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Abstract

Substitution of –CD2– at the reactive centers of linoleic and linolenic acids reduces the rate of 

abstraction of D by a tocopheryl radical by as much as 36-fold, compared to the abstraction of H 

from a corresponding –CH2– center. This H atom transfer reaction is the rate-determining step in 

the tocopherol-mediated peroxidation of lipids in human low-density lipoproteins, a process that 

has been linked to coronary artery disease. The unanticipated large kinetic isotope effects reported 

here for the tocopherol-mediated oxidation of linoleic and linolenic acids and esters suggests that 

tunneling makes this process favorable.

The free radical oxidation of polyunsaturated fatty acids and sterols has attracted attention in 

recent years since lipid peroxidation is often associated with a variety of human pathologies. 

The formation of oxidized lipid products is frequently found to accompany heart disease,1,2 

environmental exposures,3 and neurodegenerative disorders,4,5 to cite a few examples. 

Natural antioxidants such as α-tocopherol (α-TOH) are excellent inhibitors of the free 

radical chain oxidation reaction in solution,6 but antioxidant therapies for many diseases, 
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while promising in cell culture or even in animal models, have generally been disappointing 

in clinical studies.7

In free radical oxidation in the absence of antioxidants, the chain reaction propagates by the 

rate-limiting hydrogen atom transfer (Scheme 1, eq 1) and diffusion-controlled oxygen 

addition to the resulting carbon radical (eq 2). When tocopherol is used as an antioxidant in 

solution it serves as an H-atom donor to chain-carrying peroxyl radicals, generating a 

tocopheryl radical (α-TO•) in the process (see Scheme 1, eq 3). The tocopheryl radical so 

generated normally traps a second peroxyl radical, terminating the chain sequence (Scheme 

1, eq 4). The tocopheryl radical can maintain the chain sequence, however, by abstracting an 

H atom from lipid substrates if the rate of initiation is low and the concentration of 

tocopherol is high.8 This reaction is slightly favored thermodynamically with the bond 

dissociation enthalpy of the phenolic O–H being 77.1 kcal/mol and the bis-allylic C–H being 

76.4 kcal/mol.9,10 This process, first recognized by Stocker, Ingold, and Bowry,8,11,12 was 

designated as tocopherol-mediated peroxidation or TMP and is shown as eq 5 in Scheme 1.

The bis-allylic methylene group of polyunsaturated lipids is particularly vulnerable to 

radical attack,13–15 and a recent strategy to diminish lipid peroxidation in vivo is based on 

deuterium substitution at the reactive center.16 Incubation of yeast with small amounts of 

11,11-D2 linoleic acid (11,11-D2-Lin), for example, increases the resistance of yeast to 

oxidative stress,17 and the same isotopically reinforced fatty acid diminishes 

neurodegeneration in a mouse model of Parkinson’s disease.18

We recently reported that, in the absence of any antioxidants, the propagation rate constant 

for the oxidation of 11,11-D2-Lin, Scheme 1 eq 1, was some 10-fold less than the 

propagation constant of the natural fatty acid.19 This isotope effect is outside of the range of 

kH/kD (<7) that has been reported for other H(D) atom transfers from carbon to peroxyl 

radicals,20,21 and it stimulated us to broaden the study of isotope effects in C–H free radical 

transfer reactions. We report here the results of studies of the tocopherol-mediated 

oxidations of several lipid substrates.

Linoleic acid (Lin), α-linolenic acid (α-Ln), and deuterated derivatives of these fatty acids 

were subjected to azo-initiated free radical autoxidation in the presence of 0.05 to 0.5 M α-

tocopherol. The fatty acid concentration was 0.64 M, and the initiator was 0.005 M 

MeOAMVN in benzene at 37 °C. Under these conditions of oxidation in the range of 

tocopherol concentrations used, a relatively simple mixture of trans,cis conjugated diene 

products was formed.22–24 For linoleic acid oxidation under these conditions, the trans,cis 

conjugated 9- and 13-hydroperoxyoctadecadienoates (HPODEs), were formed in equal 

amounts; see Scheme 2. The hydroperoxides were reduced to the corresponding 

hydroxyoctadecadienoates (HODE) before analysis.

Analysis of the 9 and 13 trans,cis HODEs formed from the oxidation of mixtures of linoleic 

acid and 11,11-D2-Lin was carried out by mass spectrometry. Analyses were from at least 
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triplicate runs, and each run was analyzed in duplicate. Mass analyses of the HODE 

products that differ by m/z = 1 Da was carried out by the collection of product fractions and 

a full MS analysis. HPLC/MS and typical MS spectra along with fragmentation information 

are presented in the Supporting Information. Since linoleic acid is significantly more 

reactive than the deuterated analog, 11,11-D2-Lin was used in excesses of up to 10-fold the 

amount of linoleic acid present in the oxidation mixtures.

The results of these analyses gave kH/kD of 23.0 ± 2.3 for oxidations of linoleic vs 11,11-D2-
Lin in the presence of 0.5 M α-tocopherol at 37 °C. Linoleic acid bearing one deuterium and 

one hydrogen atom at C11, 11-D1Lin (1.5%), was present in the D2 substrate as a byproduct 

of its synthesis, and the value of kH/kD = 23.0 for 11,11-D2-Lin should therefore be 

considered a minimum value. Oxidation of synthetic 11-D1-Lin in the presence of 0.5 M α-

tocopherol at 37 °C gave a value of kH/kD = 8.9 ± 0.2. This intramolecular KIE is due to 

abstraction of either an H or D from a –CHD–, and it represents a different competition than 

abstraction of an H from –CHH– vs a D from –CDD– as is the case for the intermolecular 

competition of Lin vs 11,11-D2-Lin.

α-Linolenic acid was oxidized in the presence of α-tocopherol to give four conjugated diene 

hydroperoxides with OOH substitution at C-9, -12, -13, and -16. Abstraction of the C-11 

hydrogen leads to the 9 and 13 hydroperoxides, while C-14 abstraction gives the 12 and 16 

products. The ratio of C-11 to C-14 abstraction was found to be 1.05 to 1.00 by product 

analysis in co-oxidations of αLn, and α-tocopherol. A comparison of the four conjugated 

diene products formed from the oxidation of mixtures of α-linolenic acid and 11,11,14,14-

D4-αLn with 0.5 M α-tocopherol at 37 °C gave kH/kD of 32.3 ± 3.2. These values of kH/kD 

determined for H4/D4-αLn were based on the analysis of products that differ by m/z = 3 Da, 

minimizing any MS corrections needed.

Figure 1 presents UV (235 nm) chromatograms from oxidations of three deuterated α-

linolenic acids carried out in the presence of 0.5 M α-tocopherol. Oxidation of 14,14-D2 

gave primarily those products derived from abstraction of hydrogens at C11 while 11,11-D2-
αLn gave products derived from abstraction at C14 as the major products. 11-D1-αLn gave 

products from either D or H abstraction at C11 that equaled 47% of the products formed by 

abstraction of one of the two H’s at C14.

Analysis of the product distribution from these experiments, after normalizing to the 

1.05:1.00 preference for C-11 to C-14 abstraction in αLn (see Supporting Information) leads 

to a kH/kD of 35.9 ± 3.6 for 14,14-D2-αLn while the value determined for 11,11-D2-αLn is 

36.1 ± 3.6. Again these values are minimum values for the isotope effect determined by 

HPLC/UV since ~1.5% of mono-D compound was present in both the 11,11- and 14,14-D2 

compounds. Correction for the contribution of the mono-D compound to the product mixture 

gives kH/kD values about 10% higher than those reported above. Oxidation of the methyl 

ester of 11,11-D2-αLn under similar conditions as the free acid oxidations gave kH/kD 

values comparable to those of the free acid (see Supporting Information).

Co-oxidation of the deuterated αLn acids in the presence of 0.05 M α-tocopherol gave 

kH/kD values lower than those determined with 0.5 M α-tocopherol. Thus, kH/kD drops to 31 
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with 0.05 M antioxidant from 35.9 (0.5 M tocopherol) for the oxidation of 14,14-D2-αLn 
while the corresponding drop of kH/kD for 11,11-D2-αLn is from 36.1 to 30.9. The 

concentration dependence is likely the result of the competition between TMP and the 

peroxyl radical chain reaction, as we have reported a much smaller KIE value for the latter. 

This observation is supported by previous studies by Bowry and Stocker, who suggested the 

following: “In strongly inhibited lipid peroxidations with high concentrations of α-

tocopherol and with low rates of initiation, α-TO• becomes the main propagating species 

because the α-TO• terminating reaction (Scheme 1, eq 4) is suppressed by the α-TO• 

forming reaction (Scheme 1, eq 3).”8

Previous studies of kinetic isotope effects (KIE) for several free radical H(D) atom transfers 

have reported kH/kD > 7, exceeding values expected based on differences in ground-state 

vibrational energies. The self-exchange transfer of H or D from hydroxylamines to 

nitroxides, for example, has been reported to occur with a kH/kD of 20 to 25, and a 

theoretical treatment of this reaction indicates significant tunneling in the transfer reaction.25 

Isotope effects for H(D) atom transfers from carbon to phthalimide N-oxyl radicals are 

reported to be as high as 27,26–28 also indicating that tunneling likely is important in this 

process. A common element in these reactions with large KIE values appears to be a 

stabilized and persistent oxygen-centered radical. Tunneling and proton-coupled-electron 

transfer (PCET) in H(D) atom transfers has also been suggested to play an important role in 

the soybean lipoxygenase promoted oxidation of linoleic acid, a reaction in which H(D) 

transfer occurs to an Fe3+–OH cofactor.29,30 Indeed, PCET has been associated with many 

enzyme-promoted as well as nonenzymatic transformations that display high H(D) kinetic 

isotope effects.31

The large isotope effects reported here for fatty acid autoxidation in the presence of α-

tocopherol do not have precedent in solution autoxidations, and they are observed (KIE ~30) 

only when the comparison is between centers having geminal substitution of hydrogen (–

CH2–) vs deuterium (–CD2–) at the reactive carbon. This geminal effect is significantly 

attenuated (KIE ~8–10) when the competition is between the transfer of H or D from the 

same carbon as in the case of 11-D1-Lin.

Tocopherol-mediated peroxidation has been suggested to play an important role in the 

oxidative modification of human low-density lipoproteins (LDL). Cholesterol linoleate is the 

major lipid present in the core of LDL particles, which also have appreciable levels of α-

tocopherol and provide a favorable setting for TMP. If a tocopheryl radical is generated in 

an LDL particle, termination occurs only when another radical is encountered within the 

particle. This serves to extend the radical lifetime and makes TMP an important pathway for 

LDL oxidative modification.

The kinetics of TMP has been the subject of several publications, and its importance in the 

peroxidation of human LDL and its role in human health have been extensively 

debated.32–34 The effect of isotopic substitution on the rate of tocopherol-mediated linoleate 

peroxidation suggests that H-tunneling plays a significant role in this reaction and therefore 

also in the oxidative modification of LDL.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Representative normal phase HPLC/UV (235 nm) analysis of products of 11,11-D2-αLn, 

14,14-D2-αLn, and 11-D1-αLn. Oxidations were carried out in the presence of 0.5 M α-

tocopherol at 37 °C in benzene with MeOAMVN initiator and were followed by reduction 

of the hydroperoxides to alcohols with PPh3.
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Scheme 1. 
Peroxidation, Inhibition, and Tocopherol-Mediated Transformations
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Scheme 2. 
Mechanism for Product Formation of Lin Tocopherol-Mediated Peroxidation
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