H abstraction rates for ROO� at
 room temperature are � 1 M�1s�1, but this increases to 103–104 L M�1s�1 at
 65 C (223). For example, in linolenic acid autoxidized neat at room temperature
 to PV 1113, products were not quantified, but estimates from intensities of
 HPLC peaks gave about 40% LnOOH, 12% dihydroperoxides, 12% hydroperoxy
 epidioxides, and 4% epoxides (228). At 40 C, H abstraction occurred more as a
 secondary process. Hydroperoxides per se were still the main products, but fewer
 were present as mono- and dihydroperoxides (36% total) and more had formed after
 cyclization or addition (31%). Data are not available to distinguish whether this
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occurred because rates of LOO� cyclization increase more than H abstraction
 with temperature or, alternatively, the increased rates of H abstraction by
 Reaction 44 [12.75 � 109 M�1s�1 for Reaction 43 vs. 5.6 � 109 M�1s�1 for Reac-
 tion 44 (261)] forces a shift in the equilibrium balance and cyclization products
 accumulate at the expense of hydroperoxides in secondary processes. However,
 at 80 C, H abstraction clearly dominated, yielding 84% LOOH and 16% cyclic
 products.
 Hydroperoxides were the first lipid oxidation products discovered (115), and
 eventually a hydroperoxide should result from each alternative pathway, as will
 be described below. Thus, there is logic to the common practice of measuring
 hydroperoxides to detect early stages of lipid oxidation. Nevertheless, hydroper-
 oxides alone do not give an accurate quantitative or qualitative picture of the
 extent of lipid oxidation because there is no way to account for either LOOH
 decomposition or alternative reactions. Oxidation can be seriously underestimated
 and system effects can be misinterpreted when monohydroperoxides are consid-
 ered to be the only product and determinations of oxidation extent and kinetics are
 based on LOOH concentrations alone. Although many studies have focused on
 identifying structures of products, few have actually calculated total product
 yields and distributions. The limited data available show clearly that LOOH
 is not the only product, even in early stages of lipid oxidation. In some cases,
 hydroperoxides may ultimately form only after addition, cyclization, or other
 rearrangement; in some systems, conventional monohydroperoxides may not
 form at all.
 3.1.2. Rearrangement/Cyclization of LOO� When abstractable hydrogens are
 not immediately available, peroxyl radicals find pairing electrons by adding to
 down-chain double bonds, forming cyclic products. The most important internal
 rearrangement or cyclization of LOO� proceeds by 1,3-addition of the peroxyl radi-
 cal to the neighboring cis-double bond, attaching to the b carbon to form a 5-exo
 ring and leaving a radical on the g carbon of the double bond (Reaction 45). Addi-
 tion of oxygen to the radical generates a second peroxyl radical (new position),
 which abstracts a hydrogen from a neighboring lipid molecule to propagate the
 chain and form a hydroperoxy epidioxide product (Reaction 45a) (265). 5-exo
 cyclization by LOO� (k103 s�1) (7) is faster than b-scission of oxygen (27-430
 s�1) (11) and H abstraction (<1-400 M�1s�1) (88, 223, 247), so it should be
 able to compete as an initial process, especially in fatty acids with three or more
 double bonds.
 Reaction sequence 45 shows this process at C-13 of linolenic acid for simplicity,
 but comparable cyclization also occurs at C-10 in linolenic acid and at C-8, C-9, C-
 11, and C-12 in arachidonic acid (252). The cyclic product mixes of oxidized Ln
 and An typically show multiple positional and geometric isomers (227, 266). In the
 interest of space, the isomerization and racemization that accompanies cyclization
 will not be discussed here. The reader is referred to papers by Gardner (6, 267) and
 Porter (7, 11, 252, 268) for more details.
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ROO
 ROO
 ROOOO
 ROOHOO
 L2H
 L2
 ð45Þ
 ð45aÞ
 Cyclization requires the presence of a cis-double bond homoallylic to a hydro-
 peroxide (230, 269), as shown in Reaction 45. In addition, cyclization of peroxyl
 radicals at internal positions is considerably faster than secondary oxidations of
 hydroperoxides at either external position. About 25% of peroxyl radicals in lino-
 lenic acid and 33% of peroxyl radicals in arachidonic acid are internal (Table 4).
 Thus, linolenic and arachidonic acids are particularly prone to formation of cyclic
 peroxides. These factors together make intramolecular cyclization 4–6 fold faster
 than b-scission in higher polyunsaturated fatty acids (247).
 Initial cyclization of LOO� via 1,4-addition to the g-carbon of the neighboring
 double bonds forces endo cyclization to a 6-oxo ring and is kinetically unfavorable
 (k10 s�1) (11, 230). However, both 6-oxo exocyclic peroxides (Reaction 46) and
 endoperoxides (Reaction 46a) have been observed as secondary oxidation or rear-
 rangement products in arachidonic acid oxidation (252, 270). The acyl chains of
 fatty acids with four or more double bonds (An, EPA1, and DHA1) have hairpin-
 like configurations, bringing double bonds from opposite ends into close proximity.
 Although the 1,3–cyclic peroxides are all exo, with these fatty acids there is
 increased tendency towards cross-chain addition to form endo peroxides (270)
 and toward multiple internal LOO� additions to form bicycloperoxides (Reaction
 46a) and polyperoxides (Reaction 46b) in prostaglandin-like structures (11, 230,
 261, 271, 272). Note that each cyclization produces another radical capable of initi-
 ating new oxidation chains!
 Without enzymatic catalysis, the endo and bicyclic peroxides (Reaction 46a)
 usually account for less than a few percent of arachidonic acid oxidation products,
 and the dominant pathways are formation of exo peroxides (Reaction 45) and
 polyperoxides (Reaction 46b).
 OO OO
 O2
 OO
 OO
 OO
 OOHL2HL2
 ð46Þ
 1EPA: eicosapentaenoic acid, 20:5o3; DHA: docosahexaenoic acid, 22:6o3.
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C5H11
 (CH2)3COOR
 OO
 OO C5H11
 (CH2)3COORO
 O
 (CH2)3COOR
 C5H11
 O2 O
 O
 (CH2)3COOR
 C5H11
 O O
 O
 O
 (CH2)3COOR
 C5H11
 OO
 aa ð46aÞ
 ð46bÞ
 As mentioned earlier, in linolenic acid and higher PUFAs, even with cyclization,
 some peroxyl radical may eventually abstract a hydrogen externally to propagate
 the oxidation chain. The net result of internal cyclization, however, is a reduction
 of the number of molecules oxidized: Two or more moles of oxygen are absorbed
 per fatty acid, but only one radical transfer occurs and the chain length is extended
 by only one. Hence, although the most highly unsaturated fatty acids are innately
 the most oxidizable, paradoxically their oxidation chains may be shorter and their
 propagation rates may be lower than for linoleic acid.
 Peroxyl radicals of linoleic acid do not undergo cyclization to epidioxides during
 autoxidation because the requisite cis-double bond–hydroperoxide structure is not
 present. However, 1O2 photosensitized oxidations produce hydroperoxides at the
 internal 10- and 12- positions in quantities almost as high as at the external 9-
 and 13- positions, and internal hydroperoxides do have the required b-cis-double
 bond. Hydrogen abstraction from the internal hydroperoxides yields LOO� that
 undergo cyclization and produce propagating hydroperoxy epidioxide radicals
 (Reaction 47) and the corresponding epidioxy- hydroperoxide products (Reaction
 47a) in high proportions (232, 273, 274).
 R2 R1
 OOR2
 O OR1
 OOR2
 O OR1
 R2O O
 R1
 HOO
 L2H
 L2
 ð47Þ
 ð47aÞ
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Availability of hydrogens drives abstraction reaction. Thus, solvent, lipid con-
 centration, extent of oxidation, and temperature all play critical roles in shifting
 the balance between external hydrogen abstraction and internal addition, i.e., direct
 chain propagation vs. internal cyclization. Low oxygen pressures particularly favor
 cyclization (275). In aprotic solvents and dilute solutions at room temperature, in
 which external abstractable hydrogens are absent or limited, LOO� cyclization at
 various positions accounts for all the products (266). However, in neat lipids, a
 situation that provides both availability and proximity of abstractable hydrogens,
 abstraction competes with cyclization to generate mixed products. The apparent
 proportions vary with temperature and extent of oxidation. At least two studies
 have found about 30% cyclic products at 40 C (228, 265).
 Epidioxide-OO� radicals are very reactive and are particularly prone to dimeri-
 zation with even moderate heat (276). This makes detection of their involvement in
 oxidations sometimes difficult. Using the example cited above (228), with contin-
 ued oxidation to PV ¼ 1286 meq oxygen/kg oil, epidioxides remained a major pro-
 duct, but mono- and dihydroperoxides, as well as the polar products, increased
 more (Table 5). Dimerization of the hydroperoxy epidioxides accounted for at least
 part of the decrease in proportional percentage of epidioxides as well as the
 increase in polar dimers. Increased H abstraction rates at elevated temperatures con-
 tributed to the higher hydroperoxides, but increased decomposition of hydroperox-
 ides to alkoxyl radicals at the elevated temperature also introduces more competing
 reactions. Faster H abstractions by LO� at external positions lead to increased
 propagation rates to form new hydroperoxides, pointing out how even moderate
 heat can introduce considerable complication in propagation mechanisms.
 3.1.3. Addition of LOO� to Double Bonds Peroxyl radicals are quite specific
 in their addition preferences, and competition with hydrogen abstraction is gener-
 ally unfavorable except under select conditions. The ROO� addition becomes com-
 petitive when abstractable hydrogens are limited (aprotic solvents, low temperature)
 and when there is a double bond that is conjugated, terminal, or 1,1-disubstituted
 TABLE 5. Product Distributions in Methyl Linolenate (MLn) Autoxidized Neat at 40 C.
 Data from (228).
 PV 904 1286
 9-OOH c/t 27.8% 1:1 ratio MLn (unreacted) 87.9 74.8%
 t/t 24.5 Epoxides 0.2 0.3
 13-OOH c/t 27.8
 9>>>>>>=>>>>>>;
 Mono-OOHa 3.5 8.4
 t/t 20.7 HOO-epidioxideb 3.8 7.7
 Epoxy-HO dienes tr tr
 Di-OOH 0.9 2.9
 Polars 3.7 5.9
 aMixture of 9-OOH and 13-OOH.bAll at internal positions.
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(277). Hence, simple short-chain alkenes with allylic hydrogens react 80–100% by
 hydrogen abstraction, whereas alkenes that are conjugated or have radicals at a
 terminal double bond with no allylic hydrogens (as in some scission products) react
 80–100% by addition (278, 279). Longer chain alkenes such as fatty acids give
 mixed products.
 Factors controlling addition are strength of the bond formed, steric hindrance,
 polar effects, and stability of the resulting radical adduct (280). Although addition
 reactions of small molecular ROO� and RO� can be very fast, steric factors and the
 large number of reactive CH2 groups on unsaturated fatty acids decrease the ease of
 addition reactions in lipids. Conjugation and trans-double bonds in oxidized lipids
 counterbalance the steric impediments and enhance peroxyl radical additions (281).
 Copper salts catalyze addition reactions of peroxyl radicals (282), which has some
 interesting implications in food systems.
 Propagation via addition of LOO� to double bonds forms both monomer pro-
 ducts (epoxides and epidioxides) and dimers or polymers; the propagating species
 are peroxyl radicals formed at new positions and alkoxyl radicals released by
 b-elimination. In early stages of oxidation, LOO� adds to double bonds to form
 an initial dimer complex (Reaction 48), which then reacts further to generate
 new radicals. The ultimate product depends on the nature of the target double bond.
 LOO + R1 CH2 CH CH R2 R1 CH2 CH CH R2
 OOL ð48Þ
 LOO� adds to isolated or nonconjugated double bonds, then undergoes 1,3-cycli-
 zation to form an epoxide and an allylic radical, eliminating LO� in the process.
 The allylic radical then adds oxygen to form a new peroxyl radical (Reaction
 49). This is a true branching reaction as two new propagating radicals (LO� and
 epoxyOO�) with increased reactivities are generated from the initial LOO�.
 R1 CH2 CH CH R2
 OOL
 LO + R1 HC CH CH R2
 O
 O2
 L2(epoxy)OO
 ð49Þ
 This presents an interesting analytical quandary. Epoxides are major products of
 lipid oxidation and derive from LO� cyclization as well as LOO� additions (see
 Section 3.2.2). Consequently, it may be difficult to determine the mechanism that
 is operative in a given reaction system, and indeed, both may contribute. For exam-
 ple, Hendry (283) reacted a series of ROO� with their parent compounds at 60 Cand found 40% of the products were epoxides. Rate constants of k ¼ 20 to
 1130 M�1sec�1 were calculated assuming the reactions were all additions, but at
 the elevated temperature of the study, hydrogen abstraction to form the hydroper-
 oxides, followed by homolytic scission to alkoxyl radicals, could also have con-
 tributed to the yields.
 310 LIPID OXIDATION: THEORETICAL ASPECTS

Page 43
                        

In later stages of oxidation, the likelihood of LOO� addition increases because
 doubly allylic hydrogens have been removed during initial reactions and the double
 bond system has been shifted to conjugated. This limits competition by hydrogen
 abstraction and greatly facilitates LOO� addition. Thus, addition reactions of LOO�
 to conjugated oxidation products (Reaction 50) increase during later stages of oxi-
 dation and produce the characteristic polymers and increased viscosity of very oxi-
 dized oils (284–286). Note that even in advanced oxidation, the polymer product
 still retains a propagating free radical, distinguishing this from peroxyl radical
 recombinations that yield peroxo dimers without radicals (see Termination reac-
 tions). Gardner (6) hypothesized that LOO� could add to cis-bonds of unoxidized
 linoleic acid as well as conjugated double bonds of products to form the same type
 of polymer as in Reaction 48. Whether LH or LOOH is the LOO� target for addi-
 tion, chain propagation could then continue by three pathways: (1) eliminate an
 alkoxyl radical and form epoxides via Reaction 49, or add oxygen to regenerate
 peroxyl radicals and then (2) add to another LOOH to continue the polymerization
 process, or (3) abstract a hydrogen to propagate the radical chain and form a stable
 dihydroperoxide dimer. Elevated temperatures favor polymerization via pathway 2
 (287). Pathway 3 could account for the low levels of dimers that have been detected
 in early stages of oxidation (288).
 LOO� additions increase with heat (289), extent of oxidation (290), and solvent
 polarity (266). Dimer levels of methyl linolenate autoxidized neat at room tempera-
 ture varied from 0.1% to 10.1%, proportional to peroxide values (290). MLn auto-
 xidized at 40 C to PV 1062 gave 6.8% dimers; 80% of these were from LOO� and
 20% were from epidioxide-OO� additions. The dimer linkages were mostly
 C��O��O��C at lower temperatures, but shifted to C��C and C��O��C as the tem-
 perature increased (276). At PV ¼ 4002, LOO� additions increased to 55% of the
 products. Epidioxide peroxyl radicals, in particular, showed a very strong tendency
 to add to double bonds, with greater than 90% dimerization at 40 C.
 O O
 R1 R
 OOH
 O2
 OO OOR2
 R1
 HOO
 R
 R2
 (3)
 (1)
 HOO OOR2
 R1
 HOO
 R
 OOH
 (2)R2OOH
 OO
 HOO
 R
 O R1
 R1
 O
 R
 HOOO OOR2
 R1
 HOO
 R
 R2O
 +
 +
 LHL
 ð50Þ
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3.1.4. Disproportionation (radical self-recombination) of LOO� Peroxyl
 radical recombination is usually written as a termination reaction generating two
 nonradical products (Reaction 51a, see also Section 4). However, some mechanisms
 are more appropriately considered as propagations because new alkoxyl radicals
 rather than stable products are formed (Reaction 51). The following reaction
 has been found to occur generally with peroxyl radicals (291, 292). The rate of dis-
 proportionation varies with the nature of the alkyl groups, R, but the mechanism is
 not altered (293). With t-butyl peroxyl radicals, dismutation to alkoxyl radicals
 (Reaction 51) is twenty five times faster than peroxide formation via oxygen
 elimination in a cage reaction (Reaction 51a) (291). Similar dominance of RO� pro-
 duction has been observed with other peroxyl radical species, and subsequent reac-
 tions of RO� lead to greatly accelerated oxidation (292, 294). Thus, as sufficient
 concentrations of LOO� accumulate in later stages of lipid oxidation for dispropor-
 tionation to occur with lipids, Reaction 51 may contribute to the very rapid increase
 in oxidation rates in the bimolecular rate period, which will be discussed further
 below.
 R1OO R2OO [R1OOOOR2] R1O
 R1OOR2
 R1O
 OOOR2
 O2
 O2 OR2
 + +
 + +
 +
 (51) 2k = 9.5 × 103 L M−1sec−1. (51a) 2k = 3.9 × 102 L M−1sec−1.
 ð51Þð51aÞ
 It must be noted that the propagation Reaction 51 only occurs in lipids oxidized
 neat or in aprotic solvents. In polar solvents or aqueous solutions, the preferred
 reactions of ROO� shifts to b-scission, the rate of ROO� decomposition increases
 dramatically, and dismutation becomes a termination rather than propagation pro-
 cess (207, 295). The rate constant for LOO� recombination is (2k ¼ 2 � 107 L
 mol�1 sec�1) in aqueous solution at pH 10.5 (196). In organic solvents, yields of
 polar scission products increase with solvent polarity, whereas scavengeable radi-
 cals and radical cage products decrease. Increasing solvent viscosity also favors ter-
 mination over propagation by increasing radical cage products and decreasing
 radical release in the dismutation (296). This reaction will be discussed further
 under Termination (Section 4).
 3.1.5. b-Scission of LOO� Beta-scission in LOO� cleaves the C-O bond and
 releases O2, leaving an alkyl radical behind. In linoleic acid, the rate of b-scission
 is competitive with H abstraction from allylic positions, accounting for its critical
 role in isomerization (247), as was discussed in Section 2.2. Perhaps the most
 important practical implication of b-scission is the shift in isomer distribution at
 elevated temperatures, and this in turn alters the ultimate products. During heating,
 13-OOH isomerizes to 9-OOH (Table 6) and the scission product mix correspond-
 ingly approaches that of 9-OOH (297).
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3.2. Propagation by Alkoxyl Radicals, LO� Alkoxyl (LO�) radicals are
 responsible for propagation of the radical chain during the very rapid oxidation
 that ensues after the induction period ends. In the earliest stages of oxidation,
 LOO� cyclization and addition reactions can proceed before LOOH formation
 via H abstraction, but LO� can only be generated via LOOH decomposition, so their
 reactions become important as secondary events in oxidation. Nevertheless,
 because LO� react faster than LOO� by several orders of magnitude, LO� becomes
 dominant almost as soon as LOOH breaks down.
 There are four major mechanisms for radical chain propagation by alkoxyl radi-
 cals. The mechanism dominating in a given system is determined largely by double
 bond structure, solvent conditions, and steric factors (21):
 a. hydrogen abstraction
 b. rearrangements/cyclization
 c. addition
 d. a-and b-scission (fragmentation)
 3.2.1. Hydrogen Abstraction by LO� LO� abstractions are very fast (k107-
 108 L M�1s�1), but less selective than LOO� (198); they abstract both allylic and
 bis-allylic hydrogens, whereas LOO� abstracts only the latter (261). Allylic hydro-
 gens are particularly susceptible to abstraction by sec alkoxyl radicals (21), so the H
 abstractions by lipid alkoxyl radicals, as written in the classic free radical chain
 (Reaction 52), should be a preferred reaction in lipid oxidation:
 R1 CH R2
 O
 + LH R1 CH R2
 OH
 + L ð52Þ
 However, cyclization and scission reactions of LO� compete with H abstraction and
 can often limit the effectiveness of this reaction in chain propagation.
 Factors influencing the rates of H abstraction by alkoxyl radicals are H abstract-
 ability on target molecules > structure of the alkoxyl radical > solvent system
 (298). Hydrogen availability and solvent have critical effects in lipid oxidation;
 TABLE 6. Isomerization of 13-OOH to 9-OOH and Corresponding Shift in Products
 During Heating of Linoleic Acid. Data from (297).
 % yield
 Product Scission Point 9-OOH 13-OOH Pure 9-OOH Pure 13-OOH
 Hexanal 13-OOH a 1.7 8.3 1 28
 Me octanoate 9-OOH a 5.0 4.3 37 24
 2,4–decadienal 9-OOH a 20.0 12.5 51 33
 Me oxononanoate 9-OOH b 10.5 15.2 12 16
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the structure is essentially constant as sec alkoxyl radicals. Hydrogen abstraction
 from other lipid chains by LO� is most effective in neat lipids in which the lipid
 allylic groups are the only source of hydrogens. The relative rates of abstraction
 from different fatty acids are approximately proportional to the number of allylic
 or doubly allylic hydrogens, as is shown in the reaction rate hierarchy of
 O < L < Ln < An in Tables 2 and 7, but beyond that there seems to be little pre-
 ference for one bis-allylic position over another (197, 300). Interestingly, the high
 susceptibility of allylic hydrogens to abstraction, along with the bent chain config-
 urations of polyunsaturated fatty acids, also enhances preferential internal H
 abstraction by lipid alkoxyl radicals, leading to competing cyclization and epoxide
 formation (301–303). This will be discussed in more detail in Section 3.2.3.
 Hydrogen abstraction by LO� to propagate free radical chains is facile also in
 nonpolar aprotic solvents when lipids are at high concentrations. However, at mod-
 erate lipid concentrations, H abstraction must compete with internal rearrangements
 and scission (304), and at low concentrations it may become insignificant (305).
 Surprisingly, the most important effect of LO� on propagation may well be via
 abstraction of hydrogens from the lipid hydroperoxides as they form (Reaction 53),
 thus regenerating LOO� and eliminating the need for other catalysts to decompose
 the hydroperoxides and begin chain branching.
 + LOOH LOHLO + LOO ð53Þ
 The bond dissociation energy of the hydroperoxide hydrogen is higher than the
 allylic hydrogens (90 vs. 65–85 kCal mol�1, respectively), but hydrogen bonding
 between the LO� and LOOH greatly decreases the Ea for the abstraction (306).
 In mixtures of fatty acids and their hydroperoxides, t-butoxyl radicals abstract
 hydrogens almost exclusively from the hydroperoxides (230). The rate constant
 for (t-BuO� þ ROOH) is 2.5 � 108 M�1s�1, nearly diffusion controlled (307). Simi-
 larly, cumylalkoxyl radicals abstract H from hydroperoxides faster than reported for
 alkyl substrates (306).
 In aqueous and protic solvents where H sources are plentiful, hydrogen abstrac-
 tions by LO� are faster kinetically, but less effective in chain propagation (Table 7).
 Production of LOH can be detected in protic solvents (308), but the yields of hydro-
 xylated products remain low because selectivity of H abstraction decreases and H
 TABLE 7. Rate Constants for H Abstraction from PUFA
 by t-BuO� in Various Solvents (197, 198). Reactivity of LO�
 is Comparable (299).
 k � 10�6 L mol�1 s�1
 Fatty Acid Nonpolar Solvent Aqueous Solution
 Oleic 3.8 68
 Linoleic 8.8 130
 Linolenic 13.0 160
 Arachidonic 20.5 180
 314 LIPID OXIDATION: THEORETICAL ASPECTS

Page 47
                        

abstraction must compete with increasing rates of b-scission (309) (see Section
 3.2.4). The availability of hydrogens from water and other dissolved solutes
 increases the likelihood of H abstraction from molecules other than fatty acids
 (310), in which case the chain reaction is not propagated (2, 9). H abstraction as
 a termination reaction will be discussed further in Section 4.
 The rate of H abstraction by RO� increases with temperature in all solvents. This
 leads to marked acceleration of oxidation in neat lipids and in nonpolar solvents
 where the only H sources are fatty acids, and it also favors LOOH formation
 over cyclization. This is evident in the marked increase of mono-, di-, and trihydro-
 peroxides over epoxides as oxidation temperature increases from room temperature
 to about 80 C (228, 276, 311, 312). However, heat has less effect in polar and aqu-
 eous solvents (310). The activation energy for H abstraction is lower than for
 b-scission, so there is less thermal enhancement of abstraction rate and also less
 selectivity of abstraction sites in polar solvents. More importantly, higher tempera-
 tures enhance scission more than abstractions so, particularly at T > 100 C, the
 relative importance of H abstraction by LO� and LOO� in propagation is dimin-
 ished (278, 313) and secondary processes begin to dominate.
 One additional H abstraction reaction must be mentioned. Internal 1,5 (Reaction
 54) or 1,6 (Reaction 55) hydrogen abstraction generates an alcohol and a radical
 (21) in a position that may or may not be normal for autoxidation. Intramolecular
 H abstraction involving a six-membered transition state (Reaction 55) has been
 identified in saturated alkyls with long side chains (304). Occurrence of the corre-
 sponding reaction in unsaturated fatty acids would produce oxidation at sites pre-
 viously attributed to HO� attack (314).
 Oleic acid:
 RCH2CH2CH CH CHR1
 O RHC CHR1H O RHC CHR1HO O2
 RCHCH2CH CH CHR1
 OHOO
 ð54Þ
 Linoleic acid:
 RHC CHR1H O RHC CHR1HO−
 RCH2CH CH CH CH CHR1
 O
 CH CH CH CHR1
 OH
 RCHCH
 OH
 ð55Þ
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3.2.2. Rearrangement/Cyclization of LO� Cyclization of LO� involves 1,2
 addition to an adjacent double bond to form epoxides and epoxyallylic radicals
 (Reaction 56).
 R1 HCH CH CH CH CH R2
 O
 R1 HCH CH CH CH CH R2
 Oð56Þ
 This is a very fast reaction that, under some conditions, can even exceed rates of
 H abstraction (309). Cyclization of LO� to epoxides is the dominant reaction in
 aprotic solvents (including neat lipids), when lipids are at low concentration
 (275) or highly dispersed on a surface (315, 316), at room temperature (147,
 308, 317), and at low oxygen pressures (275, 278); and the reaction accelerates
 with increasing polarity of the aprotic solvent (308–310). However, the stability
 of LO� is reduced considerably in polar solvents (309, 310). Although epoxyallylic
 radicals from cyclization have been observed in pulse radiolysis studies of LO� in
 aqueous solutions (308), H abstraction and scission reactions are much faster. This
 pattern can be seen in the change of cyclic products yields when oxidation was con-
 ducted in different solvents (Table 8). The change in competition over time is also
 apparent.
 Cyclization of LO� is stereospecific. The configuration of epoxides is fixed by
 the conformation of the fatty acid alkoxyl radical at the point of cyclization rather
 than postcyclization isomerization (319, 320). As with LOO�, there is a stronger
 tendency for LO� to cyclize from internal positions, probably due to the orientation
 of the -O� relative to the bis-allylic hydrogens, and consequently, photosensitized
 oxidations yield high concentrations of cyclic products (321). The levels and posi-
 tional distribution of these products are characteristic markers distinguishing auto-
 xidation from photosensitized oxidation.
 Temperature has relatively little effect on cyclization because the activation
 energy for the rearrangement is low. Cyclization thus dominates in neat lipids at
 TABLE 8. Variation in Dominant Propagation Mechanism and Product Distribution
 for Linoleic Acid Oxidized in Different Solvents.
 Product Distribution (%)
 Solvent and System LOH/LOOHa Cyclicb Scission Other Unknown Reference
 CHCl2, FeCl3, early 100 266
 Anhydrous MeOH 3–8 75–80 13–15 318
 Cyclohexane, 7.5 mM 15 68 18c 216
 80% ethanol 30 11 — 7d 7e 214
 FeCl3/cysteine
 aTotal of all H abstraction products, all isomers.bTotal of all products that had any cyclic component.cOxo dienes.dHydroxyl ethoxylated products from rx with solvent radicals.eUnidentified soluble products and volatile scission products.
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room temperature, but as the temperature increases, H abstraction and scission
 become more important directors of propagation. At high temperatures
 (>100 C), rearrangement is a relatively minor process (278, 317). Metals, particu-
 larly Fe and Cu, activate cyclization and direct internal rearrangements to dihy-
 droxy and hydroxyene multiple positional isomers (317). Iron catalyzes
 isomerization and conversion of HO-epoxides to ketols (322).
 3.2.3. Addition of LO� to Double Bonds Addition of LO� to double bonds
 does not occur with the ease of LOO� additions. Alkoxyl radicals have unusually
 strong preference for allylic attack, so intermolecular H abstraction or internal
 cyclization will dominate as long as allylic hydrogens are present. Addition is
 favored by absence of allylic hydrogens and by conjugation (Table 9), conditions
 that only hold after oxidation has started. Hence, propagation by LO� addition is
 most active in catalyzing chain branching in secondary stages of oxidation. In con-
 tradistinction to LOO� additions, LO� addition increases with cis configuration and
 asymmetrical substitution on double bonds (323), so when LO� does add to lipid
 hydroperoxides, it adds to the cis-rather than trans-double bonds (324).
 LO +
 LO
 ð57Þ
 Propagation by LO� addition is most important in neat lipids and organic sol-
 vents (308). Although LO� additions do occur in aqueous solvents, they are gener-
 ally not competitive with scission and rearrangement reactions. Heat catalyzes the
 addition. Addition of LOOH to methyl linoleate at 210 C results in complete con-
 version of the LOOH to dimers containing both reactants (289). Although the exact
 structure was not determined, the dimers were presumably LO-ML adducts forming
 after thermal decomposition of LOOH to LO�.
 3.2.4. b-Scission of LO� Beta-scission of alkoxyl radicals leads to scission of
 the C��C bond on either side of the LO� group to yield a mixture of carbonyl pro-
 ducts and free radicals, typically aldehydes, alkanes, and oxo-esters, from the initial
 alkoxyl radicals (297). Scission produces the volatile products so characteristically
 TABLE 9. Effect of Alkene Structure on Preference for Addition
 vs. Abstraction by t-BuO� Radicals at 40 C. Data from (21).
 Alkene Abstraction (%) Addition (%)
 R��CH��CH��R (trans) 95 3–4
 R��CH��CH��R (cis) 83 17
 R��CH��CH2 97 3
 R2��C¼CH2 83 17
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associated with rancidity, and the mix can become quite complex in secondary
 stages of oxidation.
 A simplified scission is shown in Reaction 58. The a and b fragmentation in this
 case refer to the position of chain scission relative to the��COOH on the fatty acid.
 More complete scission maps for oleic, linoleic, and linolenic acids are presented in
 Figures 8–10. Some of the radicals deriving from the scissions rearrange to nonra-
 dical products internally, but most of them abstract hydrogens to propagate the radi-
 cal chain. Unsaturated fragments, particularly those containing conjugated dienes,
 are still susceptible to oxidation and their subsequent reactions also contribute to
 chain branching.
 R1 CH R2
 O
 R1 CH R2
 O
 OR R1CH
 O
 R2
 αβ+
 ..............................β
 +..............................
 α
 ð58Þ
 Scission of alkoxyl radicals is a solvent-dependent, solvent-driven process (325).
 Fragmentation of the carbon chain proceeds through formation of a transition state,
 which mediates the transformation from nonpolar alkoxyl radical to polar cleavage
 products. Water and polar protic solvents stabilize both the increasingly polar tran-
 sition state and the carbonyl products by providing solvation and hydrogen bonding
 to support the transition state and reduce the activation energy for bond rupture
 (263, 305, 323, 326, 327); Hþ from the solvent then adds immediately to the scis-
 sion radicals to provide the driving force for the reaction (224). This process is
 shown in Reaction 59 for a-scission (21). Scission is also favored when lipids
 are in dilute solution in nonpolar organic solvents where there is reduced competi-
 tion from hydrogen abstraction.
 R CH
 O
 R1 R CH R1
 O
 R CHδ+... R1
 Oδ– 2+
 RCHO + R1
 Increasing polarity
 ð59Þ
 Scission is rapid in polar solvents. The ks for alkoxyl radicals in aqueous solu-
 tion is 106–107 s�1 (328–330), 10–100 times faster than rates in nonpolar organic
 solvents (331–333) that have dielectric constants comparable with fatty acid methyl
 esters. Even though this is somewhat slower than H- abstraction (Table 10), scission
 usually competes effectively, and under appropriate conditions, scission can dom-
 inate. In polar media, scission accounts for at least half of the LO� reactions even in
 early oxidation. For example, Bors (308) found 48% fragmentation, 48% H
 abstraction, and 4% unreacted t-BuO� in aqueous solution on a pulse radiolysis
 time scale (ms to s). n-6 Fatty acids oxidized in Tris-KCl þ FeSO4/ascorbic acid
 for up to 24 hrs gave the scission fragment 2-hydroxyheptanal as the sole product
 (334). Scission accounted for 7–10% of the oxidation products in neat triolein, but
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O
 CH3–(CH2)6–CH=CH–CH–(CH2)7–COOH
 O2 / H
 RH R RH R
 O2 / H
 HCHO
 8-O
 10-O
 11-O
 HCHO
 CH3–(CH2)6–CH=CH
 OCH–(CH2)7–COOH CH3–(CH2)6–CH=CH–CHO
 (CH2)7–COOH
 HO–CH2(CH2)6–COOH
 CH3–(CH2)6–CH=CHOH
 CH3–(CH2)6–CH2–CHO
 CH3(CH2)6–COOH
 (HOO–CH2(CH2)6–COOH)
 CH3–(CH2)6–CH=CH2
 (CH3–(CH2)6–CH=CHOOH)
 CH3–(CH2)6–CH2–CHO
 + +
 OCH2(CH2)6–COOHCH3–(CH2)6–CH2
 CH3–(CH2)6–CH=CHO + OH HO + O–CH2(CH2)6–COOH
 (CH2)6–COOH+ +
 heptaneheptanalhexanolhexanehexanalformaldehyde
 9-oxo-nonanoic acid 2-decenal
 Formaldehyde
 8-oxo-octanoic acid
 octanoic acid
 8-HO-octanoic acid
 nonanal
 1-nonene
 nonanal
 (1-nonenol)
 Following the same fragmentation pattern -
 β-scission α-scission
 8-oxo-octanoic acid + decanal 2-undecenal + 7-HO-heptanoic acid
 1-decenenonanolnonanenonanalformaldehyde
 heptanoic acid7-oxo-heptanoic acid6-HO-hexanoic acidhexanoic acid6-oxo-hexanoic acidformaldehyde
 10-oxo-8-decenoic acid + octanol nonanal + 9-oxo-nonanoic acidoctaneoctanalheptanolheptaneheptanalformaldehyde
 8-nonenoic acidoctanoloctaneoctanalformaldehyde
 11-oxo-9-undecenoic acid + heptanol octanal + 10-oxo-decanoic acid
 9-decenoic acidnonanolnonanenonanalformaldehyde
 HOHO
 OLEIC ACID
 Figure 8. Typical initial scission patterns of oxidizing oleic acid. Data from (340, 341). Paren-
 theses indicate unstable intermediates; brackets denote products from secondary scissions.
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this shifted to 66–75% in the presence of acid (335). In a series of solvents, an
 alkoxyl derivative of benzene gave 24–81% scission, with the proportion increasing
 with solvent polarity; H abstraction was able to compete only when scission was
 less than 35% (336).
 In contrast, scission is a minor process in neat lipids or aprotic solvents at room
 temperature where background levels of scission products range from about 1% in
 monoacid triacylglycerols (337) to 10–20% in free esters of O, L, and Ln (14, 335)
 O
 CH3–(CH2)4–CH=CH–CH=CH–CH–(CH2)7–COOH
 HO
 O2 / H
 RH R RH R
 O2 / H
 HO
 HCHO
 13-O
 HCHO
 CH3–(CH2)4–CH=CH–CH=CH
 OCH–(CH2)7–COOH CH3–(CH2)4–CH=CH–CH=CH–CHO
 (CH2)7–COOH
 HO–CH2(CH2)6–COOH
 CH3–(CH2)4–CH=CH–CH=CHOH
 CH3–(CH2)4–CH=CH–CH2–CHO
 CH3(CH2)6–COOH
 (HOO–CH2(CH2)6–COOH)
 CH3–(CH2)4–CH=CH–CH=CH2
 (CH3–(CH2)4–CH=CH–CH=CHOOH)
 CH3–(CH2)4–CH=CH–CH2–CHO
 + +
 OCH2(CH2)6–COOHCH3–(CH2)4–CH=CH–CH2
 CH3–(CH2)4–CH=CH–CH=CHO + OH HO + O–CH2(CH2)6–COOH
 (CH2)6–COOH
 + +
 9-oxo-nonanoic acid 2,4-decadienal
 Formaldehyde
 8-oxo-octanoic acid
 octanoic acid
 8-HO-octanoic acid
 3-nonenal
 1,3-nonadiene
 3-nonenal
 (1-HO-2,4-nonadienol)
 Following the same fragmentation pattern -
 β-scission α-scission
 LINOLEIC ACID
 hexanal + 12-oxo-9-dodecenoic acid13-oxo-9,11-tridecadienoic acid
 pentanolpentanepentanalbutanolbutanebutanalformaldehyde
 9,11-dodecadinoic acid11-HO-9-undecenoic acid9-undecenoic acid11-oxo-9-undecenoic acidformaldehyde
 +
 Figure 9. Typical initial scission patterns of oxidizing linoleic acid. Data from (340, 341).
 Parentheses indicate unstable intermediates; brackets denote products from secondary
 scissions.
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O
 CH3–(CH2)–CH=CH–CH2–CH=CH–CH=CH–CH–(CH2)7–COOH
 CH3CH2CH=CH–CH2–CH=CH–CH=CH2
 CH3CH2CH=CH–CH2–CH=CH–CH2–CHO
 CH3CH2CH=CH–CH2–CH=CH–CH=CHOH
 CH3CH2CH=CH–CH2–CH=CH–CH=CH
 HO
 O2 / H
 RH R RH R
 O2 / H
 HO
 HCHO
 16-O
 13-O
 12-O
 (CH3CH2CH=CH–CH2–CH=CH–CH=CH–OOH)
 CH3CH2CH=CH–CH2–CH=CH–CH2–CHO
 CH3CH2CH=CH–CH2–CH=CH–CH
 CH3CH2CH=CH–CH2–CH=CH–CH=CH–O + OH
 HCHO
 CH3CH2CH=CHCH2CH=CH–CH=CH–CHOOCH–(CH2)7–COOH
 (CH2)7–COOH
 HO–CH2(CH2)6–COOH
 CH3(CH2)6–COOH
 (HOO–CH2(CH2)6–COOH)
 + +
 OCH2(CH2)6–COOH
 HO + O–CH2(CH2)6–COOH
 (CH2)6–COOH
 + +
 9-oxo-nonanoic acid 2,4,7-decatrienal
 Formaldehyde
 8-oxo-octanoic acid
 octanoic acid
 8-HO-octanoic acid
 3,6-nonadienal
 1,3,6-nonatriene
 3,6-nonadienal
 (1,3,6-nonatrienol)
 Following the same fragmentation pattern -
 β-scission α-scission
 LINOLENIC ACID
 3-hexenal3-hexene2-pentenol2-pentene2-pentenalformaldehyde
 16-oxo-9,12,14-hexadecatrienoic acid propanal + 15-oxo-9,12-pentadecadienoic acid
 + ethane 9,12,14-pentadecatrienoic acid14-HO-9,12-tetradecadienoic acid9,12-tetradecadienoic acid14-oxo-9,12-tetradecadienoic acidformaldehyde
 13-oxo-9,11-tridecadienoic acid 3-hexenal + 12-oxo-9-dodecenoic acid
 2-pentenol2-pentene2-pentenalbutanalbuteneformaldehyde
 9,11-dodecadienoic acid11-HO-9-undecenoic acid9-undecedoic acid11-oxo-9-undecenoic acidformaldehyde
 +
 12-oxo-9-dodecenoic acid 2,4-heptadienal + 11-HO-9-undecenoic acid
 9-undecenoic acid11-oxo-9-undecenoic acid10-oxo-decanoic acid9-decenoic acidformaldehyde
 +
 Figure 10. Typical initial scission patterns of oxidizing linolenic acid. Data from (340, 341).
 Parentheses indicate unstable intermediates; brackets denote products from secondary
 scissions.
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on a total weight basis. The fact that it is observed at all under these conditions is
 probably due to acceleration of scission in the presence of double bonds through the
 increase in polarity. Dipole-dipole interaction between alkoxyl radicals on one fatty
 acid with double bonds on an adjacent unsaturated fatty acid forms a charge transfer
 transition state that induces electron and charge redistributions, thus facilitating
 scission (263).
 R1(R2)HC OCR2
 CR2R1(R2)HC O−
 +CR2
 CR2
 R1HC O R2CR2
 CR2+ + +
 ð60Þ
 Alkoxyl radical (LO�) scission makes its greatest contribution to propagation at
 elevated temperatures (323) that overcome the large Ea and log A (Arrhenius factor)
 for scission (338). Heat accelerates alkoxyl radical scissions in all solvents,
 although the pattern of cleavage may change as temperature increases because pri-
 mary scission of the alkoxyl radical (Reaction 49) gradually increases at the
 expense of alternative reactions (339), and at high enough temperatures, secondary
 scissions also occur. Cleavage of polyperoxides, for example, is unimportant at
 60 C, but becomes a major contributor to propagation at T > 100 C (278). Simi-
 larly, fragmentation of sulfenyl alkoxyl radicals varies from 21% at 10 C to 40%
 at 50 C (338). Shifts in scission products at different temperatures have been
 reviewed in detail by Grosch (340).
 What determines whether a scission will be a or b relative to the -COOH is an
 age-old question that still has not been completely answered. There are suggestions
 in the chemical literature that scissions should occur between the alkoxyl radical
 and the double bond (314, 341),
 R CH CH CH CH2 R
 O
 R CH CH CH2R,>ð61Þ
 TABLE 10. Solvent Effects on Rates of H Abstraction (ka) and b-Scission
 (kb) of Cumyloxyl Radicals (CumO�). Data from (327).
 H Abstraction b-Scission
 ka � 10�6 M�1s�1 kb� 10�5 s�1 ka/kb M�1
 CCl4 1.1 2.6 4.5
 C6H6 1.2 3.7 3.2
 C6H5Cl 1.1 5.5 2.0
 (CH3)3COH 1.3 5.8 2.3
 CH3CN 1.2 6.3 1.9
 CH3COOH 1.3 19 0.7
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but this has been questioned on energetic grounds, i.e., the dissociation energy for
 vinyl bonds is 109 kcal but for allylic bonds is 60 (111). An alternative explanation
 is that scission will occur preferentially at the site fulfilling the thermodynamic
 requirement to form the most stable product, e.g., saturated aldehydes are more
 stable than unsaturated aldehydes. However, there are disagreements over whether
 the stability of the radical (333, 342–344) or the carbonyl product (327, 341) is the
 determining force. Inductive effects of the ��COOH group increase the tendency
 toward a scission, but this has less overall influence than the aforementioned fac-
 tors. The presence of an acid group favors selective cleavage between ��OOH and
 double bond (a or b depending on position of��OOH). Heat and metals induce one-
 electron redox reactions, which generate a-monocarbonyls (scission on ��COOH
 side of alkoxyl radicals) and an ejected radical that can initiate new chains (335).
 Thus, the scission pattern for oxidizing fatty acids is mixed and varies with the pro-
 duct structure and reaction conditions.
 Evaluation of products from oleate oxidation provides a simple example of how
 these factors interact in directing scission (312). The tendency for a-cleavage
 increases as the alkoxyl radical position moves away from the carboxylic acid;
 there is relatively little positional preference for b-cleavage (Table 11). This pattern
 is consistent with preferential scission between the alkoxyl radical and the double
 bond as well as formation of saturated aldehydes.
 The dominant products do indeed derive from scission between the alkoxyl radi-
 cal and the double bond, but a variety of scissions that are less favorable thermo-
 dynamically occur at the same time, generating the complex mixture of products
 shown in Figures 8–10 and Table 12. For monohydroperoxides, scission varies
 with the position of the alkoxyl, with the longest saturated product receiving pre-
 ference. For alkoxyl radicals from dihydroperoxides, dominant cleavages are still
 between the ��CO��� and double bond, but 40% occur at the alkoxyl nearest
 the ��COOH, and half that occur on the CH3 terminal alkoxyl radical (345).
 It is important to recognize that scission does not necessarily stop after reaction
 of initial alkoxyl radicals. Scissions of secondary products generated during lipid
 oxidation also contribute to propagation and to the ultimate product mix (346).
 Malonaldehyde is perhaps the best known example of this, as will be discussed
 further in Section 4.2.
 TABLE 11. Distribution of a and b Scissions as a Function
 of Alkoxyl Radical Distance from –COOH in Oleic Acid. Data
 from (312).
 LO Position % a-Scission % b-Scission
 8 3.2 7.4
 9 10.4 8.0
 10 22.0 6.5
 11 23.0 10.6
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TABLE 12. Scission Products from Unsaturated Fatty Acids Oxidized
 at Room Temperature. (Data from 3, 8, 273, 290, 314, 340, 341, 345, 347–349.)
 OLEIC ACID
 Major Products Product Classes and Carbon Chain Length
 Nonanal Hydrocarbons 6–8
 Octanal Alkanals 2–4, 5, 6, 7, 8, 9, 10,11
 Undec-2-enal 2-Alkenals 6–9, 10, 11
 Undecanal Acids 1, 6–9
 Alkanols 5–8
 2-decenal Alkylformates 2–8
 LINOLEIC ACID
 Major Products Product Classes and Carbon Chain Length
 Hexanal Hydrocarbons 3–5
 2,4-decadienal Alkanals 3, 4, 5, 6, 7, 8
 2-octenal Alkenals 7, 8, 9, 10
 2-heptenal Dienals 9, 10
 Oxo-alkanals 7, 8, 9
 Ketones 7, 8
 Alcohols 3, 4, 5, 6, 7, 8
 Acids 1, 5, 6, 7, 9
 Esters 1, 6, 7, 8
 LINOLENIC ACID
 Major Products Product Classes and Carbon Chain Length
 2,4-heptadienal Hydrocarbons 1–3
 3-hexenal Alkanals 1–3, 6
 Propanal Alkenals 4, 5, 6, 7
 2,4,7-decatrienal Dienals 7, 8, 9
 2-pentenal Trienals 10
 Octadienal Ketones 5, 18
 Pentene-3-one Alcohols 3, 4, 5, 6, 7, 8
 Octadiene-2-one Acids 1, 5, 6, 7, 9
 Esters 1, 6, 7, 8
 Oxo-alkanals 1, 6, 7, 8
 ARACHIDONIC ACID
 Major Products Product Classes and Carbon Chain Length
 Hexanal Alkanal 2, 6, 7
 2,4-decadienal Alkenal 7, 8, 9, 11
 2,4,7-tridecatrienal Dienal 9, 10, 11, 12
 2-heptenal Ketones
 2-octenal Alkanes 5, 6
 Pentanal Aldehyde esters 4, 5
 1-octen-3-one
 4-decenal
 3,5-undecadien-2-one
 2,6-dodecadienal
 5-oxo-pentaoate
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3.3. Propagation Reactions of LOOH; Mono- vs. Bimolecular LOOHDecomposition and Chain Branching
 It should be obvious from the discussion above that hydroperoxides are the key
 intermediates controlling the progress of lipid autoxidation. As long as peroxyl
 radicals remain in the b-scission manifold, with O2 continuously being added to
 or eliminated from lipid alkyl radicals, perceptible oxidation does not progress.
 This is the well-known induction period (Figure 11) during which oxygen absorp-
 tion and traditional chemical changes in the lipids are difficult to detect for several
 reasons:
 1. Until H abstraction occurs, no net change occurs.
 2. Standard analytical techniques are not sensitive enough or fast enough to
 detect the low levels of initial products.
 3. Only traditional products such as conjugated dienes and hydroperoxides have
 been analyzed in most cases. If cyclization occurs before H abstraction to
 form hydroperoxides, the oxidation may be missed by standard peroxide
 value analyses.
 4. Hydroperoxides are often breaking down as fast as (or faster than) they are
 formed.
 Ultimately, production of lipid hydroperoxides, even by circuitous routes,
 becomes the major process driving the oxidation reaction forward. LOOH are the
 first stable products of lipid oxidation, accumulating in the absence of pro-oxidant
 heat, metals, hemes, ultraviolet light, peroxyl radicals, or antioxidant acids or
 nucleophiles. However, from a practical standpoint, one or more of these or other
 decomposing factors are nearly always present, so the low energy O��O and O��H
 bonds undergo a variety of scission reactions. Indeed, a large proportion of the
 2 LOOH LO + LOO· ·LOOH LO· + OH–/·OH
 Secondary oxidation processes
 O2 O2LH L· LOO·
 LO
 M B
 I
 · products
 Time of reaction
 Ext
 ent o
 f rea
 ctio
 n
 LOO· LOOH ,epidioxide·
 Figure 11. Diagrammatic representation of changes in dominant reactions and products over
 the course of lipid oxidation. Three separate rate periods are usually designated: Induction
 period (I), monomolecular rate period (M), and bimolecular rate period (B).
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LOO� and all of the LO� involved in propagation are not ab initio radicals, but
 derive from some form of LOOH decomposition (350).
 To briefly recap what has already been covered in Section 2, redox-active metals
 break the O-O bond by electron transfer, hence LOOH decomposes heterolytically
 to generate radicals and ions. Reducing metals such as Fe2þ and Cuþ generate
 alkoxyl radicals (LO�) and hydroxide ions (OH�), whereas oxidizing metals such
 as Fe3þ and Cu2þ give peroxyl radicals (LOO�) and hydrogen ions (Hþ):
 + Mn+ (fast) LO + OH–LOOH K ~ 109 M–1sec–1 ð62aÞ
 + M(n+1)+ (slow) LOO + H+LOOH ð62bÞ
 Hydroperoxides are also ‘‘recycled’’ by reaction with peroxyl radicals:
 + LOOH +L′OOH LOO L′OO ð63Þ
 These reactions must be distinguished from homolytic decomposition by heat
 and UV light that break the O��O bond by energy deposition, yielding alkoxyl
 and hydroxyl radicals (�OH). The O��O in organic hydroperoxides (BDE ¼ 25–
 38 kCal/mole) begins decomposing at about 50 C and is completely decomposed
 at 160 C (297).
 LO + OHLOOH∆ ð64Þ
 Homolytic scission is much more catastrophic in terms of lipid oxidation because
 two propagating radicals are released per hydroperoxide, LO� is more reactive and
 more selective than LOO�, and HO� is extremely reactive. HO� is rather unselec-
 tive, abstracting hydrogen atoms all along the acyl chain, and it can also readily add
 to double bonds (still generating a radical). Hence, the net effect of LOOH decom-
 position is a transition in mechanism and kinetics. Lipid oxidation essentially gath-
 ers steam, increasing in rate and extent as LO� becomes the dominant chain carrier
 and secondary chains are initiated. This process, often referred to as chain branch-
 ing, greatly amplifies and broadcasts the effects of initiation: if not intercepted by
 nonlipid molecules, a single initiating event can result in sequential oxidation of
 literally hundreds of molecules in the primary chain and in secondary branching
 chains, as shown in Figure 12. The net effect is a noticeable increase in measurable
 oxidation, as seen in the monomolecular rate period (Figure 11).
 Oxygen uptake remains slow and LOOH decomposes monomolecularly (Reac-
 tions 62–64) during early stages of lipid oxidation as main chains are extending,
 branches are developing, and hydroperoxide concentrations are low. However,
 the process becomes more complicated as LOOH accumulates, e.g., in the presence
 of lipoxygenase or the absence of decomposers at low temperature, in the dark, or
 with metal chelation. At high [LOOH], i.e., greater than 1% oxidation (114), it has
 been proposed that LOOH transition dimers form via hydrogen bonding and bimo-
 lecular decomposition ensues, leading to greatly accelerated oxidation (277, 351):
 2 LOOH LOOH...HOOL LO + H2O + OOL ð65Þ
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Now both alkoxyl and peroxyl radicals are present equally, and although LO� dom-
 inates kinetically, LOO� still produces secondary chains. This shift can be seen gra-
 phically in the dramatic increase in oxygen consumption rates and production of
 LOOH in the bimolecular rate period (B) in Figure 11.
 Does bimolecular decomposition actually occur? This mechanism has been
 widely included in discussions of lipid oxidation, but it is also somewhat controver-
 sial. Supporting the theory is the rapid O2 uptake and shift in product mix (352), as
 well as the tendency of hydrophilic hydroperoxides to dimerize in nonpolar solu-
 tions (353) (e.g., neat lipids) and at high concentrations where bimolecular decom-
 position is thermodynamically favorable (less endothermic than unimolecular
 homolysis) (353). Contradicting this are poor fits of oxidation kinetics for some
 compounds (354). Possible sources of inconsistencies between studies include
 the measures used to determine kinetics (appearance of product vs. loss of starting
 material vs. oxygen consumption), specific assumptions made in deriving kinetic
 equations, and particularly the nature of the oxidizing compound. The rate of reac-
 tion increases and the fit of kinetic data improves with a decrease in C��H bond
 dissociation energies and with increased chain length. For example, methyl oleate,
 for which the oxidation kinetics are faster, has a better fit with bimolecular break-
 down theory than either n-decene or ethyl benzene (355).
 The latter observations with methyl oleate, together with thermodynamic consid-
 erations and EPR evidence for free radical intermediates, suggest an alternative
 explanation for the dramatic increase in oxidation rates once hydroperoxides
 accumulate, namely that bimolecular decomposition may be specific to allylic
 hydroperoxides and proceed via LOO� radical-induced decomposition rather than
 by dissociation of hydrogen-bonded dimers (280). Reaction sequence 63 is analo-
 gous to Reactions 49 and 50a, where one slowly reacting radical reacts with a
 L2HO2 L3HO2 O2 L4H O2 L5H
 L5
 L2OO + H L3O + H2O + OOL4
 L6H L7H L8H L9H L10H
 L6 L7 L8 L9 L10
 L2OOL2L1OOL1 L3OOL3 L4OOL4 etc.
 Branching chains
 Main radical chain
 L1OOH L2OOH L3OOH L4OOH+
 L1O + OH
 Figure 12. Chain propagation and branching in lipid autoxidation. The main chain starts at the
 the ab initio radical, L�1, and is driven by cyclical addition of oxygen to form LOO �, then
 abstraction of hydrogens to generate new propagating L� and product LOOH. Branching
 reactions are secondary chains originating from radicals produced via a variety of LOOH
 decompositions.
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nonpropagating hydroperoxide to generate three very reactive radicals—two LO�
 and one �OH. The heavy arrows indicate the favored pathway.
 LOO + R1 CH2 CH CH CH CH2-
 OOH
 R1 CH2 CH CH CH CH2-
 LOO OOH
 LO + R1 CH2 CH CH CH CH2-O OOH
 R1 CH2 CH CH CH CH2-
 LOO O
 + OH
 R1 CH2 CH CH CH CH2- + OH
 O O
 LO + R1 CH2 CH CH CH CH2-
 O O
 ð66Þ
 Radical-induced decomposition is thermodynamically favorable (Ea ¼ 37.5 kCal),
 and is also more consistent with the characteristics of bimolecular initiation by
 hydroperoxides originally proposed by Russell (356), the kinetics measured in lipid
 oxidation systems, and significant epoxide products reported in many studies. Most
 importantly, the radical-induced decomposition described in Reaction 63 provides a
 powerful cascade of reactive radicals to fuel the very rapid increase in oxidation
 during the bimolecular rate period.
 3.4. Factors Influencing Propagation Pathways (abstraction vs.scission reactions vs. rearrangement) of LOO� and LO�
 The net lipid oxidation observed is a net sum of all the competing reactions occur-
 ring in a given system:
 LOO� Reactions LO� Reactions LOOH Reactions
 b-scission of O2 ! isomers H abstraction Decomposition !H abstraction Addition chain branching
 Cyclization to epidioxides Cyclization to epoxides
 Addition b-scission ! fragment products
 Dismutation
 Hopefully, this chapter has made it clear that there is no fixed sequence of reac-
 tion pathways for lipid oxidation. Rather, the pathways most active probably
 change with reaction system, determined by the type and concentration of lipid,
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the solvent, phase distributions of catalysts, surface and interfaces, and numerous
 other factors. As a consequence, no one standard assay will give a complete or
 accurate picture of the progress of lipid oxidation. Indeed, one of the difficulties
 in sorting out controlling factors is that so few lipid oxidation studies have analyzed
 products quantitatively as well as qualitatively, and even fewer have measured mul-
 tiple classes of products simultaneously. Several decades of detailed, painstaking
 product analyses, as discussed above, have now provided a reasonably clear picture
 of what kinds of compounds are generated during lipid oxidation, but we still need
 coordinated quantitative analyses of all the classes of products to determine relative
 contributions of the various pathways under specific reaction conditions. Such
 information would tremendously improve our ability to tailor oxidation analyses
 to individual systems as well as to design more effective antioxidant strategies.
 Arguments have been presented in the literature that the structure and configura-
 tion of the target molecule at the time of radical attack sterically and thermodyna-
 mically establish the reaction mechanisms, whereas system conditions, particularly
 temperature, have relatively little effect. Based on short-term oxidation of simple
 alkenes, Van Sickle and coworkers (275, 357) proposed that the ratio of H abstrac-
 tion to addition is determined by the alkene structure and is constant over a very
 wide temperature range. There is some support for this position in the thermody-
 namics of H abstraction vs. addition with different double bond structures
 (Table 13). Clearly, doubly allylic hydrogens are the most susceptible to abstrac-
 tion, and with this structure, H abstraction has a slight edge over addition most
 of the time. Allylic hydrogens of isolated double bonds are less susceptible to
 both H abstraction and addition, reflecting relatively low reactivity (as with oleic
 acid). In contrast, the conjugated double bond is activated chemically as a result
 of its extended resonance system: only in this structure is addition competitive
 with H abstraction, and both reactions are strong. Thus, conditions that favor addi-
 tion actually develop during lipid oxidation. Although addition is of little impor-
 tance in early stages, it becomes quite important in secondary stages of oxidation
 for linoleate and higher PUFAs. However, Van Sickle’s theory is not totally applic-
 able to lipids because decades of research has shown quite clearly that system con-
 ditions play a major role in determining which propagation mechanisms dominate
 in lipid oxidation.
 Reaction preferences in lipid oxidation have mostly been deduced from product
 analyses; the few rate constants available for lipid reactions have been determined
 TABLE 13. Ease of Oxyl Radical H Abstraction vs. Addition
 for Different Double Bond Configurations. Data from (279).
 �H abstraction �H addition
 kcal/mol kcal/mol
 RCH2CH��CHCH2R0 �15 �8
 RCH��CH��CH��CHR0 �19 �20
 RCH��CH��CH2��CH��CHR0 �26 �8
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in pulse radiolysis studies in the laboratories of Patterson (195–197, 358) and Bors
 (194, 198, 261, 299, 308). Nevertheless, we can gain some insights from attempts to
 determine relative contributions of H abstraction, rearrangements, radical additions,
 and scissions in oxidation of small alkenes that lack the steric complications of fatty
 acid chain length and polyunsaturation (206, 275, 312, 327, 336, 357). Relevant rate
 constants are compiled in Table 14. The table includes all fatty acid reaction rates
 available, and these are supplemented with rates from related compounds, primarily
 tert-butyl and cumyloxyl radicals. This approach is justified because model systems
 have shown that H abstraction rates are determined primarily by the bond strength
 of the H being abstracted and are relatively independent of the R-group of the
 abstracting oxy radicals (278). Also, tert-butyl peroxyl and alkoxyl radicals, as
 well as the corresponding oxyl radicals of cumene, have been shown to be
 reasonable models for unsaturated fatty acids (261, 299, 308, 332, 333). Therefore,
 consideration of the comparative rate data that has accumulated in defined chemical
 systems can help elucidate the logic of oxidation processes in lipids. Most critically,
 it shows how we are usually looking at a totally different process when systems are
 oxidized under different conditions, and our interpretations of product data and
 designs of antioxidant strategies must recognize and account for alternative oxida-
 tion pathways.
 When searching for rate constants to support the product distributions identified
 under different conditions of lipid oxidation begain, numbers were expected that
 would establish a distinct kinetic hierarchy. Surprisingly, what is most apparent
 from the rate constants in Table 13 is the lack of clear priority of any of the reac-
 tions so that it becomes difficult to establish any ‘‘rules’’ for expected reactivity.
 Rather, the dominant products in any given reaction must be specifically system
 dependent. Some of the distinction between reactions may be blurred in ranges
 of values encompassing multiple sources of oxyl radicals that only approximate
 reactions of lipid radicals, and this argues for more research focused specifically
 on lipid reactions. Nevertheless, several important patterns do emerge.
 1. The literature has long noted that alkoxyl radical reactions were faster than
 peroxyl radicals and that reaction rates increased with the solvent polarity.
 The values in Table 13 reveal the magnitude of those differences—several
 orders of magnitude in most cases.
 2. Both peroxyl and alkoxyl radicals abstract hydrogens much faster from
 hydroperoxides than from lipid allylic positions, a fact that has been little
 appreciated previously and can have great consequences to oxidation kinetics
 and product distributions.
 3. There is a surprising lack of clear preference for one reaction over another,
 except that H abstraction has a slight priority in general. Thus, most systems
 should be expected to produce mixtures of products rather than a single class,
 and only small modifications in reaction conditions (including extent of
 oxidation) are sufficient to shift the balance between abstraction, cyclization,
 and scission reactions, altering the product distribution.
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TABLE 14. Rate Constants for Competing Reactions of Lipid or Related Peroxyl and Alkoxyl Radicals.a
 ROO� Reference LO� Reference
 H abstraction, LH nonpolar organic <1–400 M�1s�1 88, 223, 247, 258, 359 104–107 M�1 s�1 197, 240, 327, 331
 polar, aqueous 106–108 L M�1s�1 198
 H abstraction, LOOH nonpolar organic 600 M�1s�1 223, 360 2.5 � 108 M�1 s�1 307
 polar, aqueous NA NA
 Cyclization nonpolar organic 101–103 s�1 11, 247 104–105 s�1 307, 361
 polar, aqueous NA NA
 Addition nonpolar organic NA 104–108 M�1 s�1 258, 332
 polar, aqueous NA NA
 b-scission oleate 1–8 s�1 11, 250, 253 103–105 s�1 org 305, 327, 364
 linoleate 27–430 s�1 11, 226 104–105 s�1 polar org 305, 327
 106–107 s�1 aq 198, 328, 333
 Dismutation nonpolar organic 106–109 L M�1s�1 192, 258, 354, 362, 363 109–1010 M�1s�1 361, 362, 364, 365
 polar, aqueous 107–108 L M�1s�1 261 NA
 oleate-OO� 106 M�1s�1 195, 196, 223
 aData included authentic fatty acids whenever possible, plus primarily cumyl, tetralinyl, and t-butyl peroxyl and alkoxyl radicals.
 NA: data not available.
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At the risk of being redundant, let me summarize conditions that shift chain
 propagation mechanisms in lipid oxidation:
 a. Hydrogen abstraction from other fatty acid chains by LOO� and LO� is
 favored under conditions providing close contact between lipid chains with-
 out competition from other H sources—i.e., in aprotic environments such as
 neat lipids and the lipid interior of membranes, where lipid chains are closely
 associated. In solvents, H abstraction is favored at moderate lipid concentra-
 tions where enough substrate is present to supply hydrogens. However, at low
 lipid concentrations, cyclization or scission dominate, whereas at high concen-
 trations, radical additions and recombinations become more important (279).
 b. Hydrogen abstraction rates increase with solvent polarity and temperature—
 but under these conditions, accelerated propagation of lipid oxidation as in (a)
 must compete with H abstraction from solvent or other nonlipid sources and
 also with increased rates of scission.
 c. Cyclization is favored when oxygen is limited and abstractable hydrogens are
 not available, i.e., in neat lipids, aprotic solvents, and low lipid concentra-
 tions. Cyclization is facilitated by polyunsaturation, radical formation at
 internal positions, and iron chlorides. As temperature increases, cyclization
 diminishes in importance as a propagation mechanism because it is less
 affected by temperature than other propagation processes and because
 epidioxide peroxyl radicals have an increasing tendency to dimerize rather
 than abstract hydrogens.
 d. Scission is favored over H abstraction in polar protic solvents that provide the
 protons necessary to stabilize the scission products, but an excess of water
 shifts propagation to termination as protons for stabilization of secondary
 products are drawn from nonlipid sources and increased hydrolysis yields
 tertiary lipid oxidation products. Scission also increases markedly with
 temperature as thermal energy facilitates bond rupture.
 e. Propagation by addition is generally a minor reaction whenever hydrogen
 sources are readily available, but increases when abstractable hydrogens
 are limited in aprotic solvents, particularly when there is a conjugated double
 bond. Thus, addition becomes more important once oxidation chains are
 established. Addition also increases with lipid concentration, but under these
 conditions it also must compete with increased rates of H abstraction.
 All the pathways outlined above eventually lead to H abstraction to form inter-
 mediate products that then breakdown to secondary products. Why, then, is the dis-
 tinction between propagation mechanisms important, other than as an academic
 exercise? The answer is that shifting among propagation pathways critically affects
 the kinetics of oxidation, whether determined by oxygen consumption or appear-
 ance of specific products, and can induce large differences in the ultimate mix of
 products, particularly volatiles. This has several important implications and conse-
 quences. The first is analytical. If the dominant pathway is not being monitored, an
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inaccurate picture of the rate, extent, and character of lipid oxidation is generated
 and reactivity is misinterpreted. For example, when peroxide values alone are used
 to follow oxidation under conditions favoring cyclization or scission, much of the
 lipid change may be missed altogether. Second, changes in the product distributions
 critically alter flavors and odors from lipid oxidation, and also the potential for
 secondary effects such as nonenzymatic browning and reactions with proteins.
 Finally, without information about dominant and active propagation pathways,
 the most effective strategies for inhibition of the oxidation may not be applied.
 For example, using only phenolic antioxidants in systems where scission is domi-
 nant will probably not be sufficient to stop production of off-flavors and odors. To
 achieve long-term stability, antioxidant approaches must be tailored specifically to
 control all active propagation pathways.
 4. TERMINATION
 Termination is one of those nebulous handwaving terms used to imply that a pro-
 cess is coming to a close. In lipid oxidation, ‘‘termination’’ is an even fuzzier con-
 cept in that, from a practical standpoint, the lipid oxidation chains probably never
 fully stop. In addition, a specific radical may be terminated and form some product,
 but if this occurs by H abstraction or rearrangement, another radical is left behind
 so the chain reaction continues. Net oxidation slows down when H abstractions or
 other radical quenching processes exceed the rate of new chain production, but it
 would be difficult indeed to totally stop the entire radical chain reaction. Thus, in
 the discussion below, ‘‘termination’’ refers to an individual radical, not the overall
 reaction.
 Free radicals terminate to form nonradical products by four major mechanisms:
 a. Radical recombinations
 b. A variety of cleavage reactions when proton sources are present to stabilize
 products
 c. Co-oxidations of other molecules (radical transfer)
 d. Eliminations
 LOOH decompositions and rearrangements, sometimes listed as termination reac-
 tions, are major sources of propagation LOO�, LO�, and �OH radicals, so were dis-
 cussed previously in Section 3.3. The mechanisms dominating in a given system are
 influenced by the nature and concentration of the radicals, the oxygen pressure, and
 the solvent.
 4.1. Radical Recombinations
 The number of variations possible for radical recombination is nearly limitless, and
 this accounts, in part, for the broad range of oxidation products detected in lipid
 TERMINATION 333

Page 66
                        

oxidation. Nonetheless, recombinations are not random, and distinct patterns of
 favored recombinations have been identified.
 Temperature and oxygen pressure are key determinants of radical recombina-
 tion pathways. As shown in the well-known curves of Figure 13 (114, 115), L�
 reactions dominate under low oxygen (pO2 ¼ 1 to about 80–100 mm Hg)
 and high temperature (reduced O2 solubility) conditions, high pO2 favors
 LOO� reactions (more likely additions than recombinations), and LO� contribu-
 tions to the product mix dominate when LOOH or LOO� decompositions are fas-
 ter than their formation, i.e., in secondary stages of oxidation and at moderate
 temperatures and oxygen pressures (15). These oxygen effects on product distri-
 butions are indeed striking, but they should not be misconstrued as the only role
 of oxygen. Oxygen plays critical and complex roles in all three stages of lipid
 oxidation—initiation, propagation, and termination—although the effects are
 different in each stage (363), as was implied in discussion of Sections 2 and 3
 above.
 4.1.1. Peroxyl Radicals Secondary peroxyl radicals, as are found in most lipid
 acyl chains, recombine rapidly (2k ¼ 108-109 M�1s�1) (192, 362) to form a variety
 of products, including alcohols and ketones (Reaction 67) (361, 362, 366), ketones
 and alkanes (Reaction 68) (60, 292), or acyl peroxides and peroxyl radicals (Reac-
 tion 69) (264, 367, 369). The alcohols thus produced are indistinguishable from H
 abstraction products of an original LO�, but the ketones and dialkyl peroxides are
 unique to recombination reactions. As any R3OO� and RO� released from Reaction
 68 or Reaction 69a react further, peroxyl radical recombinations also have the
 potential for propagating lipid oxidation (Section 3.1.4).
 ROO·
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 Figure 13. Effects of oxygen and temperature on termination processes in lipid oxidation.
 Adapted (114).
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 Whether radical or nonradical products dominate depends on the nature of the
 peroxyl radical, the solvent, and the temperature (292). The self-reaction is facili-
 tated in neat oils or aprotic solvents where high LOO� concentrations can accumu-
 late and H abstraction from external molecules is limited; such LOO�
 recombinations have been extensively cited as the dominant termination product
 under high pO2 conditions. Thus, it is surprising that in reality, LOO� recombina-
 tion is a major reaction only for oleic acid where the reaction is relatively slow
 (2k ¼ 1–10 � 106 M�1 sec�1) (223) even though there are fewer competing reac-
 tions (192). Some evidence for Russell mechanism in oxidizing linoleic acid has
 been presented (367, 368). However, in the higher PUFAs, there is a much stronger
 tendency toward internal rearrangements to epoxides, etc. (369), as has been
 discussed above, and the LOO� disappears very rapidly by other reactions
 [2k ¼ 107 L mol�1 sec�1 for L and Ln (196); 2k ¼ 4.8 � 108 mol�1 sec�1 for An
 (192)]. LOO� still forms crosslinks, but via addition reactions rather than peroxyl
 recombinations.
 The a-hydrogen is particularly important for stabilizing products, so secondary
 ROO� or LOO� (Reaction 67) terminate 100–500 times faster than tertiary ROO�
 (Reaction 68) (240, 360–362, 364). In oleic acid, most peroxyl radicals are sec, but
 tert peroxyl radicals may derive in secondary oxidations of scission products. This
 may explain why oleic acid produces Russell products, although in lesser amounts
 than would be expected (253). Tertiary ROO� produce ketones and release new pri-
 mary peroxyl radicals that can initiate radical chains, rearrange, or be quenched by
 solvent (294).
 There is considerable controversy over whether and how the Russell Mechanism
 involving tetroxide intermediates (107) actually occurs in lipids, and whether
 the oxygen is released as 1O2. In early work, Ingold proposed that the Russell
 mechanism (Reaction 69) was the most important termination process for sec
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peroxyl radicals (223), and the mechanism has been widely invoked. Nevertheless,
 although the ketone and alcohol products are found in reactions of small primary
 peroxyl radicals (366), the prescribed O2 elimination and alcohol-ketone nonradical
 products have not always been observed with more complicated lipid peroxyl radi-
 cals (367, 370–372). Indeed, Reactions 67 and 68 are probably unimportant at room
 temperature where 80–90% of the ROO� ends up as RO� and < 20% of total reac-
 tion leads to nonradical products (292). Thus, as long as pO2 is not limiting, LOO�
 recombination is more active as a propagating reaction than in termination to non-
 radical species. However, as the temperature increases, this proportion reverses
 as b-scission of oxygen from LOO� predominates and LOO� concentrations are
 decreased below the level required for effective self-reaction (292, 366). Under
 these conditions, the reaction more likely proceeds via the stepwise radical addition
 process (Reaction 70) proposed as a general alternative to the Russell mechanism (277).
 It should be noted that the tetroxide intermediate proposed as the mechanism for
 peroxyl radical disproportionation remains somewhat controversial. If it exists, it
 has been argued that the oxygen should be released as 1O2 to avoid spin restrictions
 (291). Some studies claim to have detected 1O2 from lipid hydroperoxides (366),
 but the evidence has not been conclusive. One of the difficulties in determining
 when 1O2 is produced is that O2�� reduces singlet oxygen when water sufficient
 to provide a hydration shell of five water molecules is present (373).
 4.1.2. Alkoxyl and Alkyl Radical Recombinations A wide variety of alkoxyl
 and alkyl radical recombinations have been proposed to explain lipid oxidation pro-
 ducts observed in model reaction systems and in food or biological materials. Many
 are hypothetical, based on detailed studies with simple compound, but not necessa-
 rily verified in lipid oxidation. Nevertheless, the radical recombinations outlined
 below do provide a pathway to products not generated in the reactions already dis-
 cussed. Obviously, recombinations lead to polymers. Perhaps just as importantly,
 however, recombinations of the fragment radicals formed in a and b scissions of
 alkoxyl radicals generate low levels of volatile compounds and flavor components
 that augment those produced in scission reactions and provide the undertones and
 secondary notes that round out flavors (340).
 R1O R2O R1OOR2+ dimer peroxides ð71Þ
 R1O R2 R1OR2+ eathers ð72Þ
 ketones, alkanesR1 CH R2
 O
 R+ R1 C R2
 O
 RH+ ð73Þ
 R1 CH R2
 O
 RO R1 C R2
 O
 ROH ketones, alcohols+ + ð74Þ
 R1 R2 R1 R2 alkane polymers+ ð75Þ
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There is little data available to provide a quantitative sense of the contribution of
 these radical recombinations to the overall mix of lipid oxidation products. The
 rates of recombinations generally follow the energy of the dimer bond formed
 (198, 305, 323):
 Bond E Rate Constant (M�1 sec�1)
 R� þ R� 80–90 1010–1011
 R� þ RO� 80–90 1010–1011
 RO� þ RO� 35–40 107–109
 That lipid alkoxyl radicals recombine (Reaction 71) at diffusion controlled rates
 (k ¼ 109 M�1s�1) (198, 305) probably accounts for the presence of low levels of
 peroxides even under mild conditions and low levels of oxidation. In one study, oxi-
 dation of linoleic acid at 30 C gave��C��O��O��C�� dimers. Reactions 71–73 were
 found in linolenic acid oxidized under mild conditions to PV 585; this increased
 to > 50% at PV 4000 and to > 75% after heating to 40 C (276). Alkoxyl radicals
 from hydroperoxyepidioxides heated at 40 C generated > 90% dimers (276).
 The reactivity described in the reactions above was determined in neat oils.
 When oils are in polar solvents or dilute solution in nonpolar solvents, b-scission
 dominates and radical recombinations are probably unimportant.
 4.2. Scission Reactions
 b-scissions of alkoxyl radicals are the major source of aldehyde products in lipid
 oxidation. As discussed in Section 3.2.4, a major aldehyde product and a propagat-
 ing radical are formed via scission of the initial alkoxyl radical in a fatty acid. How-
 ever, products continue to form as unsaturated radical fragments oxidize and
 undergo secondary scissions to produce carbonyls and alkanes of shorter chain
 length (224), secondary products that contribute dramatically to the characteristic
 odors and flavors associated with lipid oxidation. In fact, most evidence suggests
 that initial oxidation primes fatty acids for additional attack—i.e., oxidation con-
 tinues on the same molecules rather than randomly attacking new ‘‘virgin’’ acyl
 chains. The increased susceptibility to oxidation derives both from conjugation
 and secondary products that oxidize more easily than the parent fatty acids. It is,
 therefore, not surprising that identifying products of scission reactions of hydroper-
 oxides and various radicals has been the subject of so much research (3, 8, 232, 273,
 290, 314, 341, 345, 347–349, 374, 375).
 Review of all the scission reactions responsible for the hundreds of volatile pro-
 ducts in lipid oxidation is beyond the scope of this chapter. The reader is referred to
 the available reviews (3, 314, 340, 341, 347) for further details. The scission pattern
 of hydroperoxide epidioxides from linoleic acid is included here to show how the
 decompositions can become quite complex (Figure 14), and lists of typical products
 resulting from scission reactions of oleic, linoleic, and linolenic acids are presented
 in Table 12.
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 Figure 14. Secondary scissions of intermediate products make important contributions to the
 total mix of compounds generated during lipid oxidation, shown here for linoleic acid and esters.
 Top: Oxidation and subsequent scission of radicals released in scissions of initial alkoxyl radicals
 augment some of the original scission aldehydes, although by different routes, and produce
 some different compounds as well, including the pentyl furan responsible for reversion flavor in
 oils. Similarly, decomposition of epidioxides formed during photosensitized oxidation of linoleate
 increase yields of major aldehydes and also produce longer chain aldehydes. Adapted from
 (273, 314).
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This discussion would be incomplete without some mention of the most notor-
 ious scission product of lipid oxidation, namely malondialdehyde (MDA). MDA is
 a downstream scission product from five-membered cyclic hydroperoxides, which
 can only be formed in linolenic and higher fatty acids (376, 377). Reaction 76
 shows only one positional isomer of malonaldehyde, although at least four perox-
 ides give comparable structures (376). Thus, formation of MDA first requires
 appropriate conditions to generate cyclic peroxide precursors (251), i.e., internal
 hydroperoxides, aprotic solvents, low lipid concentrations, and limited oxygen
 pressures. Then conditions for cleavage of the endoperoxide must be supplied,
 usually mild heat and acid (374). Yields of authentic MDA determined by GC-
 MS in autoxidized fatty acids are usually less than 0.1% (374, 378), although up
 to 5% MDA was found in photosensitized fatty acids (374) in which internal hydro-
 peroxides are formed in high concentrations.
 OO
 (CH2)3COORC5H11
 OOH
 H+ or ∆
 OO
 (CH2)3COORC5H11
 OOH
 O
 (CH2)3COORC5H11
 OOH
 O+
 ð76Þ
 4.3. Co-Oxidations with Non-Lipid Molecules
 Lipid alkoxyl and peroxyl radicals abstract H’s from any available sources, includ-
 ing nonlipid molecules such as amino acids (346, 379–382), proteins (99, 383, 384),
 nucleic acids (385, 386), antioxidants (318), carotenoids and other pigments, and
 even carbohydrates (387). As was noted in the discussion above (Sections 3.1.1
 and 3.2.1), this quenches the lipid radical and stops propagation of the immediate
 radical chain. However, there is increasing evidence that the radicals transferred to
 proteins and carbohydrates, in particular, may follow processes similar to lipids,
 i.e., add oxygen to form peroxyl radicals that abstract H’s and initiate new radical
 chains. In this way, lipids serve to ‘‘broadcast’’ oxidation damage to other mole-
 cules in foods and biological systems (186, 390).
 What is important in the context of termination reactions is that radicals formed
 in nonlipid molecules combine with lipid radicals to generate co-oxidation products
 (Reactions 77 and 78) that provide footprints of LOOH reactions (389) and
 should not be ignored in consideration of lipid oxidation kinetics, mechanisms,
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and overall effects in foods and biological systems. Co-oxidation products
 limit extractability of lipids for analysis and, in addition, often remove lipids
 from product streams normally analyzed. Consequently, these products have
 probably been severely underestimated in studies of lipid oxidation in complex
 systems.
 Cysteine (379, 380)
 RSH
 OH
 OH HSCOOH
 O
 O
 NH2
 LO
 LOO+ +
 LOH
 LOOH
 RS-OOL, RS-OL, RS-epoxy-L adducts
 eg.
 RSð77Þ
 ð77aÞ
 LO
 LOO+ +
 LOH
 LOOH
 >NH >N
 −NH
 N OOL, N OL adducts
 −NH2 ð78Þ
 ð78aÞ
 Lipid radical transfer has been demonstrated for trp, arg, his, and lys (99, 383,
 384), all of which have reactive N groups on their side chains, and radical decom-
 position products from these amino acids have been identified (381, 382, 390). Tyr-
 osine and methionine degradation by oxidizing lipids has also been demonstrated
 (390), but the intermediate radicals in the reaction may be too unstable for detec-
 tion. Lipid radical adducts to amino acids are important flavor precursors (340) and
 also may play critical roles in pathological processes in vivo (186, 388).
 4.4. Elimination Reactions
 HO� and HOO� can be eliminated from LOOH, respectively yielding an internal
 carbonyl (ketone) (Reaction 79a) and a desaturated product with an additional
 double bond (Reaction 79b) (391, 392). These are not major reactions, but never-
 theless account for some of the lipid oxidation products identified under various
 conditions.
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 5. EXPANDED INTEGRATED REACTION SCHEME
 The classic free radical chain reaction mechanism used for more than five decades
 to understand and track oxidation reactions was developed from product analyses
 that were somewhat crude compared with the sophisticated chromatography and
 spectroscopy available today. The reaction scheme is not wrong, but it may be
 incomplete, at least for complex molecules such as polyunsaturated fatty acids.
 Current information raises questions about the literal application of the classic
 free radical chain sequence to lipid oxidation. Observed products do not match
 those predicted: Many studies have now shown that hydroperoxides are not exclu-
 sive products in early stages and lipid alcohols are not even major products after
 hydroperoxide decomposition. Product distributions are consistent with multiple
 pathways that compete with each other and change dominance with reaction con-
 ditions and system composition. Rate constants show no strong preference for H
 abstraction, cyclization, addition, or scission, which partially explains the mixture
 of products usually observed with oxidizing lipids. It could be argued that the reac-
 tions in Figure 1 accurately describe early processes of lipid oxidation, but LOO�
 rate constants considerably higher for cyclization than for abstraction contradict
 this.
 The picture emerging from integration of all these observations is that lipid oxi-
 dation has multiple pathways available and that the balance of pathways taken in a
 given system depends on solvent, fatty acid composition and concentration, initia-
 tion mechanisms and catalysts present, temperature, oxygen pressure, and espe-
 cially on availability of abstractable hydrogens from lipids and other sources.
 These multiple pathways must be considered in determining appropriate analyses
 for lipid oxidation, designing more effective strategies for stabilization of foods
 where lipid oxidation is a major mode of deterioration, and understanding how lipid
 oxidation may mediate pathological processes in vivo.
 Therefore, a new integrated paradigm for lipid oxidation is proposed in which
 the major alternative pathways are added to the classic free radical chain
 (Figure 15). The traditional reaction sequence involving hydrogen abstractions is
 presented vertically down the center of the scheme because most radicals formed
 in alternative reactions ultimately abstract hydrogens to propagate the chain. This is
 the core of the oxidation process. Pathways that compete with H abstraction are
 EXPANDED INTEGRATED REACTION SCHEME 341

Page 74
                        

shown for both peroxyl and alkoxyl radicals, and the H abstractions that are asso-
 ciated with these alternative reactions and propagate the oxidation chain are either
 designated specifically (dotted lines) or implied in the production of reactive radi-
 cals. Cyclization and addition yield intermediate products with radicals at new sites.
 These radicals can add oxygen and form peroxides that either enter the traditional
 H abstraction flow, designated by the dotted lines, or undergo further addition
 LO• + OH– + M(n+1)+HO• + •OL
 +/-Elec
 tron tra
 nsfer
 AN INTEGRATED SCHEME FOR LIPID OXIDATION
 L•
 LOO•
 LOOH
 LH
 O2
 Hydrogen abstractionfrom LH or RH
 β -Scission of O2Isomerization
 Cis → trans
 Cyclization
 LOO+ or LOO–
 H+ Epoxides-•
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 n
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 C=C
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 Peroxides,ketones
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 Dimers
 O2
 O2
 O2-CH=CH- addition
 Figure 15. Integrated scheme for lipid oxidation accounting for multiple reactions pathways
 competing with the classic hydrogen abstraction. Dotted lines indicate paths for oxygen addition
 to secondary radicals formed in cyclic and addition products, with formation of new peroxyl
 radicals.
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or scission reactions outside the traditional scheme. Some of the products resulting
 from these alternative pathways are the expected aldehydes, etc., but some are not.
 Thus, alternative reaction paths increase the complexity of both the kinetics and the
 product mix of lipid oxidation. In addition, an attempt has been made to distinguish
 termination of individual radicals from termination of the oxidation chain by
 including side radicals produced in each reaction. Products are generated by oxida-
 tion and have impacts on the system, whether food or biological, but the process
 nevertheless continues. Any radical deriving during lipid oxidation has the potential
 to start a separate chain of its own, equivalent to the entire reaction scheme. This
 approach more accurately portrays the perpetuity of lipid oxidation reactions in the
 absence of antioxidants or interceptors.
 This integrated scheme is a first step to broader recognition of the complexities
 of lipid oxidation and should be considered a work in progress. The lack of rate
 constants for lipid reactions, in itself, shows there is still much that we do not
 know, and factors shifting the balance between pathways are only beginning to
 be understood. The past twenty years have brought great progress in our under-
 standing of the details of lipid oxidation reactions, and increasing sophistication
 and sensitivity of analytical techniques promise to advance our knowledge even
 faster in the next few years. Demands for increased stability in foods and control
 of lipid oxidation in vivo will force us to look beyond the traditional hydroperox-
 ides and consider the multiple pathways and products that may contribute critically
 to system deterioration and toxic side reactions.
 Hopefully, this chapter will stimulate and encourage broader consideration
 of the multiple pathways of lipid oxidation, as well as more collaborative
 research between food chemists, biochemists, and organic chemists to obtain the
 reaction details that will ultimately be needed to control lipid oxidation in any
 system.
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